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Nowadays, lithium is a critical element essential for the production of lithium-ion batteries, as well as for use in glass
and ceramics manufacturing, lubricants, metallurgy, and the nuclear industry. The continuously growing industrial
demand for lithium drives the development of efficient techniques for its extraction from a wide range of sources —
from natural salines to industrial wastes. Since the global lithium reserves are mostly dispersed in seawater in van-
ishing concentrations, the extraction is the most promising technique for its isolation. In turn, crown ethers provide
opportunities for the precise tuning of their physical-chemical properties, allowing to control coordination proper-
ties, solubility and selectivity for particular metal ions through chemical modification. Despite the relatively little re-
ported studies, crown ethers of 14-crown-4 type can be considered as a promising platform for the development of
selective extractants of lithium for further development of industrial extraction processes. The present review is
aimed to systematically analyze the existing data concerning the aspects of synthesis and application of 14-crown-4
derivatives for the detection and extraction of lithium.
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B nacmoswee epems numuil sa6nsemcs. KpUMU4ECKU 8ANCHLIM INeMEHMOM OJi NPOU3800CMEad JUMUL-UOHHBIX AKKY-
MYIAMOPO8, a maxoice 05t UCNONb306AHUS 8 NPOU3BOOCTNEE CIMEKNA U KEPAMUKYU, CMA30UHbIX MAMEPUANIO8, Mema-
aypeuu U amomHou npomvuurennocmu. llocmosanno pacmywui cnpoc Ha aumull UHUYUUPYem paspadomy
ahpexmusnbIx MEMoO08 e2o U3eIeUeHUss U3 WUPOKO20 CNeKmpa UCMOYHUKO8 — OM NPUPOOHLIX PACCON08 00 Npo-
MbUULEHHBIX 0MX0008. T10CKOIbKY MUposble 3anacvl AIUmus NpeumyujecmeeHHo coCpe0Omoyensl 8 MOPCKOU 8o0e 6
Kpaiihe HU3KUX KOHYEHMPAYUsX, dKCMpaKyus SAesemcs Haubojee NepCneKmusHbiM MemoooMm e2o evioeneHus. B
€6010 o4epedb, KpayH-3(hupsbl nPedocmasisiomest YOOOHbIMU 00beKmamu, npedoCmasIsiouuUMu 803MONCHOCMU O
VAPAGNeHust NymeM XUMUYECKOU MOOUPUKAYUY UX PUIUKO-XUMUYECKUMU CEOUCMBAMU, MAKUMU KAK KOOPOUHAYUOH-
Hble CBOLCBA, PACMBOPUMOCITb U CENEKMUBHOCHIL NO OMHOWEHUIO K ONPEOeleHHbIM UOHAM Memannos. Hecmomps
HA OMHOCUMENbHO HeOONbUIOe KOIUYECHBO UCCIe008anull, KpayH-a¢hupvl muna 14-kpayn-4-sgpupa moosicHo pac-
cMampusams Kak nepcneKmuHyIo niameopmy 0as papabomru CeleKmusHblX IKCmpaseHmos aumus 0Jis OalbHell-
wezo pazeumus NPOMbIULIEHHbIX IKCMPAKYUOHHBIX npoyeccos. Llenvio nacmosuezo 0630pa aseisemcs cucme-
MAMUYeCKUll AHatu3 IUmepamypHsix OAHHbIX, KACAIOWUXCS CUHMe3d U NPUMEHeHUs. Npou3eooHblx 14-kpayn-4-sgpupa
0711 OeMeKMUPOBAHUsL U U3GICYUEHUS TUMUSL.

Karuessle caoBa: Kpayn-a¢upsl, 14-xpayH-4, nuTuid, SKCTpakuus.
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Introduction

Lithium has undoubtably become a crucial element for
humanity due to its broad range of applications in various
fields including metallurgy, ceramics and heat-resistant lub-
ricants. Lithium-ion batteries are occupying a special place
among these technologies, as they are currently indispensa-
ble for powering a huge array of wireless electronic devices.
The 2019 Nobel Prize in Chemistry was awarded to John B.
Goodenough, M. Stanley Whittingham and Akira Yoshino
for their contributions to the development of the lithium-ion
battery, thus highlighting the impact of lithium-based energy
sources on our civilization.

It is expected that the demand on lithium will continue
to grow for next decades,"* thus the depletion of economi-
cally viable lithium sources may constrain its widespread
use.”) In this context, investigation of other lithium sources
is necessary to fullfill the constantly growing demand. The
estimated reserves of lithium in seawater are exceeding the
reserves on land by at least an order of magnitude,*! albeit it
is evenly distributed in water at sub-ppm concentrations.” In
addition, high Mg/Li ratio and the presence of other ions
posing a significant challenge for its extraction. Despite the
mentioned difficulties, seawater offers virtually unlimited
source of lithium. In this respect the development of novel
selective extractants for efficient removal of lithium from
seawater is a worthwhile objective.

Crown ethers of 14-crown-4 type are known to selec-
tively extract lithium from water even in the presence of
interfering ions.”! Despite the relatively low number of re-
ports related to these molecules, 14-crown-4 ethers is a
promising class of compounds for extraction of lithium. In
the present review we systematically analyzed the existing
data about synthetic approaches towards various 14-crown-4
ethers and its extraction properties with special attention to
lithium selectivity in the presence of interfering ions. In ad-
dition, extraction systems and hybrid materials based on 14-
crown-4 ethers were also discussed. Conformational analysis
of some ethers using X-ray diffraction and NMR spectros-
copy was also considered as a valuable tool for elucidating
the mechanisms of lithium coordination.
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Scheme 1. General synthetic routes towards 14-crown-4 derivatives.
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Synthesis

Crown ethers are usually synthesized by macro-
cyclization of diols with corresponding ditosylates or with
organic chlorides. The sequential alternate introduction of
C, and C; building blocks is a general route towards substi-
tuted 14-crown-4 ethers (Scheme 1). Commonly utilized
synthetic pathways were divided into 3 categories in
Scheme 1 for clarity. Preliminary functionalization of C, or
C; building blocks before macrocyclization affords crown
ethers with various substitution patterns. Alkyl substituents
with desired functional groups can be introduced in the
ether skeleton using the described methodology. In addi-
tion, molecules containing alkene fragments can be also
used for macrocyclization reaction giving corresponding
ethers suitable for further post-modification of double
bond. Besides that, numerous benzo- and dibezo-14-
crown-4 ethers are known. Unlike other ethers, benzo- and
dibenzo-14-crown-4 derivatives have relatively rigid struc-
ture due to the presence of benzene rings. These aryl frag-
ments can be also modified to control complexation
properties and solubility in water and organic media.

As it can be seen from Scheme 1, currently existing
synthetic protocols and their combinations allow to obtain
desired 14-crown-4 ethers with virtually any substitution
pattern. More detailed consideration of the existing syn-
thetic methods will be discussed further.

Construction of substituted C; building blocks greatly
relies on the chemistry of malonate esters (Scheme 2). Al-
kylation of diethyl malonate 1 typically gives disubstituted
product 3 (R; = R;), though monoalkylation which gives
product 2 is known in case of long-chain linear alkyl bro-
mides.”®! In this respect alkyl malonate 2 can be converted
to dialkyl malonate 3 with two different substituents
(R; # R,) or used as is for further transformations. Reduc-
tion of malonate ester 3 with lithium aluminum hydride pro-
duces substituted diol 4. The obtained diol can be used for
macrocyclization with ditosylate, though construction of the
second building block should be considered.
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Scheme 3. Functionalization of C, building blocks for crown ether synthesis.
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Scheme 4. Synthesis of 14-crown-4 ethers bearing double bonds and an example of post-modification.
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Scheme 6. Various examples of post-modification of 14-crown-4 derivatives.
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Figure 1. Template effect in the synthesis of dibenzo-14-crown-4 derivatives; no yield was provided for the synthesis of dibenzo-14-
crown-4 in the presence of LiClO,.
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©:OCBH17
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o-nitrophenyl octyl ether
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dioctyl sebacate
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o O

H
o-_N
H
/
N~ O
H

DOP DPP
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bis(1-butylpentyl) adipate

Chart 1. Structure, name and abbreviations of membrane solvents mentioned in the current topic.

Unsubstituted ditosylate 7 can be prepared from 1,3-
dibromopropane 5 by reaction with ethylene glycol and
subsequent tosylation."”) Substituted ditosylate 10 can be
obtained via 3 steps from functionalized diol 4' (the apos-
trophe symbol is used to specify the difference from diol
4). Alkylation of chloroacetic acid with diol 4' in the pres-
ence of base affords product 8. Esterification and reduction
sequence gives molecule 9 with functionalized C; unit.
Finally, tosylation affords ditosylate 10. Macrocyclization
of diol 4 with ditosylate 7 or 10 produces the desired func-
tionalized 14-crown-4 ether.

Another way to functionalize 14-crown-4 ethers con-
sists in modification of C, building block and thus various
1,2-diols are widely used for this purpose.'™'"! Low sym-
metry 14-crown-4 ethers can be prepared according to
Scheme 3. Substituted diol 17 can be alkylated with allyl
bromide giving ether 18. The product can react with in situ
generated diborane to produce 19. Subsequent tosylation
and substitution give crown ethers 21 and 22, respectively.

Slightly different route can be used to obtain crown
ether 25 from ethylene glycol. Conjugate addition to acry-
lonitrile and hydrolysis allow to obtain compound 23. Re-
duction and tosylation give product 24 which is similar to
previously discussed precursor 20. Analogously, substitu-
tion gives crown ether 25.

An elegant approach towards C,-functionalized sym-
metrical 14-crown-4 ethers is shown in Scheme 4. Diol
17 reacts with 1,1,3,3-tetramethoxypropane so more ther-
modynamically favorable cyclic acetal 26 is formed. Next,
the acetal 26 is cleaved with strong reductant to form mol-
ecule 27 bearing functionalized C, units. Interaction with
unsaturated organic chloride gives 14-crown-4 derivative
with double bond at C; building block.!"*! Catalytic hydro-
genation of the product affords ethers 28-30. Molecule 31
can be used instead of 27 to produce ether with 2 alkene
fragments and its hydrogenated product 32.

24

Synthetic methods towards benzo- and dibenzo-14-
crown-4 ethers slightly differ from the protocols discussed
above (Scheme 5). Catechol 33 and its derivatives are typi-
cally used as synthons for the synthesis, thus mono-
substituted dibenzo-14-crown-4 ethers 36-41 can be pre-
pared from catechol.'*! Alkylation of the hydroxyl-groups
with an excess of 3-chloropropanol gives product 34. At-
tached hydroxyl-groups can be replaced with chlorine at-
oms upon treatment with thionyl chloride. Reaction of 34
with substituted catechols gave ethers 36-41, that allowed
preparation of a library of these compounds with various
substituents.

Catechol 33 is also able to react with 1,3-dibromo-
propane providing molecule 42.1"*! Dropwise addition of 1,3-
dibromopropane ensures formation of the desired product.
Further reaction with epichlorohydrin gives product 43 via
epoxide opening and Sy2 substitution of chlorine atom. The
unprotected hydroxyl-group can be modified with various
alkylating agents, e.g., alkyl bromide, forming compound
44. Reaction between pyrocatechol 33 and allyl bromide
affords product 45 in a similar way as aliphatic diols.'” The
available terminal double bonds can be epoxidized with m-
CPBA to give 46. Both epoxide fragments are opened with
pinacol to give ether 47.

Post-functionalization of peripheral substituents serves
as another way for tuning physico-chemical properties of
crown ethers (Scheme 6). Thus, fert-butanol can be used as
a reagent to produce 53 from 52 under acidic conditions.!"”
Dibenzo-14-crown-4 can be converted into 54 via nitration
reaction and the product can be hydrogenated to give 55.'"

Acylation of hydroxy-group of 48 with acyl chloride
and diethyl phosphorochloridate, substitution of the hy-
droxyl group with bromine was successfully performed.!”
Hydroxy-group can be transformed to ketone that was
demonstrated for dibenzo-14-crown-4 derivative 43 under
Swern oxidation conditions."”’ Addition of Grignard rea-
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gent provided 57 which was further alkylated with
bromoacetic acid to yield 58.

Macrocyclization reaction is mostly conducted in the
presence of LiClO,. A template effect of the Li" cation was
discussed in case of dibenzo-14-crown-4 ethers!'*! and the
increased of yield was demonstrated in the synthesis of
some dibenzo-14-crown-4 derivatives in the presence of
LiClO4 (Figure 1). The relative increment of yield was at
least 30%. The authors also mention that introduction of
electron-donating substituents in benzene rings in-
creased relative increment of yield, in contrast to elec-
tron-withdrawing groups. The provided explanation is
that electron-withdrawing substituents disperse the charge
density on oxygen atoms so the Li-O ion-dipole interaction
weakens.

Extraction properties

Selectivity diagrams for PVC membranes containing
14-crown-4 derivatives

Polymer membrane ion-selective electrodes are wide-
ly used for detection of various anions and cations in solu-
tion.****! The measurements of electromotive force (EMF
measurements) of polymeric membranes containing
ionophore proved to be a convenient tool for determination
of selectivity coefficients of crown ethers. The Nikolsky-
Eisenman equation®” is widely used to evaluate selectivity
of crown ethers to complexation reaction. This empirical
equation can be written as follows:

RT Zi/zj
E=E;— 2.303ﬁ10g(ai + Kl-ja].

L

), ()

where E is the measured electrode potential, £, — standard
potential of the electrode, a; — activity of the primary ion, a;
— activity of the interfering ion, z; and z; are the charges of
corresponding ions and Kj; — selectivity coefficient for the
interfering ion relative to the primary ion. The latter coeffi-
cient is also called ion selectivity factor.

Typical fabrication procedure of polymeric mem-
brane®! includes mixing of ionophore (ca. 1-10% by
weight), membrane solvent (more than 50% by weight) and
PVC matrix (ca. 30-40% by weight). Membrane solvents
mentioned in the present review are listed in Chart 1.

In addition, potassium tetrakis(p-chlorophenyl)borate
(KTpCIPB) is often added in the mixture (ca. 10-50 mol%
relative to ionophore). This compound is known to reduce
the membrane resistance and suppress permeation of
counteranions in aqueous phase into the membrane
phase.”’ Reported data also show longer response times
and severe EMF drift in the absence of KTpCIPB.”*! Be-
sides that, addition of the lipophilic salt may also increase
selectivity towards Li" cation of 14-crown-4 derivatives.'*®’

Comparison of selectivity factors of 14-crown-4 de-
rivatives impregnated in PVC matrices is a helpful tool to
evaluate structural factors responsible for selectivity to-
wards specific cations. Figure 2 shows selectivity factors
for some 14-crown-4 derivatives.””) It can be clearly seen
that all the shown 14-crown-4 derivatives can selectively
bind Li" cation, though dibenzo-14-crown-4 possesses less
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selectivity compared to aliphatic 14-crown-4 ethers. On the
other hand, this feature can possibly be used for extraction
of alkali metals from liquid phase in the presence of other
ions. Group 2 metals bind with all these ethers much weak-
er (log(k;;s) is more than 4 orders of magnitude lower
compared to Li"). Interestingly, introduction of bulky ali-
phatic substituents can notably increase selectivity towards
lithium. It can be attributed to conformational changes of
macrocyclic structure induced by the presence of aliphatic
substituents.

Figure 3 shows the influence of peripheral oxygen-
containing functional groups on the selectivity of di-
benzo-14-crown-4 ethers.”®! Introduction of peripheral
coordinating sites strongly decreases the selectivity to-
wards lithium. Even group 2 metals can compete for the
coordination center. It is known that the size of cavity in
the 14-crown-4 structure ensures decent selectivity to-
wards Li" cation.””! Introduction of peripheral coordinat-
ing site may reduce the selectivity due to the axial
coordination of ions with bigger size.
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Figure 2. Selectivity factors log(k;;;) for PVC membranes con-
taining various 14-crown-4 derivatives; NPOE was used as a
membrane solvent; The membranes contained KTpCIPB; The
given selectivity factors log(k;;;) are measured separately for each
compound.
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Figure 3. Selectivity factors log(kys,) for membranes containing
dibenzo-14-crown-4 derivatives; DOS was used a membrane

solvent; The membranes contained KTpCIPB; The given selectiv-
ity factors log(knn4,) are measured separately for each compound.
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Figure 4. Selectivity factors log(k;;;) for PVC membranes con-
taining various aliphatic 14-crown-4 derivatives; NPOE was used
as a membrane solvent; The membranes contained KTpCIPB,;
The given selectivity factors log(k;,; ;) are measured separately for
each compound.
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Figure 5. Selectivity factors log(ky,,) for PVC membranes con-
taining dibenzo-14-crown-4 ether 52; NPOE and DOS in the
presence and in the absence of KBTpCIB were used as membrane
solvents.
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Figure 6. Selectivity factors log(k;;;) for PVC membranes con-
taining dodecylmethyl 14-crown-4 ether 66 in various membrane
solvents; The membranes contained KTpCIPB.

The conformation of all DB14C4 complexes is pre-
sumed to be similar based on X-ray data,"*’" therefore
difference in selectivity should be explained by side arm
functional groups. According to the reported data, >
Li" prefers square-pyramidal geometry when occupying 14-
crown-4 coordination center. Indeed, dibenzo-14-crown-4
ether provides suitable geometry for coordination (apical
coordination site is occupied by counterion or water mole-
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cule). In ether 63 the hydroxyl group probably gives rise to
proton binding so encapsulated water molecule may hinder
coordination of metal ions which explains poor selectivity.
Ether 62 and 64 have too short side arms which can’t bring
the oxygen atom into a proper apical position for Li" coor-
dination. In contrast, these side arms are flexible enough to
allow participation in six- to eight-coordination binding of
larger cations.

A small change in the nature of aliphatic substituents
can also notably affect the coordination properties.[9] As it
can be seen from Figure 4, the selectivity is affected not
only by the number of methyl groups but also by their posi-
tion in the macrocycle. The selectivity of these compounds
is higher compared to dibenzo-14-crown-4 ethers, though
ethers with functionalized C, building block possess even
slightly higher selectivity (Figure 2).

The selectivity factors ought to be independent from
the neutral carrier concentration in the membrane if both
considered ions form 1:1 complex with ionophore.” The
latter statement is true for 64, however ether 63 showed
notable decrease of selectivity towards Li' compared to
Na' and K" upon increase of its concentration. This finding
suggests that the ether 63 is able to form sandwich-type
complex with Na" and K" with 2:1 stoichiometry of crown
ether and ions as well as with 1:1 stoichiometry, while
ether 64 is able to form only 1:1 complex. The conclusions
are also supported by previous research articles of the
group — the authors demonstrated that bis(crown ether)s
generally show enhanced selectivity towards bigger ions
compared to mono(crown ecther)s with the same size of
macrocycle due to formation of sandwich-type complexes.”**
%%l The phenomenon can be explained with formation of
2:1 complexes of bis(crown ether)s with metal ions, thus
the concentration dependence of selectivity factors of ether
63 is likely due to the formation of sandwich-type com-
plexes.

The nature of membrane solvent and the presence of
lipophilic salt KTpCIPB also affects extraction properties of
crown ethers.” This peculiarity was studied for dibenzo-14-
crown-4 ether (Figure 5). Addition of KTpCIPB distinctly
increased selectivity towards lithium, while the nature of the
solvent also affected the selectivity. The authors showed that
proper selection of membrane solvent drastically increases
selectivity, e.g., switching from DOS to NPOE in the pre-
sence of KTpCIPB.

The observed strong influence of lipophilic salt on the
selectivity factors was explained by the same authors. In
water and other highly solvating media, the cationic com-
plex and anion are separated, thus no anion effect is ob-
served. In contrast, membrane solvents solvate ions poorly,
therefore the ion pairing occurs. Obviously, electrostatic
cation-anion interaction depends on the nature of anion.
Consequently, lipophilicity of the anion is important for the
dissolution of complex in low polar membrane solvents.
One may notice that the lipophilic salt KTpCIPB is widely
used for the study of selectivity factors for PVC mem-
branes.

Next, the nature of membrane solvent was thoroughly
studied by Kitazawa et al.*® for dodecylmethyl 14-crown-
4 ether (Figure 6). As it was stated above, proper selection
of membrane solvent is crucial for preparation of ion-
selective electrodes. The phosphate-based membrane sol-
vent TEHP showed the worst Li" selectivity, while in the
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membranes with diester-type solvents, namely, DPP, DOP
and DOS, Li" selectivities are similar. Phenyl ether-type
solvents NPOE and NPPE demonstrated superior selectivi-
ty over alkali metal ions compared to the diester-type sol-
vents and TEHP. However, the Li' selectivity over
alkaline-earth metal ions showed the opposite trend be-
tween diester- and phenyl ether-type solvents. Presumably,
it could be partly due to the difference in the dielectric con-
stants of the two types of solvents.

In contrast, ion selectivity of decalino-14-crown-4
ether was less susceptible to the nature of membrane sol-
vent.®” Figure 7 shows selectivity factors for PVC mem-
branes containing decalino-14-crown-4 ether. This com-
pound possesses high selectivity towards lithium and varia-
tion of membrane solvents didn’t significantly change the
selectivity, although solvents with low polarity (BBPA and
BEHP) showed slightly higher selectivity over Na com-
pared to polar solvents such as NPOE and NPPE.

BBPA DOP NPOE NPPE
0 —Li —Li —Li Li
] %[m;
- o o
& NP
8) 5 68
—H — H
—Na
.34 Ha _ga Na
—Gs Ko — Cs
=}I§b =Rb
4 NH4 —NH4 NH4 Rb

Figure 7. Selectivity factors log(k;;;) for PVC membranes con-
taining decalino-14-crown-4 ether 68 in various membrane sol-
vents; the membranes contained KTpCIPB.
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Figure 8. Selectivity factors log(k;;;) for PVC membranes con-
taining enantiopure 14-crown-4 derivatives; BBPA was used as a
membrane solvent; The membranes contained KTpCIPB; The
given selectivity factors log(k;;;) are measured separately for each
compound.

An interesting research about extraction properties of
enantiopure 14-crown-4 derivatives was published by Tobe
and co-authors.'!! Several stereoisomers were prepared and
their selectivity factors were found (Figure 8). It can be
seen that cis isomers showed higher Li" selectivity com-
pared to their trans isomers (69 and 70; 71 and 72, respec-
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tively). The authors conducted MM3* calculations along
with the analysis of available X-ray data to get insights into
the relationship between structure and complexation abil-
ity. The ethers with lowest values of O-C-C-O dihedral an-
gle were found to be the most selective towards Li" cation,
thus the preorganization of the O-C-C-O torsion angle to a
best-fit value plays an important role in the complexation
ability of Li" cation. Moreover, variable-temperature NMR
(VT-NMR) experiments for 69 and 71 allowed to calculate
rotational barriers using Eyring plot. The barriers were found
to be ca. 53.5 and 45.6 kJ/mol, respectively. Consequently,
these isomeric compounds can adopt a best-fit confor-
mation due to a relatively low energy barrier. In contrast,
such a conformational change wasn’t observed for ethers
70 and 72. Presumably, it is not possible to form a 14-
membered ring for the diaxial oxygen atoms. The same
holds true for trans-diadamantyl derivative 73.

Although reported selectivity factors log(k;;,) suggest
that certain 14-crown-4 derivatives are promising candi-
dates for lithium extraction, systematic data on Li/Mg,
Li/Na, and Li/Ca separation under realistic brine ionic
strengths and pH conditions remain scarce. Furthermore,
the absence of adsorption and extraction isotherms, distri-
bution coefficients, and phase-ratio analyses for these sys-
tems limits their practical application. Addressing this
knowledge gap is essential for advancing lithium extraction
techniques.

Extraction systems and hybrid materials based on
14-crown-4 derivatives

Incorporation of crown ethers in PVC membranes is a
convenient method for determination of selectivity coeffi-
cients. However, fabrication of extraction devices for pre-
parative separation of lithium may turn out to be less
trivial. Preparation of crown ether-based adsorptive separa-
tion membrane working in flow regime was recently re-
ported.!'™!

14CA4PI

Figure 9. Structure of the copolymer 14C4PI.

A crown ether based copolymer 14C4PI prepared by
condensation polymerization between amino-substituted
dibenzo-14-crown-4 ether 55 and diphthalic anhydride
derivative was used for preparation of separation mem-
brane. The resultant polyimide with high molecular weight
(63 kDa) was employed to fabricate microporous mem-
branes by non-solvent induced phase separation using
N,N-dimethylformamide (DMF) as a solvent and water as
a coagulation bath (Figure 9). The obtained membranes
showed porosity ca. 80% and high water permeance. The
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maximum Li" adsorption capacity was 34.05 mg-g’l. Selec-
tive extraction of Li" was achieved in the presence of Mg*',
Ca®, Na', K" ions. Separation factors ranged from 23.5
(Li'/Mg™") to 41.2 (Li"/Ca®). In addition, recycling dy-
namic adsorption experiments demonstrated preservation
of the membrane capacity after five adsorption-desorp-
tion cycles which indicates possibility of potential applica-
tion for Li" separation. The authors showed superior selec-
tivity of the developed membrane to Li" compared to some
other membrane devices from literature based on various
crown ethers.***

The same research group published a research article
describing electrospun nanofiber membrane prepared from
similar polyimide-containing dibenzo-14-crown-4 moiety."*®!
The polymer was dissolved in DMF and loaded into sy-
ringe for the spinning process. The obtained nanofiber
membranes demonstrated three-fold increase of a specific
surface area compared to previously studied porous mem-
brane fabricated without electrospinning method and Li"
adsorption capacity was enhanced up to 40.17 mg-g”. Re-
cyclability of the membrane was also studied to prove its
reusability. Six adsorption-desorption cycles led to a negli-
gible loss of Li" adsorption capacity. Interestingly, Li'/Na"
and Li"/K" selectivity factors were also slightly improved
compared to polymeric membrane fabricated without elec-
trospinning method.

Addition of various amounts of diamino-ether 55 to
the 14C4PI/DMF spinning solution allowed to prepare
nanofiber membranes DAB-g-14C4PI with even higher Li"
adsorption capacity up to 60.17 mg-g".*"! The authors
suggest that a crosslinking process occurs between the pol-
ymer and diamino ether. The prepared material retains its
nanofiber structure and possesses greater adsorption capac-
ity compared to other polyimide structures described by the
authors. The regeneration performance was also decent
which is attributed to the amide bond formation between
ether 55 and 14C4PI (Figure 10).

Another method of incorporation of dibenzo-14-
crown-4 ether in a polymeric membrane was recently uti-

B 14C4P|
_ [ DAB-g-14C4P|

1 2 3 4 5 6
Cycle

lized for lithium extraction.'* Radical polymerization of a-
methacrylic acid in the presence of dibenzo-14-crown-4
ether afforded material capable of selective lithium extrac-
tion from water. The authors showed Li" adsorption ca-
pacity up to ca. 20 mg- g'l. The Li" adsorption capacity also
revealed pH-dependence due to the presence of carboxy-
groups in the polymer chains, though the maximum capaci-
ty was observed at pH 7. It was shown that the hybrid ma-
terial possesses significantly higher Li" capacity compared
to corresponding unmodified polymers (polymers prepared
without dibenzo-14-crown-4 ether and LiNO; or without
LiNO3). Selectivity factors relative to Na*, K™ and Mg*"
were found to be 9.2, 10.7 and 3.9, respectively. Moreover,
decent recyclability of the hybrid material was shown after
10 adsorption-desorption cycles.

Crown ethers can also be bound to carbon nanotubes as
solid supports.®® A hybrid material can be prepared from
multi-walled carbon nanotubes and ether 63 (Figure 11). The
authors studied thermal stability of the material and effect
of sonication time on the degree of oxidation of MWCNTs
surface. Li" extraction efficiency was proven to be a pH-
dependent value for the hybrid material, though MWCNTs-
14HBDC4-COOH demonstrated much better extraction effi-
ciency up to 80%. Interestingly, extraction efficiency of
MWCNTs-14HBDC4 didn’t exceed 20% in all pH range.
Both materials were more effective in basic solution with pH
value ca. 11, though MWCNT-s-14HBDC4-COOH showed
drastic increase of extraction efficiency upon increasing pH
value. The authors suggest that axial carboxy groups ensure
enhanced Li" uptake upon deprotonation in basic solutions
(substituent X in Figure 11). However, the selectivity was
not great in the presence of competing ions, e.g., Na' and
Mg, that was discussed above. Introduction of axial
carboxy groups may decrease Li" selectivity since these
side arms may be flexible enough to allow participation in
six- to eight-coordination binding of larger cations (Fig-
ure 3). The equilibrium adsorption capacity of MWCNTs-
14HBDC4-COOH material reached the highest value of
5.4 mg g™ atinitial Li" concentration ca. 120 mg/L.

H 14C4PI
_ Il DAB-g-14C4P|

Li Mg Na K Ca
Metal ion

Figure 10. Recyclability of 14C4PI membrane with or without grafting of diamino ether 55 (left); Selectivity of 14C4PI membranes with

or without grafting of diamino ether 55 (right).
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X = H: MWCNTs-14HBDC4

Figure 11. Structure of carbon nanotubes-supported dibenzo-14-
crown-4 ether.
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Figure 12. Examples of 14-crown-4 derivatives containing
chromophore fragment for UV-Vis detection of lithium in solu-
tion.

N\O/\/\O LiINCS
o Oﬁ

Figure 13. Cyclohexane ring inversion upon complexation of
ether 78.

Covalent immobilization of functionalized 14-crown-
4 ether bearing hydroxy-group on crosslinked polymer
supports may also serve as a method for the fabrication of
lithium extraction devices.!**! Various resins containing 14-
crown-4 ether were prepared and their Li" adsorption ca-
pacity was tested. The complexation ability was signifi-
cantly affected by the hydrophilicity of a polymer matrix.
Poly(glycidyl methacrylate) showed the highest perfor-
mance among three studied copolymers. However, highest
Li" adsorption capacity value of these resins did not exceed
ca. 3.1 mg: g'1 which is notably lower than previously dis-
cussed results.

Resins containing dibenzo-14-crown-4 ether deriva-
tive with carboxy group at C; fragment were also prepared
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by condensation of corresponding ether with formaldehyde
in formic acid.*’ In this case Li" adsorption capacity also
didn’t exceed 3.1 mg-g" for all studied resins and the se-
lectivity in the presence of competing alkali ions was lower
compared to more recent results from literature.

Spectrophotometric detection of lithium in solution

There is a number of 14-crown-4 derivatives contain-
ing phenol or naphthalenedicarboximido moiety with ab-
sorption or luminescence response upon complexation of
Li" ion (Figure 12)."%***") The complexation process is
accompanied by changes in the absorption and fluores-
cence spectra. As expected, Li" ion induced the largest
spectral response, while other alkali metals changed the
spectra slightly. In addition, pH-dependent behavior of
absorption spectra was observed for some crown-ether de-
rivatives. The latter can be used to distinguish between Li"
and Na' ions in aqueous solutions since the influence of pH
value on the absorption intensity is notably different for
these ions. Fluorescence quenching was observed in the
presence of lithium cations, which in general can be used
for development of fluorescent systems for quantification
of Li" after calibration.

X-Ray and NMR studies of 14-crown-4 and its
derivatives

Conformational analysis of crown ethers is essential
for explanation of their complexation properties, in this
respect elucidation of crystallographic structures of these
ethers and their complexes may provide useful insights into
the complexation features. Crystallographic structures of
free syn-dicyclohexano-14-crown-4 78 and its LiNCS
complex were compared™” to prove that an inversion of
one of the cyclohexane rings occurs upon complexation of
lithium isothiocyanate (Figure 13). In the form of a free
ether the cyclohexane ring inverts presumably to minimize
the electron repulsion between oxygen lone pairs. °C
CPMAS NMR experiment was performed and allowed
clear observation of resolved resonances with relative in-
tensities that reflect the mirror plane of symmetry for Li
complex of 78. In contrast, the same experiment for free
ether 78 showed the nonequivalence of OCH, carbons.
These findings are also supported by the X-ray data. Inter-
estingly, the conformational changes of dibenzo-14-crown-
4 ether are less drastic compared to some aliphatic 14-crown-4
derivatives,™” since two benzene rings pre-organize the rigid
cavity for Li ion.

Another research of isomeric 14-crown-4 ethers and
their LISCN complexes shows that there is no obvious cor-
relation between preorganization of ether conformation and
solvent-extraction selectivity.”” A number of aliphatic
ethers were studied and compared with preorganized dibenzo-
14-crown-4 ether. However, some non-preorganized aliphat-
ic ethers demonstrated similar or even better Li" selectivity
compared to dibenzo-14-crown-4. It allows to conclude
that rigidity, preorganization and bulkiness of the ligands
provides important yet insufficient information about their
complexation abilities.
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Crown ether with peripheral oxygen-containing sub-
stituents capable of coordination of metal ions were al-
ready discussed above.*****!) However, it was found"
that the crystal structure of dibenzo-14-crown-4-oxyacetate
64 complex with lithium ion contains an apical water mol-
ecule, while the pendant arm forms a hydrogen bond with
the water molecule (Figure 14). The authors claim that
water forms an extensively ordered framework within the
studied crystal structure which is dominated by Os penta-
gons. Their attempts to isolate single crystals in water-free
solutions were unsuccessful. This peculiarity certainly af-
fects the complexation properties of ether 64, this molecule
is known to possess low selectivity towards Li" compared
to other metal ions (Figure 3). In general, 14-crown-4 de-
rivatives bearing pendant arms are known to form com-
plexes with Na* ion.”>” The X-ray structure of 64 with
Li' ion is in agreement with suggestions that ether 64 pos-
sesses too short side arm which can’t bring the oxygen
atom into a proper apical position for Li" coordination.
Consequently, the ability of water molecule to occupy an
apical position in crown-ether complexes should be ac-
counted while discussing or modeling their extraction
properties. The latter statement may be supported with X-
ray structure of hydroxydibenzo-14-crown-4 63.°” A wa-
ter molecule forms 1:1 neutral complex with the crown
ether. In this complex, the water molecule is hydrogen
bonded by the pendant hydroxyl group of crown ether. A
similar arrangement of molecules can be observed in X-ray
structures of hydroxy-dibenzo-14-crown-4 ethers bearing
two hydroxy-groups.”® Therefore, interaction with water
molecules of crown-ethers containing functional group
capable of hydrogen-bonding should be considered for
both free ether and its complex with Li ion.

Oj/OH
o) [ )

L, JO
$

Figure 14. Molecular structure of dibenzo-14-crown-4-
oxyacetate 64 (left) and X-ray structure of complex with lithium
cation and a water molecule (right). Positional parameters of hy-
drogen atoms were not listed.

NMR spectroscopy was found to be useful for deter-
mination of solution structures of crown ether complexes
with alkali metals.””. Chemical shift differences for
diastereotopic protons provide information about con-
formational changes upon complexation. Moreover, a
determination of sidearm participation in coordination is
also possible. Formation constants of crown ether com-
plexes with Li can be determined with 'Li NMR spectros-
copy which is of high importance for development of
efficient extraction systems.®*®") The authors found that
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the nature of a substituent at position 4 in a benzene ring
notably affects the formation constant (Figure 15).

Thus, dibenzo-14-crown-4 ethers bearing electron-
donating substituents demonstrated higher values of for-
mation constants (from 30 to 50-fold increase). Variation
of "Li chemical shifts as a function of the molar ratio
[crown]/[Li'] in nonaqueous media was also used by the
authors to study the complexation process. It was shown
that no complexation occurs in DMSO and DMF, weak
and medium complexes are formed in THF, pyridine, pro-
pylene carbonate and acetone. Strong complexes were
formed in acetonitrile and nitromethane.

Figure 15. Formation constants of some dibenzo-14-crown-4
ether derivatives with Li determined with "Li NMR spectroscopy

Comparison of separation factors of I14-crown-4
ethers and their analogues

A review on the extraction properties of 14-crown-4
ethers should also consider their separation factors and
corresponding values for other crown ethers for more de-
tailed and informative comparison. For a pair of ions i, j
the separation factor (often denoted as SFi-j or a) is de-
fined as a ratio of their distribution coefficients, where a
distribution coefficient of ion 7 is the ratio of concentra-
tions of the ion in two immiscible solvents, namely in wa-
ter and organic solvent. Recent literature reports compare
the separation factors rather than selectivity coefficients log
ky;; for various compounds. The approach allows to compare
extraction properties of different membraned-based materials
and homogeneous liquid-liquid extraction systems.

A comprehensive overview of separation factors for
various crown cther—based extractants and membrane ma-
terials has recently been reported in the literature.[*%>%!
Some data provided by the authors is shown in Table 1. It
can be seen that derivatives of 14-crown-4 ethers exhibit
comparable or better Li’/Na’, Li"/K" and Li’/Mg*" selec-
tivities compared to other crown ethers, namely, 18-crown-
6, 15-crown-5 and 12-crown-4. In particular, (TBP)-14-
crown-4 [Cy;mim][NTf;] extractant demonstrated superior.
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Table 1. Comparison of various crown ether-based materials and CE-based liquid-liquid extraction systems.

Material Crown Ether Separation factors Ref.
Li+/Na+: 163, Li+/K+Z 24.5 [15]

DB14C4-C16 extractant DB14C4 Li'Mg?": 4.0; Li'/Ca®"; 68.1
(TBP)-14-crown-4 [C4mim][NT,] extractant 14C4 Li"/Mg*": 515 162]
PI@14C4 membrane 14C4 Li'/Mg*": 14.1 1621
PEI@DA18C6-PANanofiltration membrane 18C6 Li'/Mg*: 11.2 1641
PEI (15C5)/GO-TMCNanofiltration membrane 15C5 Li/Mg*: 17.5 1651
PEI@4A-B15C5 Nanofiltration membrane B15C5 Li'/Mg*": 17.4 1661
2H12C4-D113 resin 12C4 Li*/Na": 2.6; Li"/K": 2.0 167]
Li*/Na': 33.1; Li*/Ca®": 27.1 [68]

PSf-sg-AB12C4 membrane 12C4 Li'Mg?": 3.4; Li'/K": 38.4

i+ 2+, LTt et

TiO2/PVDF/KH550/12CE/TEOS membrane 12C4 LiMg™: 6.8, Li /K - 17.0 (9]

Li*/Ca®": 21.3; Li*/Na": 24.6

Li"/Mg*" separation factor of 515. Membrane PI@14C4
also showed decent Li+/Mg2+ selectivity, proving the appli-
cability of these derivatives for lithium extraction. It should
be noted that there are a lot of crown membrane materials
with significantly smaller separation factors, thus 14-
crown-4 derivatives belong to the higher-performing class
of lithium-selective materials.

There is also a research paper where authors report
outstandingly high selectivity towards lithium for 14-
crown-4 derivatives.”” It was reported that benzo-14-
crown-4 derivatives bearing alkoxy substituents at C;
fragment possess selectivity coefficients o jyn,, OrLyx and
aLycs ranging from 100 to 2500 (liquid-liquid extraction).
The obtained results suggest that 14-crown-4 ethers are
promising compounds for selective extraction of lithium.

There are a lot of properties besides separation factors
which should be considered while discussing different
crown ethers, e.g. lithium adsorption capacity and reusabil-
ity of membrane materials, distribution between water and
organic phase for liquid-liquid extraction, Mg®" rejection
rate, efc. Separation factors also may depend on absolute
and relative concentrations of both ions in solution, thus
they should be compared with care. Finally, synthetic
availability of described crown ethers should be kept in
mind while discussing their potential application.

Among the 14-crown-4 derivatives discussed in the
review, the aliphatic ethers 65, 66, 67 and 68 possess ex-
ceptional selectivity factors log(k;;;). Importantly, these
compounds contain fewer substituents in the macrocyclic
core and therefore can be synthesized in fewer steps com-
pared to highly functionalized molecules as 11 or 58. As it
was mentioned before, selectivity factors alone are not suf-
ficient to guarantee applicability of a given compound in
extraction, though the existing data allows to suggest that
these ethers are of high interest for further investigation of
their extraction properties.

Conclusions
The present review summarizes current knowledge on
the synthesis, ion selectivity, and extraction properties of

14-crown-4 ethers. Various synthetic routes towards substi-
tuted 14-crown-4 ethers were outlined. Analysis of ion
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selectivity data demonstrated the significant impact of pe-
ripheral substituents on lithium extraction efficiency. In
addition, selected hybrid materials incorporating 14-crown-
4 units and their performance in extraction processes were
reviewed. Lastly, conformational analysis of crown ethers
was considered as a powerful tool for gaining insights into
the mechanisms of lithium coordination. It is important to
note that systematic data on Li/Mg, Li/Na, and Li/Ca sepa-
ration under realistic brine conditions for 14-crown-4 de-
rivatives remain scarce. This review emphasizes the
existing gap and we hope it will assist researchers in ad-
vancing the development of next-generation lithium-
selective extractants based on the 14-crown-4 scaffold.
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