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The compexation behavior of metals with free crown ethers (CE)
and diblock copolymer-based CE is investigated. The latter shows
at least 10 000 times stronger complexation than free CEs. On this
basis, a highly stable CE complex within the polymer for efficient
extraction of metal ions from low concentrations, e.g. lithium in
seawater, is presented.

Lithium has drawn great interest due to its utilization in the
electrical vehicle industry, glass, ceramics, lubricants, catalysis,
alloy industries, and pharmaceuticals."® The applications of
lithium in the electric vehicle industry have created immense
demand, huge price increases, and the consequent shortage of
this raw material.” Currently, lithium is gathered mainly from
brines by solar evaporation processes, however, the availability
of lithium resources on land is limited.*® Around 230 Bt. of
lithium can be found in the seawater, therefore, several recov-
ery techniques have been designed, such as adsorption, solvent
extraction, and co-precipitation.®®'®'! Since many other inter-
fering metal ions, such as Na*, K, Mg”", and Ca*", are present
in seawater at much higher concentrations than Li', a highly
selective recovery of the desired Li* is mandatory."”

A high selectivity towards metal ions is provided by crown ethers
(CEs), which form well-known host-guest complexes.'*'* The com-
plexation of metal ions with CEs arises from ion-dipole interactions
depending on the cation, stabilizing orbital interactions between
charge transfer and polarization, and Pauli repulsive orbital
interactions."® The strength of the interaction, and thus the stability
of the complex, can be adjusted by the orientation of the donor
atoms in the CE, the cavity size, the choice of donor atom (soft or
hard, according to the HSAB principle, eg N, S, or O), and
substitutions of electron withdrawing or donating groups.'®'” In
addition to the strength of the interaction, the stoichiometry of the
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ligand to metal ion plays a significant role (Fig. 1). Single complexes,
sandwich-type complexes as well as club sandwich-type structures
can be formed (further higher-ordered complex structures are also
possible)."*'¥2° This variability of the complexes makes the CEs
ligands irreplaceable in the selective complexation of metal ions.

In previous work, stronger complexations within the poly-
mer as well as in a sandwich-type formation have been
reported.”"*” The aim of this work is to present stronger
complexation by sandwich-type structures of the metal ions of
the series Li*, Na" and K* and CEs of different sizes with 3, 4
and 5 oxygen atoms within the ring. The complex stability in
single, as well as sandwich structures is compared and evalu-
ated. A comparison between free CEs and polymer-based CEs is
demonstrated. The latter is of particular interest since the
polymer can be easily recovered after complexation by simple
precipitation.

15-Crown-5 (15C5), 12-crown-4 (12C4), and benzo-9-crown-3
(B9C3) were chosen as CEs to investigate the single and
sandwich complexes with Li*, Na*, and K* within the polymer.
Multivalent ions were not considered in this work, since they
can easily be separated by electrodialysis using for example
monovalent cationic selective membranes.*

A poly(methacrylic acid)-block-polystyrene (PMAA-b-PS) diblock
copolymer was chosen (synthesis was reported elsewhere)** and an
overview is shown in Fig. S2 (ESIT). The carboxyl groups make the
incorporation of CEs straightforward via Steglich esterification, if
the latter are modified with a hydroxyl group (Fig. 2). The Steglich
esterification is a simple reaction to esterify long polymer chains
and to obtain high yields by adding dicyclohexylcarbodiimide (DCC)
and 4-dimethylaminopyridine (DMAP).**?*® The successful incor-
poration of the CE within the polymer can be analyzed with
"H NMR spectroscopy. The signals of the CE appear broad in the
polymer spectrum proving the newly introduced CE group to the
PMAA-D-PS diblock copolymer. The average number of CE-esterified
repeating units per chain will be called nCE - not “degree of
polymerization” which would, by definition, be incorrect in a
statistical copolymer and is analyzed by "H NMR spectroscopy. An
example NMR for the 15C5-bonded polymer can be seen in Fig. 3.

This journal is © The Royal Society of Chemistry 2022


http://orcid.org/0000-0003-2185-6513
http://orcid.org/0000-0002-4840-6611
http://crossmark.crossref.org/dialog/?doi=10.1039/d1sm01815a&domain=pdf&date_stamp=2022-01-19
http://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sm01815a
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM018005

Open Access Article. Published on 18 January 2022. Downloaded on 3/11/2026 1:00:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

Increasing stability
Cavity Size of the Crown Ether

Amount of the Donor Atom

3i &

0008 ¢ 8

Hardness of the Donor Atom

B!

Stoichiometry

QD 3
>
<
&

single sandwich club sandwich

Fig. 1 Illustration of the CEs—metal ion complexes. Different factors are
illustrated such as the cavity size of the CE, the amount and hardness of
the donor atoms as well as the stoichiometry, which affects the interaction
between donor and acceptor (metal ion). The red, green, and orange dot
represent oxygen, nitrogen, and sulfur atom, respectively. The dashed line
represents the interaction between donor atom and metal ion.

X HO™Y ™0™
Ho’\@g?) Ho~© > g
J o_o &o\_,o
B9C3-OH 12C4-OH 15C5-OH
N™ DMAP
'\:)‘N’ Steglich S, S~
ONCNO ' Esterification o OH '”
DCcC
PMAA-b-PS
'm 'm m
070 0”0 o>0
S o o~ e
B 74 o
! Q o) e
KO &_o 0]

P(MAA-r-BOC3MA)-b-PS  P(MAA-r-12C4MA)-b-PS  P(MAA-r-15C5MA)-b-PS

Fig. 2 Reaction overview of the Steglich esterification of PMAA-b-PS with
hydroxyl functionalized CEs.

A detailed determination of the nCE and the degree of functiona-
lization (DF) can be found in the ESLf

In the complexation process of metal ions, the dissolved
metal ions in water must first be freed from the hydrate shell
surrounding them. Among the compared cations, this hydrate
shell is most stable for Li" and least stable for K".
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Fig.3 M NMR spectrum of 15C5-OH (bottom) and P(MAA,s-r-

15C5MA,5)-b-PSs0°® diblock copolymer containing randomly distributed
CE units (top) in CDCls.

In a single complex, interactions are established between
the donor atoms and the metal ions leading to an
enthalpy gain.

In a sandwich complexation, the entropy loss is greater
because two CEs participate in the complexation process.
However, the enthalpy gain is twice as large, since twice as
many interactions take place between donor atoms and metal
ions (Fig. 1). In conclusion, the complexation of metals by CEs
is a thermodynamic process with an interlude between entropy
loss and enthalpy gain. In the thermodynamic process, the
complexation constant K play an essential role and provide
information about the stability of the complex. The general
procedure of the metal ion extraction with CEs follows eqn (1):

mM* + xX"~ + nCE = (M,CE,)™" X’ (1)

with M being the metal cation and X, the corresponding anion,
m and x represent the stoichiometric factors and z, and v. the
charges of the metal cation and counter anion, and n labels
the number of CEs necessary for the metal-CE complex. The
complex constant K can be evaluated by the law of mass
(eqn (2)) and shows by a value above 1 an equilibrium on the
side of the products (in here the CE-metal complex, (M,,,
CE )mZ+)

 [(MuCE)"™ X (org™ ]
K= QM ) X 1) [CEP )

Experimentally, the complex constant K of a CE-metal
complex is determined by using a two-phase extraction
(Fig. 4). The CE is dissolved in the organic phase and the salt
of a dye in the aqueous phase. After mixing the two phases, the
cation of the salt dye interacts with the CE at the interface. After
successful complexation, the CE-metal complex is in the
organic phase (dichloromethane was chosen as the organic
phase in these experiments). The aqueous phase (salt dye
phase) was investigated by absorption spectroscopy due to
spectroscopic limitations of the organic phase. The salt con-
centrations in the aqueous phase before and after extraction
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Fig. 4 Two-phase extraction of a dichlormethane/water mixture with
B15C5 and 2',4',5',7'-tetrabromoeosin ethyl ester sodium salt (NaEE) as
sodium dye. The left side shows the phases before the extraction and the
right side afterwards.

were analyzed and the complex constant K was calculated
according to eqn (2). A more detailed description of the two-
phase extraction and a detailed calculation of the complex
constant K can be found in previous publications.?’*>

The free CEs benzo-15-crown-5 (B15C5), benzo-12-crown-4
(B12C4) and B9C3 were extracted as shown in Fig. 3. The 15C5
with a cavity size of 1.70-2.20 A fits perfectly for Na" with an
ionic diameter (ID) of 2.02 A and forms well-known “sandwich
complexes” with K* (ID = 2.76 A).>“?” The values of the complex
constant K (pink bar with crosses) can be found in Fig. 5A
and B. The B15C5-Na" and the (B15C5),-K' complexes show
both stable complexes with values of logK of 5.71 and 7.93,
respectively. It is clear that the sandwich complex with K" is
more stable than the single complex with Na'. This may be due
to the smaller hydrate shell of K' compared to Na*, as well as to
the increased content of the enthalpy term due to the inter-
action of twice as many donor atoms with the metal ion. Similar
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Fig. 5 LogK of the CE complexes of the free CEs and the polymer-based
CEs. The pink bar with crosses represents the log K of the free CE- and the
pink bar of the polymer-based CE complexes.
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trends are observed for the 12C4 (cavity size of 1.20-1.50 A),
which forms single complexes with Li* (ID = 1.48 A) and
sandwich complexes with Na*.?®*° Both complexes show high
complex stabilities with a log K of 4.71 for the B12C4-Li"
complex and 8.21 for the (B12C4),-Na' complex (pink bar with
crosses) (Fig. 5C and D). In conclusion, the experiments show a
stronger complexation of the sandwich complex compared to
the single complex. The B9C3 shows the smallest cavity size
among all investigated CEs in this work with a value of
approximately 0.25 A and forms sandwich complexes with
Li*."*"3% The only ion that could form a single complex with
the B9C3 would be beryllium.*" Since this ion is very toxic and
only available at extremely low concentrations in aqueous
resources (e.g Be® concentration in the Arctic Ocean:
9-15 pmol kg™ ' ie cp ~ 80-140 pg L), and there is no
evidence that Be®" is found in Li'-relevant aqueous resources
such as the Dead Sea (cy; = 18 mg L"), experiments with
beryllium were not further considered and performed.'>?*??
The log K (6.89) of the (B9C3),-Li" complex can be seen in
Fig. 5E.

In the following, the complex stabilities of the free CEs
B15C5, B12C4, and B9C3 are compared with those in the
polymer. For this purpose, the degrees of functionalization of
the CEs in the polymer were synthesized to be as similar as
possible.

It is worth mentioning that the polymers P2 and P3 were
functionalized with 12C4 and 15C5 (without a benzene group),
since these two CEs were commercially available with a hydro-
xyl functionality.

The B9C3 CE was synthesized and modified with a hydroxyl
group via Duff reaction and subsequent reduction with sodium
borohydride (NaBH,). An overview of the synthetic procedure
can be found in the SI (Fig. S1, ESI). A detailed report of the
post modification of PMAA-b-PS with B9C3 and its extraction
with Li*, Na*, and K" has already been published elsewhere.**
The exact weight fractions of each functionality of the polymers
can be taken from Table 1.

To ensure good comparability of the two-phase extraction of
the free CE and polymer-based CEs, the same concentration of
CE to metal ion was chosen to be 10:1. The P1-Na* complex
(log K = 12.3) in comparison to the B15C5-Na‘complex (log K =
5.71; both forming single complexes with Na') shows a log K
10°° times higher than for the free CE (Fig. 5A). The complexa-
tion of K" with polymer P1, shows a particularly high com-
plexation constant of log K = 16.9 and thus has the highest
complexation constant of all studied systems and ions

Table 1 Sample codes of the CE-based diblock copolymers and the
corresponding weight fraction of each block. The subscripts in the
designation of the polymers represent the fraction of the respective block
in wt% and the superscript represents the overall molecular weight in kDa

Sample code  Polymer Metal ion extraction
P1 P(MAA,5-7-15C5MA,;)-b-PS5,°%%  Na*, K*

P2 P(MAA,;7-12C4MA,4)-b-PSe,"*®  Na', Li*

P3 P(MAA,(7-B9C3MA,()-b-PSgo "> Li'

This journal is © The Royal Society of Chemistry 2022
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(10° times higher than for the free CE). A similar observation can be
made for polymer P2. Here, a log K for Li" (formation of a single
complex) of 7.59 is achieved, whereas for the free CE a value of 4.71
was obtained. Thus, the value increases by a factor of 10*° in the
polymer material, although lithium usually must overcome a very
strong bounded hydration shell before it can be complexed.

The complexation of polymer P2 with Na* forms a sandwich
complex and reaches a log K of 14.1. It is thus clearly visible
that the complexation of the metal ions in the polymer by
means of a sandwich complex leads to very stable complexa-
tion. The reason for this is most-likely the lower entropy loss
within a polymer system, since the CEs are covalently bonded to
the polymer and thus have fewer degrees of freedom compared
to CEs free in solution.”"** Sandwich complexation makes this
effect even more pronounced.

With respect to the stabilization of lithium complexation, it is
clear, that the sandwich complexation of polymer P3 with B9C3
units shows a higher complexation constant of log K 10.6 than
polymer P2 with the 12C4 with a log K of 7.59 (formation of a single
complex with Li). From the analyzed data, it can be concluded that
sandwich complexation of lithium within a polymer system can
achieve more stable complexations and thus may be crucial for
complexation of lithium from seawater, where it occurs at very low
concentrations. First attempts of successful Li" extraction using the
P3 polymer in the presence of much higher Na" and K* concentra-
tions were shown in another publication.*" Selective and very stable
complexation of lithium within a polymer can thus be a way to
isolate the highly desirable raw material.
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