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Perfect confinement of crown ethers in MOF membrane
for complete dehydration and fast transport of

monovalent ions

Tingting Xu't, Bin Wu?t, Wenmin Li, Yifan Li', Yanran Zhu’, Fangmeng Sheng‘, Qiuhua Li3,

Liang Ge', Xingya Li'*, Huanting Wang*, Tongwen Xu*

Fast transport of monovalent ions is imperative in selective monovalent ion separation based on membranes. Here,
we report the in situ growth of crown ether@UiO-66 membranes at a mild condition, where dibenzo-18-crown-6
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(DB18C6) or dibenzo-15-crown-5 is perfectly confined in the UiO-66 cavity. Crown ether@UiO-66 membranes exhibit
enhanced monovalent ion transport rates and mono-/divalent ion selectivity, due to the combination of size sieving
and interaction screening effects toward the complete monovalent ion dehydration. Specifically, the DB18C6@UiO-66
membrane shows a permeation rate (e.g., K) of 1.2 mol per square meter per hour and a mono-/divalent ion selectivity
(e.g., K*/Mg**) of 57. Theoretical calculations and simulations illustrate that, presumably, ions are completely de-
hydrated while transporting through the DB18C6@UiO-66 cavity with a lower energy barrier than that of the UiO-66
cavity. This work provides a strategy to develop efficient ion separation membranes via integrating size sieving and
interaction screening and to illuminate the effect of ion dehydration on fast ion transport.

INTRODUCTION
Membrane-based selective monovalent ion separation is the crucial
step for the extraction of lithium from salt brine and saline water
refining (I1-3). The similar hydrated ionic sizes and charges make the
separation of monovalent ions from divalent ones a great challenge
(4, 5). Traditional nanoporous membranes separate monovalent ions
from divalent ones based on the same charge repulsion, which inhibits
both the mono- and divalent ion transport (6, 7). Emerging subnano-
porous membranes achieve selective monovalent ion separation and
divalent ion exclusion via the pore-size sieving effect, where monovalent
ions are partially dehydrated to facilitate the transport (8-10). Here-
tofore, whether a complete ion dehydration can contribute to the fur-
ther promotion of ion transport has not been systematically explored.
Crown ethers are a class of cyclic ethylene oxide molecules with
cavities of ~3 A, similar to the sizes of bare monovalent ions including
K*, Na*, and Li* (11-18), which have the potential to render ion
transport in a complete dehydration form however not yet implemented.
For example, crown ethers such as 18-crown-6 and 15-crown-5 deriva-
tives have been assembled into lipid bilayers to construct ion channels
for the transport of K™ (19-22). Then, crown ethers are grafted onto
polymers (23-26) or embedded within graphene membranes (27, 28)
via the side-chain post-modification strategy. Such methods cannot
guarantee sufficient crown ethers fixed in the channel due to the
flexible side chains, and ions tend to transport in a hydration or partial
dehydration form, circumventing the cavities of crown ethers.
Metal-organic frameworks (MOFs) are a class of porous materials
constructed by metal ions or clusters coordinated with organic ligands,
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forming a window-cavity structure, where the sub-1-nm windows can
sieve ions according to their sizes and the nanometer cavities can offer
confined space to immobilize crown ethers for interaction screening
ofions (29-31). Specifically, the chemical interactions can compensate
for the energy penalty of ion dehydration, and the greater dehydration
of ions exposes the ion’s chemistry and, in turn, strengthens the inter-
actions (32). For instance, 18-crown-6 ether (18C6) was encapsulated
in the cavity of zeolite-imidazolate framework (ZIF), e.g., ZIF-67/
ZIE-8, for selective monovalent ion transport, while the molecular
size of 18C6 (5.7 A) is much smaller than that of the ZIF cavity (11.6 A)
(33). As aresult, the mismatch between 18C6 and the cavity generates
gaps for hydrated ion transport, diminishing the interaction screen-
ing of crown ethers for monovalent ions. UiO-66, a well-known MOF
for its hydrolytic stability (29), has been widely investigated for nano-
fluidic devices, desalination, and ion separation (34-36). Single-ion
channels have been fabricated on the basis of UiO-66 derivative
MOFs, showing enhanced monovalent ion transport probably due
to the partial dehydration of ions (37, 38). UiO-66 membranes are
generally prepared by the solvothermal reaction at a high tempera-
ture, and cracks between grain boundaries are prone to form during
the cooling process, resulting in a declined ion selectivity (39, 40).
Thus, the synthesis of UiO-66 membrane at a mild condition is highly
demanded for the fabrication of crack-free MOF membranes and
the intact confinement of size-matched crown ethers as well.
Herein, we report the in situ growth of UiO-66 confined crown
ether (CE@UiO-66) membranes at a mild condition (Fig. 1A).
The UiO-66 cavity of ~12 to 15 A can perfectly confine the selected
dibenzo-15-crown-5 (DB15C5) or dibenzo-18-crown-6 (DB18C6) with
molecular sizes around 12 A, and the UiO-66 window of ~8 A can
prevent the CEs from escaping (Fig. 1B). Compared to the pristine
UiO-66 membrane, CE@UiO-66 membranes show enhanced mon-
ovalent jon diffusion coefficients and selectivities. In the binary-ion
system, the monovalent cation permeation rates (e.g., K*) and mono-/
divalent cation selectivities (e.g., K*/Mg*") vary from 0.9 to 1.2 mol m*
hour™ and from 30 to 60 by the confinement of DB15C5 and DB18C,
respectively. First-principle calculations and molecular dynamic (MD)
simulations reveal that monovalent ions are completely dehydrated
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Fig. 1. Fabrication of CE@UiO-66 membranes for fast monovalent ion transport. (A) Scheme of the fabrication of CE@UiO-66 membranes via the in situ growth at a

mild condition (30°C). (B) Perfect confinement of CE (
monovalent ions undergo a complete dehydration.

while transporting through the DB18C6@UiO-66 cavity (Fig. 1C)
with lower energy barriers following the order of K* < Na* < Li* <
Mg*" and higher transport rates of K* > Na* > Li* > Mg** than
through the UiO-66 cavity.

RESULTS
Fabrication of Ui0-66 and CE@UiO-66 membranes at a
mild condition
Ui0-66, DB15C5@Ui0-66, and DB18C6@UiO-66 membranes were
fabricated on anodic alumina oxide (AAQO) substrates via the in situ
confinement and growth method, which was carried out in a self-
designed Teflon holder. AAO discs with a pore size of 90 & 10 nm
and a diameter of 25 mm were used as the substrate. Before the prep-
aration of CE@UiO-66 membranes, AAO substrates were pretreated
with terephthalic acid (H,BDC) at 130°C for 2 hours (Fig. 1A, step 1)
to form a seeding layer for the growth of MOF membranes. After the
temperature cooled to room temperature, the seeded AAO substrates
were mounted in the Teflon holder, followed by the addition of zirco-
nium oxide cluster (see Materials and Methods for the synthesis
details), H,BDC, and crown ethers (DB15C5 or DB18C6) as shown
in Fig. 1A (step 2). A continuous DB15C5@UiO-66 or DB18C6@
UiO-66 layer formed on the AAO substrate after 24 hours at 30°C. The
synthesized UiO-66 crystals contain triangular windows of ~8 A and
octahedral cavities of ~12 to 15 A (fig. S1). The molecular sizes of
DB18C6 and DB15CS5 are well matched with the octahedral cavity,
endowing the perfect confinement of single CE in the cavity. After
being incorporated in the UiO-66 cavity, DB18C6 and DB18C5 are
unlikely to escape due to the end-capping by the smaller MOF win-
dow (Fig. 1B and fig. S2).

After the in situ confinement and growth, highly crystalline
and continuous UiO-66, DB18C6@UiO-66, and DB15C5@UiO-66

Xu et al., Sci. Adv. 10, eadn0944 (2024) 8 May 2024

~12 A) in the UiO-66 cavity. (C) Size and interaction sieving of monovalent ions in CE@UiO-66 membranes, where

membranes were successfully fabricated on the surface of AAO sub-
strates. Scanning electron microscopy (SEM) images of the surface
and cross section of UiO-66, DB15C5@UiO-66, and DB18C6@
UiO-66 membranes are shown in Fig. 2 (A to F). The SEM images
confirm the complete coverage of the AAO surface with UiO-66,
DB15C5@Ui0-66, and DB18C6@UiO-66 layers without any visible
boundary defects and cracks. The membrane surface morphologies
indicate the well intergrowth among UiO-66 crystals during the
membrane formation process. The membrane cross-sectional im-
ages and energy-dispersive spectrometry mappings (Fig. 2G and
fig. S3) show a uniform and continuous MOF layer attached tightly
to the AAO substrate with a thickness of around 1 pm. X-ray dif-
fraction (XRD) patterns of UiO-66, DB15C5@UiO-66, and
DB18C6@UiO-66 crystals and membranes are the same as the sim-
ulated one, verifying the successful preparation of UiO-66 crystals
and the high crystallinity of the membranes (Fig. 2H and fig. S4)
(29). The XRD patterns also indicate that the incorporation of
DB15C5 or DB18C6 during UiO-66 crystallization has no influence
on the MOF structure. X-ray photoelectron spectroscopy spectra
of UiO-66, DB15C5@Ui0-66, and DB18C6@UiO-66 crystals and
membranes also confirm the chemical structure of the MOF (fig. S5).
The thermogravimetric analysis results of UiO-66, DB15C5@UiO-
66, and DB18C6@UiO-66 crystals indicate a higher weight loss of
CE@UiO-66 than that of UiO-66, signifying the existence of DB15C5/
DB18C6 in UiO-66 cavity (Fig. 2I). The molar percentage of DB15C5
and DB18C6 molecules to the UiO-66 unit cells of DB15C5@UiO-
66 and DB18C6@Ui0O-66 crystals is ~29.78 and 31.61%, respectively
(see the Supplementary Materials for the calculation details). The
Brunauer-Emmett-Teller surface area of DB15C5@UiO-66 and
DB18C6@Ui0O-66 crystals calculated from the N2 adsorption/

desorption isotherm profiles is 732 and 751 m % !, respectively,
lower than that of UiO-66 crystals of 1135 m® g”' (fig. S6A). The
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Fig. 2. Characterization of Ui0-66, DB15C5@Ui0-66, and DB18C6@Ui0-66 membranes. Scanning electron microscopy (SEM) images of the surface of (A) UiO-66
membrane, (B) DB15C5@UiO-66 membrane, and (C) DB18C6@Ui0-66 at low magnification; the insets are high-magnification images. SEM cross-sectional images of
(D) UiO-66 membrane, (E) DB15C5@UiO0-66 membrane, and (F) DB18C6@Ui0-66 membrane. (G) Energy-dispersive spectrometry mapping of UiO-66 (i), DB15C5@UiO-66
(i), and DB18C6@Ui0-66 membranes (iii). (H) XRD patterns of UiO-66, DB15C5@Ui0-66, and DB18C6@Ui0-66 membranes. a.u., arbitrary units. (I) Thermogravimetric

analysis of DB15C5, DB18C6, UiO-66, DB15C5@Ui0-66, and DB18C6@Ui0-66.

pore-size distributions show that the as-prepared UiO-66 and CE@
UiO-66 at the mild-condition have a window of ~8 A and a cavity of
~12to 15 A due to the lattice defects generated at a low temperature
(fig. S6B and tables S1 and S2). In addition, the pore-size distribu-
tions of crown ether@UiO-66 display a decreased cavity size as com-
pared to the pristine UiO-66 (fig. S6B), indicating that the DB15C5/
DB18C6 molecules are trapped inside the UiO-66 cavities during
the MOF formation and crystallization process.

Furthermore, the stability of UiO-66, DB15C5@UiO-66, and
DB18C6@Ui0O-66 membranes in salt solutions (0.1 M KCI, 0.1 M
NaCl, 0.1 M LiCl, and 0.1 M MgCl,) was studied. The membrane
XRD patterns show that their crystal structures remain unchanged
after the 7-day treatment in the salt solutions (fig. S7). Thus, the
as-prepared UiO-66, DB15C5@UiO-66, and DB18C6@UiO-66 mem-
branes are used to study the ion transport properties and separation
performance.

lon transport properties in UiO-66 and

CE@Ui0-66 membranes

The ion transport properties in UiO-66 and CE@UiO-66 membranes
were investigated under the concentration-driven diffusion (see the
Supplementary Materials for the testing apparatus, fig. S8, and table S3).
Aqueous solutions including 0.1 M LiCl, NaCl, KCl, and MgCl, are
used as the feed solution in the single-ion system, and 0.1 M
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KCl/0.1 M MgCl,, 0.1 M NaCl/0.1 M MgCl,, and 0.1 M LiCl/0.1 M
MgCl, are used as feed solution in the binary-ion system, while the
permeate side is deionized (DI) water. The concentration of various
ions in the permeate solution was detected by inductively coupled
plasma optical emission spectrometry.

As for the UiO-66 and CE@UiO-66 membranes, the K* and Na* ion
permeation rates of DB18C6@UiO-66 membranes are obviously higher
than those of the DB15C5@UiO-66 membranes, which are higher than
those of the UiO-66 membranes, while the three membranes show
similar Li* ion permeation rates (Fig. 3A). As expected, the Mg** ion
permeation rates of UiO-66 membranes are higher than those of
CE@UiO-66 membranes. The ion permeation rates of the three mem-
branes follow the sequence of K* > Na* > Li* >> Mg** (Fig. 3A).
The ion transport energy barrier is positively related to the ion diffu-
sion coeflicient, which is calculated to reflect the transport energy
barrier of monovalent ions in the CE@UiO-66 membranes (Fig. 3B
and table S4). The monovalent ion diffusion coefficients of the studied
membranes (41-43) follow the order of DB18C6@UiO-66 > DB15C5@
UiO-66 > UiO-66, indicating that the ion transport energy barrier
complies with the opposite sequence. Considering that a strong inter-
action could compensate for an otherwise large energy barrier, DB18C6
has a stronger interaction with the monovalent ions than DB15C5,
which are both stronger than those of the UiO-66. The diffusion coef-
ficient of Mg** of the studied membranes follow the order of

30f10



SCIENCE ADVANCES | RESEARCH ARTICLE

A B~ Cu
1.2 W Ui0-66 membrane ‘n W vio-66 membrane B Ui0-66 membrane
5 DB15C5@UIO-66 membrane| L 10" DB15C5@Ui0-66 membrane DB15C5@Ui0-66 membrane
2 DB18C6@UiO-66 membrane| & DB18CE@UI0-66 membrane | >, DB18C6@Ui0-66 membrane
o - ® _ S 304
IE 0.94 g i _ B *g -
3 4+ 10°4 8 — ©
£ i k5 = 204 =
3 061 S s
2 - £ @
© g k) 3
c _ o107 - | 2
203 : - 5 & 101 3 _ -
3 B
5 I : S o I ] ]
foo0 ' ! ' == 01074 WY . ! . 0 : : :
K* Na* Li* Mg?* K* Na* Li* Mg?* K*Mg®*  Na‘/Mg* Li*/Mg?*
Single-ion system Single-ion system
D 45 : : E g :
< K*/Na*/Li* K*/Na*/Li* T Mg? I Ui0-66 membrane
5 1 :§1 DB15C5@UiO-66 membrane
_8 1.24 . tﬁ{ . 1 N > 60 DB18C6@UiO-66 membrane
z B ofe - KRk | §
5 0.9 IR S RARTs 4 f e GG e %
E | Co] © 40
% DB15C5@UiO-66 membrane | DB18C6@UiO-66 membrane g _
£ 064 i s
& ‘ - g
3 ] 5 S 207 i
o 0-31 2 : 3 -
£ | I 3
) | 3
Qoo L N - A - = = > 0 T T l T
K'Mg?* Na*/Mg?* Li*/Mg?*  K*'/Mg?* Na*/Mg?* Li*/Mg** K*Mg?®*  Na'/Mg* Li*/Mg?*

Binary-ion system

Binary-ion system

Fig. 3. lon transport properties of Ui0-66, DB15C5@Ui0-66, and DB18C6@Ui0-66 membranes. (A) lon permeation rates of K¥, Na*, Li*, and Mg®* of Ui0-66,
DB15C5@Ui0-66, and DB18C6@UiO-66 membranes (single-ion system: 0.1 M KCl, 0.1 M NaCl, 0.1 M LiCl, and 0.1 M MgCl,). (B) The calculated ion diffusion coefficients of
Ui0-66, DB15C5@Ui0-66, and DB18C6@Ui0-66 membranes. (C) Single-salt selectivities of UiO-66, DB15C5@UiO-66, and DB18C6@Ui0-66 membranes calculated from
single-ion permeation rates. (D) Permeation rates of DB15C5@UiO-66 and DB18C6@UiO-66 membranes in the binary-ion system. (E) Mixed-salt selectivities of UiO-66,

DB15C5@Ui0-66, and DB18C6@UiO-66 membranes in the binary-ion system.

DB18C6@Ui0-66 < DB15C5@Ui0O-66 < UiO-66, suggesting that
the transport of Mg”* through the channels is dominated by the size
sieving effect. CE@UiO-66 membranes exhibit much higher single-
salt selectivities (calculated on the basis of the ion permeation rate of
single-ion system) of monovalent ion (e.g., K*/Mg**, Na*/Mg**, and
Li*/Mg**) than those of UiO-66 membranes and the AAO substrate
(Fig. 3C and figs. S9 and S10), which is enabled by the combination of
the size sieving and interaction screening effects from the perfect con-
finement of CE in UiO-66. Moreover, the single-salt selectivities of
DB18C6@UiO-66 membrane (i.e., K*/Mg** of 27, Nat/Mg** of 15,
and Li*/Mg** of 9.3) are higher than those of the DB15C5@UiO-66
membrane (i.e., K*/Mg** of 20, Na*/Mg”* of 10, and Li*/Mg** of
8.6). The reproduced ion permeation rates and selectivities in the
single-ion system of UiO-66, DB15C5@UiO-66, and DB18C6@UiO-66
membranes are shown in fig. S10. In the binary-ion system, the per-
meation rates of monovalent cations remain similar to those of the
single-ion system, while the permeation rate of Mg** decreases signifi-
cantly (Fig. 3D), with the effect that the mixed-salt selectivities are sub-
stantially higher than the single-salt selectivities (Fig. 3E). Specifically, the
K*/Mg"* selectivity of DB18C6@UiO-66 and DB15C5@UiO-66 mem-
brane increases from 27 to 57 and from 20 to 32, respectively. As a
comparison, there is no obvious increase in the mixed-salt mono-/
divalent ion selectivity of UiO-66 membrane (i.e., K*/Mg** of 13,
Na*/Mg*" of 8.3, and Li*/Mg®* of 5.4). This finding can further
confirm that the confined crown ethers have interaction screening
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effects on monovalent ions rather than the divalent ion. Therefore,
the CE@UiO-66 channels can facilitate the transport of monovalent
ions while blocking the divalent ion when the monovalent ion is
coexisted with the divalent ion, leading to an elevated mono-/divalent
ion selectivity. Similar to the single-salt selectivity, the membrane
mixed-salt selectivity follows the sequence of DB18C6@UiO-66 >
DB15C5@Ui0O-66 > UiO-66. The reproduced permeation rates of
Ui0-66, DB15C5@Ui0-66, and DB18C6@UiO-66 membranes in the
binary-ion system are shown in figs. S11, S12, and S13, respectively.
The results of selectivities in binary-component solution for repeat-
ability test of UiO-66, DB15C5@UiO-66, and DB18C6@UiO-66
membranes are shown in fig. S14. Compared to other reported
membranes under the concentration-driven gradient (figs. S15 and
S$16 and table S5), CE@UiO-66 membranes show an excellent ion
permeation rate with a competitive selectivity.

Effect of concentration gradient on ion separation of
DB18C6@Ui0-66 membranes

To evaluate the effect of driving force for ion diffusion, different
concentration gradients including 0.01, 0.05, 0.1, and 0.5 M are used
for ion transport. Taking the DB18C6@UiO-66 membrane as an ex-
ample, the ion permeation rates show a proportional rise to the con-
centration gradient (Fig. 4, A and B). Particularly, the K* permeation
rate reaches 4.5 mol m ™~ hour ™" as the concentration gradient increases
to 0.5 M. Therefore, the single-salt selectivities in the single-ion system
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remains quite similar (e.g., K*/Mg** around 27, Na*/Mg** around
15, and Li*/Mg”* around 10) even with varied concentration gradi-
ents from 0.01 to 0.5 M.

Stability of DB18C6@UiO-66 membranes for ion separation

The repetitive stability of the DB18C6@UiO-66 membrane for ion
separation was evaluated by repeating the measurement five times
both in the single- and binary-ion systems (Fig. 4, C and D). For
the single-ion system, the K* permeation rates of UiO-66 and
DB18C6@UiO-66 membranes display slight variations during the
five consecutive tests, and the K¥/Mg** selectivities remain a stable
range of 6 to 8 (fig. S17) and 22 to 26 (Fig. 4C and fig. S18), respec-
tively. As for the binary-ion system, the K™ permeation rates of
DB18C6@Ui0-66 membrane vary around 1.0 mol m™2 hour™", while
the Mg®" permeation rates stay around 0.015 mol m™> hour ™", re-
sulting in a fluctuation of K*/Mg** selectivity from 45 to 75. To
verify the structural stability of the DB18C6@UiO-66 membrane
after the repetitive stability test, the membrane crystallinity and
morphology characterizations were performed. The DB18C6@UiO-
66 membrane after testing five times remains a high crystallinity as
revealed by the XRD pattern (fig. S19). The morphology of DB18C6@
UiO-66 membrane after testing five times maintains an intact layer
as confirmed by the SEM surface images (fig. S20). These results
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demonstrate the excellent structural and operational stability of
DB18C6@UiO-66 membranes.

lon transport mechanism in DB18C6@Ui0-66 channels

MD simulations are used to study the ion transport properties in
UiO-66 and DB18C6@UiO-66 channels under the concentration-
driven gradient. The diffusion coefficients using an Einstein relation
were calculated by converting the slopes of the ion mean square dis-
placement (MSD) versus time curves. In UiO-66 channels, the mon-
ovalent ion diffusion coefficients follow the order of K* > Na* > Li*
(table S6), within the range from 1.47 X 107°t02.39x 10> cm? s},
where ions are partially dehydrated because of the size sieving of the
UiO-66 window (Fig. 5A). In DB18C6@UiO-66 channels, the mon-
ovalent ion diffusion coefficients (table S6) range from 1.87 X 107°
t0 2.92 X 107° cm” 5™, which are higher than those of the UiO-66
channels, and monovalent ion diffusion coefficients adhere to the
same order of K > Na* > Li" (Fig. 5B). After the confinement of
DB18C6 in the UiO-66 cavity, the crown ether-ion interaction con-
tributes to attracting monovalent ions and compensating for the de-
hydration energy barrier and thus facilitating them to transport
through the cavity. The resultant ion diffusion coefficients from
MD simulations follow the same sequence as that from the ex-
perimental ones.
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Fig. 4. The effect of concentration gradient on the ion separation performance and the repetitive stability of DB18C6@Ui0-66 membranes. (A) lon permeation
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Completely dehydrated ions that transport through DB18C6@UiO-66 cavity

Fig. 5. lon transport mechanism in DB18C6@Ui0-66 channels. Mean square displacement (MSD) of ions that transport through (A) UiO-66 and (B) DB18C6@UiO-66
along with time. (C) Energy barriers of water molecules that transport through the DB18C6, UiO-66, and DB18C6@Ui0O-66 cavities. Energy barriers of ions that transport
through (D) DB18C6 cavity and (E) DB18C6@UiO-66 cavity. (F) Energy barriers of ions that transport through the UiO-66 cavity. (G) Simplified scheme of completely dehy-

drated ions that transport through the DB18C6@UiO-66 cavity.

To figure out how the ions transport through the DB18C6@UiO-66
cavity, the first-principle calculations are used. First, water mole-
cules that transport through the DB18C6, UiO-66, and DB18C6@
UiO-66 cavities are studied. The calculated rate of water passing
through the cavity of DB18C6, UiO-66, and DB18C6@UiO-66 is
8.25 % 10%,2.83 x 10", and 6.14 x 107" molecules mol ™" s™*, respec-
tively, indicating that nearly no water molecules can pass through
the DB18C6@UiO-66 cavity. The water transport energy barriers
through the above three cavities are shown in Fig. 5C, fig. S21, and
table S7, where the energy barrier for water passing through the
DB18C6@Ui0O-66 cavity is much higher than those of the DB18C6
and UiO-66 cavities. Additional water migration experiments were
performed to investigate the water transport property in UiO-66
and DB18C6@UiO-66 membranes. The reduced water volume of
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the feed solution of UiO-66 membrane is much higher than that
of the DB18C6@UiO-66 membrane with a loading of 31.61%
(fig. S22), confirming that the water molecules can hardly trans-
port through DB18C6@UiO-66 cavities. The measured diameter of
water is 3.34 A in the calculations, which is larger than the studied
bare ions’ diameters but smaller than their hydrated diameters (ta-
ble S8) (44). Consequently, ions should most likely be completely de-
hydrated (i.e., in the bare ion form) to transport through the DB18C6@
UiO-66 cavity. As a comparison, the ions are partially dehydrated
when passing through the DB18C6 and UiO-66 cavities, indicated
by the results from the radial distribution functions (RDFs) for
DB18C6 and UiO-66 (fig. S23). Then, we investigate the ion trans-
port energy barriers in the DB18C6, DB18C6@UiO-66, and UiO-66
cavities. In the DB18C6 cavity, the energy barrier for ion transport
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follows the order of K* < Na* < Li* < Mg** (Fig. 5D and table $9),
which is exerted by the interaction screening of the crown ether.
This can reveal that the interaction between the crown ether and
ions follows the order of K* > Na* > Li* > Mg**(45, 46). By con-
trast, a higher energy barrier is required to overcome for ions pass-
ing through the DB18C6@UiO-66 cavity (Fig. 5E and table S10).
The ion transport energy barrier through the DB18C6@UiO-66 cav-
ity is lower than that of the UiO-66 cavity because the perfectly con-
fined crown ether-ion interaction can compensate the energy loss of
the ion dehydration (Fig. 5F and table S11). The enhanced monova-
lent ion transport rates of DB18C6@UiO-66 channels can be as-
cribed to the bare ions that transport through the DB18C6@UiO-66
cavities with lower energy barriers (Fig. 5G and fig. S24). In addi-
tion, the energy barrier difference between the monovalent ions
and Mg** of the DB18C6@Ui0-66 cavity is larger than that of the
UiO-66 cavity, leading to a higher selectivity for K*/Mg**, Na*/
Mg**, and Li*/Mg** as observed in the experimental findings.

DISCUSSION

In summary, crack-free CE@UiO-66 membranes with well size-
matched crown ethers in the cavity are constructed by the in situ
growth at a mild condition. The resultant CE@UiO-66 membranes
show enhanced monovalent ion permeation rate and selectivity
compared to the pristine UiO-66 membranes, which can be attributed
to the complete dehydration of monovalent ions arising from the
combined size sieving and interaction screening effects. Theoretical
simulations and calculations suggest that fully dehydrated ions can
transport through the DB18C6@UiO-66 channel, leading to a fast
transport of monovalent ions with a low energy barrier, as evidenced
by the elevated ion diffusion coefficients observed in the experiment.
The perfect confinement of crown ether strategy endows the integra-
tion of size sieving and interaction screening in one membrane and
improves the ion permeability without sacrificing the ion selectivity,
offering guidelines for the design and construction of highly effi-
cient ion separation membranes.

MATERIALS AND METHODS

Materials

Zirconlum (IV) propoxide solution [Zr(OnPr),, 70.0 wt % in
1-propanol] was purchased from Aladdin (Shanghai, China). Tere-
phthalic acid (H,BDC; 99.0%) was purchased from TCI (Shanghai,
China) development Co. Ltd. DB18C6 ether (98.0%) was obtained from
Energy Chemical (Anhui, China). DB15C5 ether (95%) was received
from Yongguang Chemical (Hubei, China). N,N-dimethylformamide
(DMF); acetic acid (CH3COOH; 99.5%); 1-propanol (99.5%), triethyl-
amine (98.0%); ethanol (C;HsOH; 99.7%); and analytical grade KCl,
NaCl, LiCl, and MgCl, were obtained from China National Pharma-
ceutical Group Industry Co. Ltd. (Beijing, China). All reagents and
solvents were used as received, without further purification. DI water
was used throughout the experiments. AAO (Hefei Pu-Yuan Nano
Technology Ltd.) discs were used as substrates.

Synthesis of UiO-66 powders
The UiO-66 powders were fabricated following the procedures in
previous work (47).

Step (1) SBU intermediate preparation: A total of 497 pl of
70% Zr(OnPr)4 solution, 0.36 g of 1-propanol, 50 ml of DME, and
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28 ml of acetic acid were added to a 100-ml Teflon vial. The colorless
solution was heated in an oven at 130°C for 2 hours until a yellow
solution was observed. Then, the solution gradually cooled to
room temperature.

Step (2) UiO-66 powder preparation: H,BDC (0.53 g) was added
to the solution from step (1). The solution was briefly sonicated for
30 s. After that, the mixture was stirred and reacted at 30°C for 24
hours. UiO-66 powders were separated by centrifugation and then
washed with DMF and acetone at least three times until they have
been thoroughly washed. The obtained powders were dried at 80°C
for 12 hours.

Synthesis of DB15C5@Ui0-66/DB18C6@Ui0-66 powders

To obtain the DB15C5@UiO-66/DB18C6@UiO-66 powders, the
procedure is the same as the synthesis of UiO-66 powders, except
for the addition of DB15C5/DB18C6 in step (2). Briefly, in step (2),
H,BDC (0.53 g) and DB15C5 (1.0 g)/DB18C6 (1.1 g) were added
to the solution obtained from step (1). Note that, all the powders
were thoroughly washed and used for the following experiments
(figs. S25 to S27).

Synthesis of UiO-66 membranes
Step (1) SBU intermediate preparation: The same procedure was fol-
lowed as step (1) of synthesis of UiO-66 powders.

Step (2) Pretreatment: Simultaneously with step (1), AAO
substrates (pore size of 90 + 10 nm and diameter of 25 mm) were
pretreated with H,BDC. Briefly, H,BDC (0.53 g) and 15 ml of
DMF were add to a vial. The solution was sonicated until H,BDC
dissolved. Then, an AAO substrate was immersed into the solu-
tion for pretreatment at 130°C for 2 hours.

Step (3) UiO-66 membrane preparation: The AAO substrate was
taken out from H,BDC solution in step (2) and then mounted on a
homemade Teflon device. H,BDC (0.53 g) was added to the solution
from step (1). The whole device was immersed in the solution. After
24 hours, the membrane was taken out and washed with DMF three
times. The membrane was immersed in DMF for 12 hours and then
stored in ethanol before test.

Preparation of

DB15C5@UiO0-66/DB18C6@Ui0-66 membranes

The preparation procedure of DB15C5@UiO-66/DB18C6@UiO-66
membranes is the same as the UiO-66 membrane, except for the ad-
dition of DB15C5/DB18C6 in step (3). Briefly, in step (3), H,BDC
(0.53 g) and DB15C5 (1.0 g)/DB18C6 (1.1 g) were added to the solu-
tion obtained from step (1).

lon separation performance under the

concentration-driven gradient

The experiments of ion separation performance were tested under
the concentration-driven gradient. A homemade apparatus with feed
and permeate chambers was separated by mounting the membrane
between the two chambers (fig. S8). Notably, the MOF layer side
faces the feed chamber.

For the single-ion system, 0.1 M electrolyte solutions (KCI, NaCl,
LiCl, and MgCl,) were separately added to the feed chamber, while
DI water was added to the permeate chamber as the initial solution.
Two chambers were kept stirring during the experiment. After each
test, the samples were drawn from the permeate chamber. DI water
was used to wash the test apparatus for at least 10 min. The inductively
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coupled plasma optical emission spectrometer (ICAP 7400, Ther-
mo Fisher Scientific, USA) was used to measure the concentration of
ions. The ion permeation rate of the membranes was calculated by
the ion concentration change in the permeate chamber.

Ton permeation rate (Jy,'; mol per square meter per hour) can be
calculated by

(C,—Cy)-V
At (1)

m

]Nn+ =

where Cy and C; represent the ions’ (N") molar concentrations in
the permeate chamber before (t = 0 hours) and after (t = 0.5 hours)
the test, respectively. V is the solution volume in the test chamber,
which is 1.5 x 1072 liters in this work. The membrane effective sur-
face area (1.13 X 10~* m?) is denoted as Ay,

The membrane single-salt selectivity s can be described as

ST
M+ /D = T (2)
where JyFand Jp*t (mol per square meter per hour) represent the
permeation rates of monovalent and divalent cations after the ex-
periment, respectively.

The same test procedure as the single-ion system was executed
for the binary-ion system, except for the binary electrolyte solutions,
such as 0.1 M KCl/ 0.1 M MgCl,, 0.1 M NaCl/0.1 M MgCl,, or 0.1 M
LiCl/ 0.1 M MgCl,, which were separately used in the feed chamber.

For the study of ion transport properties under different
concentration-driven gradients, the same test procedure was ap-
plied, except for the different concentration of the electrolyte solu-
tions (0.01, 0.05, 0.1, and 0.5 M KCI and MgCl,) were used in the
feed chamber.

The diffusion coefficients (Fig. 3B and table S4) of ions in UiO-
66, DB15C5@Ui0-66, and DB18C6@UiO-66 membranes were cal-
culated with the following equation

D i
== 3
d 3)

where the diffusion coeflicient of ions in the membrane is denoted
as D. (Ps) is the average salt permeability coefficient. K is the parti-
tion coefficient. In this study, the membrane is composed of a crys-
talline layer based on an inorganic substrate, thus K, = 1.

The average salt permeability coefficients were calculated from

ngdz_mp uquﬂ] VL

T Cl0] | 240t @)

where 2(C?)L[t] is the molar salt concentration in the downstream
solution at time £ (1800 s), (C?)o[0] is the initial salt concentration in
the upstream chamber, A, is the geometric area available for mass
transfer (1.13 cm?), and V is the volume of the upstream and down-
stream solutions (15 ml).

The repetitive stability of ion separation performance

The same test procedure as in the single-ion system and the binary-
ion system was performed for the repetitive stability of ion separa-
tion performance. For example, R-2 represents the result of the
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second repetitive stability test. We repeated five times to check the
reproducibility of the ion separation performance.

Water migration experiments

The same apparatus of ion separation performance test was used to
test water migration of UiO-66 and DB18C6@UiO-66 membranes.
The feed solution (15 ml, DI water) and draw solution (15 ml, 1.0 M
NaCl) were separated by the membrane, and the volume of two
chambers was measured after 12 hours (fig. S22).

MD simulations

MD simulations were carried out to simulate the transport of ions in
MOF channels and crown ether cavities by using the GROMACS
(2020.4) and the open-source molecular simulation software LAMMPS
(47). For the simulation of ion transport, the model system (fig. S28)
is similar to that of the experiment (fig. S8). All the simulations were
conducted under the NVT (constant number of particles, volume,
and temperature). The NVT ensemble at 300 K and the Nosé-Hoover
thermostat method were applied to control these MD calculations
(48, 49). Herein, the time step was set to 1 fs, and the total time dura-
tion was 5 ns. The COMPASS force field was applied to describe the
interaction between the intra- and intermolecules. The contribution
of long-range interactions were calculated via the particle-particle-
particle-mesh solver (50). The cutoft distance for the Lennard-Jones
and Coulombic interaction was set to 12 A. The RDF for DB18C6
and UiO-66 was calculated to evaluate the hydration state of ions
(fig. S23).

MSD analysis was used to determine the mode of displacement
of ions over time. From the temperature-versus-time curve and the
total energy-versus—time curve, the simulation system came into a
steady state (fig. S29). In the “Ion transport mechanism in DB18C6@
UiO-66 channels” section, the MSD profiles from the initial point to
1000 ps were shown as a representative.

In addition, MSD analysis can be used to calculate the parameters
of ion movement, namely, the ion diffusion coefficient. The ion diffu-
sion coeflicients (Dg) of UiO-66 and DB18C6@UiO-66 membranes
were calculated by converting the slopes (k) of the MSD-versus-time
curves via an Einstein relation as the following equation

Dy = Lk (5)
6
where number 6 represents the direction of atomic diffusion. Note
that the slope for calculating the diffusion coefficient is taken from
the linear portion of the MSD-versus-time curve.

First-principle calculations

First-principle calculations were implemented in the Vienna Ab initio
Simulation Package (VASP) to simulate the diffusion ability of Li*, Na*,
K™, and Mg** ions in the DB18C6 and DB18C6@UiO-66 cavities (51,
52). The generalized gradient approximation within the Perdew-Burke-
Ernzerhof formalism was used to describe the exchange-correlation
potential (53). The projector augmented wave method was applied to
simulate the crown ether-ion interaction (54). A plane-wave cutoff
energy of 500 eV was used in these calculations. In addition, the
convergence threshold for the geometry optimizations was set to
107 eV in energy and 0.01 eV A" in force. A gamma-point VASP
was applied for all the calculations. In addition, the dispersion correc-
tion of D3 (55) was adopted for all the calculations in this work. The
climbing image nudged elastic band (CI-NEB) method was taken to
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search the minimum energy pathway for ion passing through the
cavities of DB18C6, UiO-66, and DB18C6@UiO-66 (56, 57). Seven
images were inserted for CI-NEB calculations with the initial and
final positions included. The intermediate images were relaxed until
the forces were smaller than 0.05 eV/A, which can reduce the time
consumption. The energy barriers of the Li*, Na*, K*, and Mg** ions
passing through the cavities were calculated by the following equation

Ebarrier = ETS - Estable (6)

in which Epgyrier is the energy barrier of the system; Ets and Eggape are
the energy of the transition state and stable configuration of the ion
diffusion in the cavity, respectively.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S29

Tables S1to S11
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