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Lithium is widely used in contemporary energy applications, but
its isolation from natural reserves is plagued by time-consuming
and costly processes. While polymer membranes could, in princi-
ple, circumvent these challenges by efficiently extracting lithium
from aqueous solutions, they usually exhibit poor ion-specific se-
lectivity. Toward this end, we have incorporated host–guest inter-
actions into a tunable polynorbornene network by copolymerizing
1) 12-crown-4 ligands to impart ion selectivity, 2) poly(ethylene
oxide) side chains to control water content, and 3) a crosslinker to
form robust solids at room temperature. Single salt transport mea-
surements indicate these materials exhibit unprecedented reverse
permeability selectivity (∼2.3) for LiCl over NaCl—the highest
documented to date for a dense, water-swollen polymer. As dem-
onstrated by molecular dynamics simulations, this behavior origi-
nates from the ability of 12-crown-4 to bind Na+ ions more strongly
than Li+ in an aqueous environment, which reduces Na+ mobility
(relative to Li+) and offsets the increase in Na+ solubility due to bind-
ing with crown ethers. Under mixed salt conditions, 12-crown-4 func-
tionalized membranes showed identical solubility selectivity relative
to single salt conditions; however, the permeability and diffusivity
selectivity of LiCl over NaCl decreased, presumably due to flux cou-
pling. These results reveal insights for designing advanced membranes
with solute-specific selectivity by utilizing host–guest interactions.

membranes | lithium | polymers | separation | selectivity

Lithium is a critical element in contemporary energy applica-
tions due to its pervasive use in electrochemical technologies

(1–3). For example, lithium-ion batteries dominate the recharge-
able market due to the light weight, large reduction potential, and
high energy density of lithium (4, 5). Societal demand for lithium
will continue to increase as mobile technology expands, especially
with the imminent rise of electric vehicles (6–9). The majority of
lithium is currently mined from pegmatite deposits and close-basined
brines, with brines estimated to contain 58% of the world’s identified
lithium reserves (1, 10). Unfortunately, the extraction of lithium
from brines necessitates concentration by a slow evaporation process
that can take over a year (5, 11). An alternative source of lithium
with concentrations comparable to brines (e.g., 100 to 1,000 mg/L)
(12–14) is the vast volume of produced water (10.6 billion liters/day
in the United States in 2017) generated from oil and gas operations
(15), although lithium recovery from these wastewater streams is
uncommon. The development of new, energy-efficient separa-
tion techniques with higher throughput would significantly de-
crease the cost of isolating lithium from traditional reserves as
well as underutilized resources (11).
Polymeric membranes are an attractive alternative for aque-

ous lithium separation due to their energy efficiency and dem-
onstrated scalability in various water purification processes (16).
However, a key distinction in lithium recovery compared with
water purification is the need for cation-specific selectivity due to
the presence of multiple, concentrated cationic species in brines.
Typical cationic contaminants in lithium-containing brines include

Mg2+, Na+, K+, and Ca2+, with conventional lithium production
often focusing on Mg2+ removal (6, 13). While monovalent/diva-
lent separations have been successful over limited concentration
ranges using conventional membranes (e.g., charged nanofiltration
and ion exchange membranes) (11, 17–20), monovalent/monova-
lent (e.g., Li+/Na+) membrane separations, which would permit
the selective removal of Li+ from aqueous brines, remain difficult
(21). Selectivity limitations between ions of the same valence arise
from the fundamental physics governing ion transport through
hydrated polymers (22). In swollen polymers devoid of significant
polymer–solute-specific interactions, diffusivity selectivity typically
depends on the solvated size of each solute in the membrane, with
smaller hydrated species diffusing more quickly (23). For example,
although the ionic radius of Li+ is smaller than Na+, its hydrated
radius is larger (Li+: 3.8 Å versus Na+: 3.6 Å) due to a higher
charge density (24), which leads to a diffusivity selectivity favoring
Na+ over Li+ both in solution and in many hydrated polymers (23,
25). This typical trend in ion diffusivity may be reversed when ion
dehydration effects or ion–pore-wall interactions become signifi-
cant, most notably in metal organic frameworks and polymer sys-
tems containing subnanometer pores (26–29). However, such
effects are uncommon in dense polymeric membranes, which are a
cornerstone of desalination processes, and attempts to leverage
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specific interactions to promote ion–ion selectivity remain relatively
unexplored.
In addition to diffusivity, differences in solubility can also in-

fluence selectivity. However, Na+ and Li+ often have limited
solubility selectivity in polymers, leading to poor Li+/Na+ per-
meability selectivity (i.e., near or less than 1) (21, 22, 24). While
some polymer materials can solubilize Li+, such as poly(ethylene
oxide)-based polymer electrolytes (30), or show limited solubility
selectivity for Li+ (poly(ethylene glycol) diacrylate hydrogels) (31),
none have demonstrated substantial Li+/Na+ permeability se-
lectivity, which could be useful for extracting lithium from brines.
Overcoming this fundamental challenge requires new design
concepts that favor the permeation of Li+ over Na+ (i.e., reverse
selectivity).
One potential strategy to promote selective ion transport through

polymeric membranes involves incorporating ligands to complex
ions via host–guest interactions (6, 32–35). Crown ethers are a class
of ligands known to bind various cations depending, in part, on the
relative size of their cavity and the size of the target ion (35). For
example, 12-crown-4 ether (12C4) forms reversible complexes with
both Na+ and Li+ ions, where the relative affinity depends on the
chemical environment (35–38). Some researchers have reported
selective Li+ transport by incorporating crown ethers into supported
liquid membranes (34, 39, 40). However, these crown ethers are not
chemically bound to the membrane and can leach into the sur-
rounding solution. Other studies have grafted crown ethers onto
polymers in an attempt to achieve cation-specific selectivity (32, 33,
41–43), but those studies focused primarily on equilibrium sorption
properties rather than dynamic transport behavior; such materials
would need to be operated in batch processes, which potentially
requires more complex process design than continuous membrane
filtration. Systematic investigations to elucidate the influence of
water content and host–guest complexation on ion solubility and
diffusivity would be a significant advancement. While these con-
nections are highly complex, even for model systems (44), they
would inform the design of selectivity in various applications (e.g.,
adsorption exchange, affinity chromatography, and membrane
separations). Thus, there is a critical need to 1) develop novel
polymer platforms that enable independent control over grafted-
ligand chemistry and membrane water content, and 2) perform
fundamental aqueous ion transport and selectivity studies in
these systems.
Here, we report the sorption, transport, and selectivity properties

of aqueous LiCl, NaCl, and MgCl2 in dense, 12C4-functionalized
membranes prepared using a tunable class of polynorbornene net-
works. The water content of these membranes can be modulated
over a commercially relevant range (∼10 to 50% by volume), and
importantly, optimal compositions promote the selective transport

of Li+ over Na+ and Mg2+ with permeability selectivities of 2.3
and 10, respectively, under single salt conditions. Molecular dy-
namics (MD) simulations indicate the origin of this unusual LiCl/
NaCl transport selectivity is related to the selective binding of
Na+ to 12C4 and ion dehydration energies. We highlight the
utility of a tight coupling between experiments and simulations
to elucidate the fundamental impact of fixed 12C4 sites on
concentration-gradient-driven ion transport in dense, hydrated
polymers. Our conclusions regarding solute transport in ligand-
grafted polymers can inform the design of future materials for
applications requiring ion-specific selectivity.

Results and Discussion
Design and Synthesis of 12C4-Containing Membranes. The design of
our 12C4-containing membranes utilizes three norbornene-based
monomers that provide complementary functionality: 12C4 to in-
troduce host–guest interactions, poly(ethylene oxide) (PEO) to
control water uptake, and a crosslinker to form solids during in situ
polymerization. Synthetic details for these monomers are provided
in the SI Appendix, Scheme S1 and Figs. S1 and S2. Ring-opening
metathesis polymerization (ROMP)—a versatile synthetic tool (45)
with high reactivity and broad functional-group tolerance—was
used to create membranes by solvent casting (Fig. 1). A dilute
solution of the Grubbs third-generation catalyst was added to a
prepolymerization mixture (SI Appendix, Table S1) containing
monomers and solvent (dichloromethane, DCM). This mixture
was quickly placed in a mold (SI Appendix, Fig. S3) and left
under quiescent conditions for ∼45 min while the DCM evapo-
rated, followed by drying in vacuo. The resulting films were
transparent (SI Appendix, Fig. S4), suggesting no phase separation
or ordering on a length scale that would scatter visible light. The
average composition of these 12C4-containing membranes—which
is easy to control through the prepolymerization formulation—was
verified by total-reflectance Fourier transform infrared spectros-
copy and solid-state NMR spectroscopy (SI Appendix, Figs. S5 and
S6). We emphasize that including 12C4 in these polynorbornene-
based networks introduces an interaction not present in commer-
cial membranes—complexation between monovalent cations and
12C4 (35)—which is fundamentally different from the steric and
charge exclusion effects that typically govern ion permeation rates
in membranes (22). This additional interaction imparts a potential
pathway for selectivity between ions of the same valence, which
commercial membranes are unable to achieve.
To ensure that 12C4 retains its ability to interact with mono-

valent cations when attached to a polynorbornene backbone, 7Li
NMR spectroscopy was used to determine the Li+ binding con-
stants for a norbornene-12C4 monomer and a representative pol-
ynorbornene homopolymer with pendant 12C4 moieties on each

Fig. 1. Overview of the materials and solvent casting process used to create 12C4-containing polynorbornene membranes. Monomers (1) were dissolved in
DCM at a known composition to prepare a prepolymerization mixture, followed by the addition of dilute G3 (a Ru-based catalyst). The mixture was quickly
placed in a mold and left uncovered while most of the DCM evaporated (2). The final membrane was formed after drying in vacuo to ensure complete
removal of the DCM (3).
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repeat unit (SI Appendix, Figs. S7 and S8). These measurements
were performed in acetone to ensure the 12C4-functionalized
homopolymer was soluble, while practical Li+ separations and
our subsequent membrane characterization are performed under
aqueous conditions. Solvent choice is well known to influence
complexation (37, 38, 46), and thus these experiments do not
reflect the binding constant in aqueous solutions or a hydrated
membrane. Detailed procedures for binding-constant measure-
ments are provided in the SI Appendix. In short, the binding
constant showed little variation between the 12C4 monomer (log
K1 = 1.98) and 12C4-functionalized homopolymer (log K1 =
1.77), suggesting that 12C4 retains its ability to complex cations
when attached to a polynorbornene backbone.

Modulating Water Content with Membrane Composition. The per-
meability and selectivity of solutes through hydrated membranes
is highly dependent on the equilibrium water content, as higher
degrees of swelling tend to increase transport rates at the cost of
selectivity (22, 23). Water content is often reported as a water
uptake value, wu (23, 47), in units of grams of water per gram of
dry polymer:

wu = mwet −mdry

mdry
, [1]

where mwet is the mass of the water equilibrated polymer, and
mdry is the mass of the dry polymer (23). Water content is also
commonly expressed in terms of water volume fraction, ϕw,
which may be calculated, assuming additivity, as follows:

ϕw = wu

wu + ρw/ρp
, [2]

where ρw is the density of water (1 g/cm3), and ρp is the density of
the dry polymer (23). To control water content in our polynor-
bornene membranes, a hydrophilic norbornene-functionalized
PEO macromonomer was incorporated at various loadings. The
weight percent of crosslinker was kept constant, and the amounts
of norbornene-functionalized 12C4 and PEO monomers were ad-
justed to vary the water content of different membranes. Water
uptake and density measurements were performed for each mem-
brane composition (SI Appendix, Table S2); water volume frac-
tions are provided in Fig. 2. A linear trend is observed between
water volume fraction and the weight percent of hydrophilic PEO
monomer in the prepolymerization mixture. Varying the PEO
macromonomer content from 0 to 10 weight (wt)% resulted in
water contents ranging from 14 to 47% by volume, which is similar
to the range of water contents in commercial membranes (23).
Because solute transport models are often expressed in terms of
ϕw (22), salt permeability and solubility measurements will be
presented as a function of ϕw.

Membrane Transport Properties and LiCl/NaCl Selectivity. 12C4-
functionalized polynorbornene membranes were characterized
by measuring salt solubility (Ks) and permeability (Ps) (SI Ap-
pendix, Figs. S9–S11). Salt solubility describes the thermody-
namic partitioning of a salt between an aqueous solution and a
membrane as expressed by Ks = Cm/Cs, where Cm and Cs are the
concentration of salt in the membrane (mol/L swollen polymer)
and solution (mol/L), respectively (23). Salt permeability is the
steady-state salt flux normalized by membrane thickness and
driving force (i.e., a concentration gradient across the mem-
brane) (23, 48). The solution-diffusion model relates these two
properties and is the classical framework for interpreting solute
transport through dense (i.e., nonporous) polymers (47, 49, 50).
In this model, the salt permeability coefficient (Ps) is expressed
as the product of the salt solubility coefficient (Ks) and the salt
diffusion coefficient (Ds) (23, 47, 49, 50):

Ps = KsDs. [3]

Therefore, the salt permeability of a membrane can be modified
by changes in the amount of salt that sorbs into the membrane or
by changes in the salt diffusivity in the polymer matrix. The ability
of a membrane to separate two species under a concentration
gradient is often characterized by its permeability selectivity, which
is the ratio of two species’ permeabilities. Through the solution-
diffusion model, permeability selectivity is comprised of two
components—solubility selectivity and diffusivity selectivity.
For LiCl/NaCl selectivity, these relationships are as follows:

PLiCl

PNaCl
= KLiCl

KNaCl

DLiCl

DNaCl
, [4]

where PLiCl/PNaCl is the permeability selectivity, KLiCl/KNaCl is the
solubility selectivity, and DLiCl/DNaCl is the diffusivity selectivity.
To investigate the ion selective nature of the 12C4 membranes

prepared in this study, salt solubility and permeability measure-
ments were performed using aqueous LiCl, NaCl, and MgCl2.
The LiCl/NaCl pair is motivated by fundamental challenges that
arise when separating ions of similar size and the same valence
(21), while LiCl/MgCl2 differentiation is of practical importance
in current lithium production processes (6, 11). For each mea-
surement, salt concentrations were held constant at 0.144 mol/L,
corresponding to lithium concentrations relevant to natural brines
and produced water (e.g., 1,000 mg/L) (6, 13). Single salt perme-
ability through 12C4 membranes was measured and is reported as
a function of water volume fraction (SI Appendix, Fig. S10). Gen-
erally, the permeability of each salt increases with water content, as
expected from free volume and obstruction-based diffusion
theories (51, 52). At low water volume fractions (e.g., 26 volume
(vol)%), the order of permeation (i.e., NaCl > LiCl > MgCl2) is
the same as observed in aqueous solution (53). Remarkably, in
12C4 membranes prepared at intermediate water volume fractions
(i.e., 34 to 39 vol%), LiCl permeates more quickly than NaCl. As
water content further increases, the permeability of each salt
becomes similar, but a slight preference for LiCl is maintained. Thus,
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under single salt conditions, 12C4 membranes can exhibit an
atypical reverse selectivity that favors the permeation of Li+ over
Na+ as shown in Fig. 3A.
Salt solubility measurements (SI Appendix, Fig. S11) provide

macroscopic insight into whether the permeation behavior exhibi-
ted by 12C4-functionalized polynorbornene membranes originates
from partitioning (i.e., thermodynamic) effects or diffusivity
(i.e., kinetic) effects. As expected, salt solubility generally in-
creases with water volume fraction as the thermodynamic pen-
alty for ions partitioning into the membrane is reduced. The
solubility of MgCl2 was consistently lower than the solubility of
LiCl and NaCl, presumably due to a higher solvation energy for
Mg2+ ions (54) that would increase the penalty for MgCl2 to sorb
into the membrane relative to other salts. In contrast to the per-
meability results, 12C4-functionalized polynorbornene membranes
consistently showed higher solubility for NaCl than LiCl. This
suggests that Na+ exhibits stronger affinity for 12C4 groups than
Li+, which qualitatively agrees with binding-constant measure-
ments in some solution-phase 12C4 systems in polar solvents (55).
From these single salt measurements, salt diffusion coeffi-

cients (SI Appendix, Fig. S12), along with LiCl/NaCl and LiCl/
MgCl2 permeability selectivity, solubility selectivity, and diffusivity
selectivity were calculated for various water volume fractions as
presented in Fig. 3. LiCl/NaCl permeability selectivity (Fig. 3A)
follows an unusual, nonmonotonic trend with respect to water
content, reaching a maximum value of ∼2.3 at 34 vol% water. In
terms of solubility selectivity, these membranes exhibit low LiCl/
NaCl values (< 1), corresponding to selective partitioning of Na+

over Li+. As water volume fraction increases, LiCl/NaCl solubility
selectivity increases and approaches 1. The LiCl/NaCl diffusivity
selectivity was calculated via Eq. 4 and as shown in Fig. 3A, ex-
ceeds 1 and also follows a nonmonotonic trend with water content,
reaching a maximum value of ∼3.4 at 34 vol% water. The strong
dependence of selectivity on water content suggests hydration
plays a critical role in the selectivity mechanism of ligand-grafted
membranes. Experimentally, the reverse LiCl/NaCl permeability
selectivity observed at intermediate water content evidently orig-
inates from a diffusivity selectivity favoring LiCl over NaCl that
dominates over an opposing trend in solubility selectivity favoring

NaCl. As shown in Fig. 3B, these membranes also exhibit significant
LiCl/MgCl2 permeability selectivity (∼10) at 26 vol% water that is
primarily due to diffusivity selectivity. As water content increases,
LiCl/MgCl2 selectivity values are all near 1, suggesting that control
of water content is important in designing monovalent/divalent se-
lectivity. These results are qualitatively consistent with observations
that the diffusivity of larger penetrants tends to be more sensitive to
changes in free volume relative to smaller penetrants (23, 52).
To put these results into perspective, Fig. 4 compares the maxi-

mum LiCl/NaCl permeability selectivity of the 12C4-functionalized
polynorbornene membranes prepared in this study with a number
of conventional polymer membrane materials as a function of LiCl
permeability, all under single salt conditions. In the absence of
polymer–ion-specific interactions, most membranes exhibit PLiCl/
PNaCl < 1 because the rate of ion permeation through hydrated
polymers decreases with increasing solvated size (23, 24). To the
best of our knowledge, the maximum LiCl/NaCl permeability
selectivity observed in our 12C4-functionalized polynorbornene
membranes (∼2.3) is the highest to date for a dense, hydrated
polymer under single salt conditions. This even exceeds the un-
usual Li+/Na+ selectivity recently observed in zeolitic imidazole
frameworks (∼1.4), which utilize Ångström-sized pores to sieve ions
based on partially dehydrated radii (26). Li+/Na+ selectivity has also
been observed in track-etched poly(ethylene terephthalate) mem-
branes containing subnanometer pores due to ion-dehydration ef-
fects (27). The atypical LiCl/NaCl permeability selectivity reported
here suggests that the incorporation of ligands (i.e., specific inter-
actants) in hydrated polymers influences both solubility and diffu-
sivity selectivity. This result indicates that host–guest interactions can
be significant enough to reverse the transport selectivity of LiCl/
NaCl in the bulk phase of a hydrated polymer.

Hydration Free Energy Controls 12C4 Binding. While salt solubility
and permeability measurements are useful tools for macroscopically
characterizing ion affinity and transport in polymers, information
about the molecular interactions underlying these observations is
still lacking (56–58). Understanding the molecular interactions be-
tween ligands, solutes, and water that govern selectivity is key to
contextualizing experimental observations, as well as rationally
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designing selectivity in new membrane systems. To elucidate the
origins of the LiCl/NaCl permeability selectivity observed in
12C4-functionalized membranes, atomistic MD simulations were
performed for three types of systems: 1) aqueous salt solutions, 2)
salt solutions containing 12C4, and 3) hydrated 12C4-functionalized
polynorbornene membranes. Full details of the simulation meth-
odology and parameters are provided in the SI Appendix, Fig. S13
and Tables S3–S8.
To quantify the interactions between monovalent cations and

their environment, we computed the average number of water
molecules and 12C4 oxygens coordinated with cations (SI Ap-
pendix, Figs. S14–S23). A complex between a crown ether and a
cation (M+) is typically depicted as the ion occupying the central
cavity of the crown ether, which in the case of 12C4, corresponds
to a cation coordinated with four oxygens (55, 59, 60). Another
possibility is the formation of an M(12C4)2

+ complex, where one
ion is sandwiched between two 12C4s, corresponding to eight
12C4 oxygens coordinated with a single cation (60, 61). Fig. 5A
shows the average coordination number between monovalent cat-
ions and 12C4 oxygens in an aqueous 12C4 salt solution and in a
12C4-functionalized polynorbornene membrane. For both the solu-
tion and the membrane, the average coordination number between
Na+ and 12C4 oxygens is greater than the average coordination
number between Li+ and 12C4 oxygens. The enhanced coordination
between Na+ and 12C4 oxygens is due to stronger interactions be-
tween 12C4 and Na+ compared with 12C4 and Li+, which is evi-
denced by significant differences in intensity of the first coordination
shell in their respective pair correlation functions (SI Appendix, Figs.
S14–S17). Transitioning from solution, where 12C4 is present as a

small molecule, to the membrane case, where 12C4 is covalently
bound to a polymer, both Li+ and Na+ exhibit a reduction in their
average 12C4 oxygen coordination number. This may be due, in part,
to the limited mobility or accessibility of 12C4 when chemically
bound to a rigid polymer backbone. Interestingly, 12C4 transitions
from forming predominantly Na(12C4)2

+ complexes in aqueous
solution to mostly Na(12C4)+ complexes when tethered to the
polymer chain (SI Appendix, Figs. S24–S27). Notably, the interac-
tions between 12C4 and Li+ are much weaker than those between
Na+ and 12C4, particularly in the membrane case where the average
coordination number of Li+ is near zero. That is, in the membrane,
Li+ does not exhibit any appreciable affinity for the 12C4 moieties.
Fig. 5B shows the coordination number between oxygen atoms

from water molecules and Na+ or Li+ in two chemical envi-
ronments: 1) salt solutions containing no 12C4, and 2) the 12C4-
functionalized polynorbornene membrane. Our solution coor-
dination results are in good agreement with previous experi-
mental observations (62) and reported values for the ion and
water models employed in this study (63). The presence of crown
ethers significantly reduces the coordination between water ox-
ygens and Na+ due to the dehydration of Na+ ions as they co-
ordinate with 12C4. Although the reduction in Na+ coordination
with water oxygens is not as pronounced in the 12C4-functionalized
polynorbornene membrane when compared with the 12C4 salt
solutions (SI Appendix, Figs. S18–S23), it is still significant. In
contrast, Li+ shows little change in coordination with water in the
12C4 membrane system. Due to the higher charge density of Li+

relative to Na+ (64), there is a larger free energy penalty associated
with displacing water molecules from the first coordination shell of
Li+, frustrating appreciable formation of Li(12C4)n

+ complexes.
Similar hydration free energy arguments have been used to justify
18-crown-6 ether selectivity favoring binding of K+ over Na+ in an
aqueous environment (supported by potential of mean force cal-
culations from MD simulations) (65). The observation of stronger
interactions between 12C4 and Na+ from our MD simulations is
consistent with the experimental observation that KLiCl/KNaCl < 1,
since these interactions would enhance partitioning of Na+ into
the membrane.

12C4 Coordination Reduces Diffusivity. The aforementioned ex-
perimental salt permeability and solubility measurements sug-
gested that the observed LiCl/NaCl permeability selectivity results
from a diffusivity selectivity favoring LiCl, which outweighs the
solubility selectivity favoring NaCl. To confirm this experimental
inference, cation self-diffusion coefficients in aqueous solution and
a 12C4-functionalized polynorbornene membrane were calculated
from linear fits to the long-time mean square displacement data
computed from MD trajectories (SI Appendix, Table S9 and Figs.
S28 and S29) (66). The self-diffusion coefficients for both ions
decreased in the polymer matrix relative to the solution case, as
expected, because the presence of polymer chains impedes ion
transport, forcing both ions to traverse a more tortuous path
(22, 47). Remarkably, the simulation data show that the diffusion
coefficient of Li+ is significantly larger than Na+ in the membrane,
as exemplified by a computed diffusivity selectivity DLi/DNa ≈ 9.5.
For comparison, in aqueous solution, DLi/DNa ≈ 0.8 and 1.2 from
experimental limiting conductivity data (53) and our simulations,
respectively. Normalizing the diffusion coefficient in the membrane
by the diffusion coefficient in solution reveals that this diffusivity
selectivity is due to Na+ transport being hindered more than Li+ as
a result of polymer-tethered 12C4. Li+ diffusivity is reduced to
∼6.3% of its bulk solution value in the membrane phase, while Na+

diffusivity is reduced to about 0.8% of its bulk solution value (SI
Appendix, Fig. S30). In the absence of solute-specific interactions,
one would expect the relative decrease in diffusivity of both species
to be approximately the same (51). This finding corroborates our
experimental results and indicates that the observed reverse LiCl/
NaCl diffusivity selectivity arises from strong, favorable interactions
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between Na+ and 12C4, which impede the diffusion of Na+

relative to Li+.

Practical Considerations: Mixtures of Cations. While the LiCl/NaCl
permeability selectivity observed under single salt conditions is
remarkable, practical ion–ion separations require the removal of
a relatively dilute ion from a concentrated mixture of other ionic
species. Under these conditions, competitive sorption and flux
coupling could influence selectivity in a nontrivial manner. To
better understand the ion transport/selectivity of 12C4-functionalized
membranes, we performed solubility and permeability measure-
ments for an equimolar solution of LiCl and NaCl (0.072 mol/L of
each) in the membrane composition that exhibited the highest
LiCl/NaCl permeability selectivity under single salt conditions
(5 wt% PEO). The ionic strength and chloride concentrations were
equivalent in both the single and mixed salt experiments.
The solubility results (SI Appendix, Fig. S31) show that single

salt solubility values and selectivities are maintained in the mixed
salt case. These data are consistent with simulations which sug-
gest there is no appreciable competition between Li+ and Na+

for 12C4 complexation (Fig. 5A). On the other hand, both the
apparent permeability and diffusivity of LiCl and NaCl decreased
and increased relative to their single salt values, respectively (SI
Appendix, Fig. S31), leading to a reduced LiCl/NaCl permeability
selectivity of 1.1. This result suggests the flux of each cation is
coupled, with 12C4-complexed Na+ sped up and noninteracting
Li+ slowed down relative to single salt conditions. Similar phe-
nomena have been observed for ternary ion systems with a com-
mon anion in both aqueous electrolytes and reverse osmosis
membranes (67, 68). Although PLiCl/PNaCl declined under mixed
salt conditions, the apparentDLiCl/DNaCl was still much larger than
unity (1.8), which represents a reversal from the typical order of
diffusion in hydrated systems.
These observations are further rationalized using MD simu-

lations (SI Appendix, Fig. S32). Here, the diffusivity of Cl– is no-
tably lower in the NaCl-equilibrated membrane than in the LiCl-
equilibrated membrane because of electrostatic interactions be-
tween complexed Na+ and Cl–. In the mixed salt simulations, the
presence of Li+, which does not complex with 12C4, increases the
diffusivity of Cl– relative to the NaCl-equilibrated membrane,
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Fig. 5. Coordination behavior in aqueous solutions and 12C4-functionalized membranes as studied through MD simulations. (A) Average coordination
number between Na+ or Li+ ions and 12C4 oxygens. 12C4 coordinates more readily with Na+ than Li+ in aqueous solutions and in hydrated polynorbornene
membranes. (B) Average coordination number between water molecule oxygens and Li+ or Na+ in water (with no crown ethers) and in crown-
ether–functionalized membranes. In the membrane, Li+ maintains its first hydration shell while Na+ partially dehydrates to complex with 12C4. (C) MD
renderings of 12C4-based membranes highlighting (Left) a Li+ ion (yellow) surrounded by its first hydration shell (cyan) and (Right) Na(12C4)+ and Na(12C4)2

+

complexes (Na+ is purple). To improve visibility, 12C4 carbons and oxygens have been rendered black and red, respectively, while all other atoms in the
polymer have been colored gray.
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presumably due to stronger electrostatic interactions between
free Li+ and Cl– than complexed Na+ and Cl– (SI Appendix, Fig.
S32B). The enhanced diffusivity of Cl–, in turn, leads to a concomi-
tant increase in Na+ diffusivity relative to the NaCl-equilibrated
membrane. Thus, the cation mobilities are indirectly linked to each
other via their electrostatic interactions with Cl–. This reduces Li+

diffusivity and enhances Na+ diffusivity in the mixed salt case relative
to the respective single salt experiments.

Design Implications and Open Questions. The systematic study of
ion transport/selectivity in 12C4 membranes outlined here pro-
vides general implications for the design of hydrated polymers
grafted with ligands. In dense, hydrated polymers, host–guest in-
teractions simultaneously enhance the solubility and reduce the
diffusivity of an interacting solute, ultimately leading to an in-
creased diffusivity selectivity favoring the noninteracting solute.
With a fine balance of solubility and diffusivity selectivity, un-
usual permeability selectivity of the noninteracting solute can be
achieved. However, practical limitations based on feed solutions
biased in the undesirable solute and flux coupling of different
ionic species present challenges for separation processes. Estab-
lishing whether the solubility/diffusivity trade-off for an interacting
solute can be overcome requires detailed knowledge of the bind-
ing/dissociation kinetics for various membrane structures and li-
gand densities. Thus, it remains unknown if there are membrane
properties that enhance the diffusion of an interacting solute such
that its selective permeation can be achieved, or if such mecha-
nisms are unattainable (29, 69). As an alternative material design
approach to dense membranes that focuses on the selective trans-
port of interacting solutes, functionalizing subnanometer pores with
ligands could be a promising route to promote solute–solute se-
lectivity (29, 70), provided only the complexing solute enters the
pores without complete immobilization to the pore wall. Devel-
oping an understanding of separation performance under various
driving forces (e.g., pressure- or electro-driven) and feed condi-
tions in both dense and subnanometer porous membranes grafted
with ligands would inform future materials design for specific
applications.

Conclusions
In summary, we have introduced a polynorbornene-based mem-
brane platform with tunable water content that is amenable to
ligand functionalization (e.g., 12C4). Notably, at optimal water
content, 12C4 moieties impart reverse permeability selectivity
(∼2.3) for LiCl over NaCl, which, to our knowledge, is higher than
any previously reported value among hydrated polymers under
single salt conditions. This behavior is ascribed to a combination
of increased NaCl solubility and reduced NaCl diffusivity relative
to LiCl due to the affinity of Na+ with 12C4. MD simulations
indicate these observations are rooted in the more facile dehy-
dration of Na+ compared to Li+; the significant complexation of
Na+ with 12C4 impedes its diffusivity in the hydrated polymer.

In contrast, Li+ is relatively unperturbed by the presence of 12C4 in
the membrane. Under mixed salt conditions, 12C4-functionalized
membranes show identical KLiCl/KNaCl relative to single salt con-
ditions; however, PLiCl/PNaCl and DLiCl/DNaCl are reduced by flux
coupling. Together, our experimental and computational results
provide fundamental insights into the transport properties of ions
in polymeric membranes grafted with ion-selective ligands. These
results hold significant design implications for ligand-grafted
membranes in a range of applications requiring ion-specific se-
lectivity, including membrane-based lithium recovery.

Materials and Methods
Full details regarding the synthesis of norbornene-functionalized monomers,
ROMP polymerizations, material characterization, and simulation method-
ology are provided in the SI Appendix. All membranes were solution cast in a
glove box. Gravimetric water uptake measurements were performed by
equilibrating each membrane in deionized (DI) water, measuring the wet
mass of the membrane, drying in vacuo, and recording its dry mass (Eq. 1).
Salt permeation experiments were performed by clamping a membrane
between two chambers of a standard diffusion cell where the upstream
(i.e., donor) side was filled with 35 mL 0.144 mol/L aqueous salt solution, and
the downstream (i.e., receiver) side was initially filled with 35 mL DI water,
with a stir bar added to each chamber. For single salt measurements, a
conductivity probe was submerged in the receiving cell to track the flux of
salt, and for mixed salt measurements, aliquots of known volume were
sampled from the receiver chamber and analyzed using Flame Atomic Ab-
sorption to determine the flux of each cation. The opening of each chamber
was covered to limit evaporation and exposure to air. Once steady state was
reached, the permeation cell was disassembled and the thickness of the
membrane was measured. Salt sorption experiments were performed by
equilibrating membranes of known dimensions in a 0.144 mol/L salt solu-
tion. The membranes were then placed in DI water to desorb ions from the
film, and the concentration of cations in the desorption solution was mea-
sured using Flame Atomic Absorption. All-atom MD simulations were per-
formed using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) (71). We assumed that PEO does not contribute significant se-
lective interactions with the ions and only served to modulate membrane
water content. Thus, membrane systems were modeled as uncrosslinked
12C4-functionalized polynorbornene equilibrated in an aqueous salt solu-
tion. Water, polymer, and ions were modeled using the TIP4P/2005 (72),
optimized potentials for liquid simulations (73–75), and Joung–Cheatham
(∼432 mM) force field parameterizations (76), respectively.

Data Availability.All study data are included in the article and/or SI Appendix.
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