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An Adsorptive Membrane Platform for Precision lon
Separation: Membrane Design and First-Principles Studies

Van T. C. Le, Quy P. Nguyen, Hien Duy Mai, Bin Wang, and Ngoc T. Bui*

One of the key challenges in separation science is the lack of precise ion sep-
aration methods and mechanistic understanding crucial for efficiently recovering
critical materials from complex aqueous matrices. Herein, first-principles elec-
tronic structure calculations and in situ Raman spectroscopy are studied to
elucidate the factors governing ion discrimination in an adsorptive membrane
specifically designed for transition metal ion separation. Density functional
theory calculations and in situ Raman data jointly reveal the thermodynamically
favorable binding preferences and detailed adsorption mechanisms for com-
peting ions. How membrane binding preferences correlate with the electronic
properties of ligands is explored, such as orbital hybridization and electron
localization. The findings underscore the importance of the phenolate group
in oxime ligands for achieving high selectivity among competing transition
metal ions. In-depth understanding on which specific atomistic site within the
microenvironment of metal-ligand binding pockets governs the ion discrimina-
tion behaviors of the host will build a solid foundation to guide the rational design
of next-generation materials for precision separation essential for energy tech-
nologies and environment remediation. In tandem, synthetic controllability is
demonstrated to transform 3D micrometer-scale crystals to a 2D crystalline
selective layer in membranes, paving the way for more precise and sustainable

to recover critical minerals from diverse
water matrices, while concomitantly revital-
izing these water streams and alleviating
corresponding environmental issues at
low waste management cost.? Besides
essential elements characterized as having
geopolitically concentrated production and
low rates of end-of-life recycling, minerals
skeletal of energy technologies, such as
transition metal ions, are vital (2022 United
States Geological Survey).* Recently, in
its critical materials assessment, the U.S.
Department of Energy listed nickel, cobalt,
and copper as critical and near critical in
the medium-term (2025-2035) criticality
matrix, respectively.’® Meanwhile, the
existence of these trace elements in indus-
trial discharges affects vast areas of fresh-
water reservoirs,”! posing significant threats
to the environment and public health if not
treated effectively.

Efficient metal recovery requires materi-
als and methods capable of precisely target-

advances in separation science.

1. Introduction

Natural disasters, health crises, geopolitical instability, and tech-
nical disruptions are some of the factors intensifying the vulner-
abilities of metal supply chains for modern technologies. These
factors necessitate energy-efficient and highly selective methods
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ing desired ions from multi-ionic aqueous

mixtures. Advancing science in precision

ion separation is, thus, essential to innovate

efficient and mature methods for a circular
economy of water, energy, and resources. Selective separation
among metal ions with inherently similar properties is challeng-
ing, however.”™”) Despite intensive efforts, current state-of-the-
art methods are often energy inefficient while generating large
volumes of chemical waste.l”! Also, not many materials have been
truly challenged to demonstrate separation among similar ions in
multicomponent mixtures.”®® Across various material plat-
forms (e.g., adsorbent, membrane, electrode), one of the effective
strategies involves utilizing surface functional groups to regulate
ionic mobility and binding affinity between ions and material
surfaces.”*'% For instance, DuChanois and co-workers used
polyelectrolyte multilayer membranes with iminodiacetate
(IDA) functional groups to govern membrane selectivity toward
similar transition metal ions in bi-cationic solutions'® and dem-
onstrated a Cu”"/Ni*" separating factor of <30. Other efforts
involve the use of nanoporous and 2D materials,®'" such as gra-
phene oxide and MoS; nanosheets for metal ion removal based
on adsorption via electrostatic, cation—r interactions, and others
(Table S1, Supporting Information). For instance, Liu and
coworkers studied the interactions of divalent ions with graphene
oxide (GO) membranes and their roles in controlling mass trans-
port through the membranes. The study showed that Cu®* dom.-
inated the transport across the GO membranes with the
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equimolar coexistence of Ca** and Mg”*.1""* While these mate-
rials exhibit intriguing selective ion transport across membranes,
mechanisms governing such selective behaviors have yet been
thoroughly understood.

We recently discovered an emerging material based on a
supramolecular framework, which we named ZI10S, constructed
from zinc, 2-methylimidazole (MeIM), and salicylaldoxime (Sal)
with outstanding copper adsorption kinetics, up to 50 times
faster than that of the state-of-the-art copper adsorbent.?
Furthermore, ZIOS demonstrated excellent copper selectivity
from a complex mixture having several coexisting ions. We
hypothesized that the transmetalation between the guest metal
ions and the zinc node in the host framework as well as the coor-
dination between the guest metal ions and the active binding
sites in the surrounding ligands play critical roles in governing
adsorption behaviors of ZIOS. Still, the precise mechanism by
which each of these mechanisms governs the ion discrimination
capability of ZIOS remains unclear. Herein, we synergize first-
principles electronic structure calculations and insitu Raman
spectroscopy to elucidate the factors governing ion discriminat-
ing behaviors of ZIOS membranes toward the four transition
metal ions that are inherently similar (ie., Cu®*, Co**, Ni**,
Mn?"). Such knowledge is inevitable to uncover guidelines for
rationally designing advanced materials essential to transform
separation to a more precise regime.

Furthermore, translation of ZIOS into macroscopic mem-
brane platforms to enable continuous and efficient metal recov-
ery processes is important. Membrane technologies, in general,
provide energy-efficient, chemical-efficient, and economical sol-
utions for advanced separation."*! However, established poly-
meric membranes are often effective for broad-spectrum
separation and therefore, unable to target specific species of
interest from multicomponent mixtures. Herein, we present
an effective adsorptive membrane platform where ZIOS crystals
are controllably translated into a 2D membrane structure for pre-
cision ion separation. We fundamentally studied the membrane
behaviors in selectively separating four competing transition
metal ions and elucidated the underneath governing mecha-
nisms with density functional theory (DFT)-based electronic
structure calculations and in operando Raman analyses.

2. Results and Discussion

The translation of three-dimensional (3D) micrometer-scale rod-
like ZIOS crystals™ into a two-dimensional (2D) selective layer
of a composite membrane platform is inherently challenging.
Recent advances in zeolite membranes!** have inspired us to
develop controllable synthetic approaches in which the physico-
chemical properties of the reaction media are tuned to translate
ZIOS crystals to adsorptive membranes effective for metal-ion
separation. In essence, we appraise three different membrane
synthesis methods, including stirring-assisted hydrothermal
growth (method A), vacuum-assisted coordination growth
(method B), and interfacial coordination growth (method
C) for the design of ZIOS adsorptive membranes (schematically
illustrated in Figure 1a). Of note, the PVDF substrate was first
functionalized with PDA and PEI to facilitate the nucleation and
growth of ZIOS layer in the next steps. Details of the synthetic
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conditions for the surface modification and ZIOS deposition
steps are described in the supporting information. In all three
methods, we manipulate the elasticity of the reaction media
by using poly (vinyl alcohol) (PVA) as a viscosity enhancer,
thereby controlling ZIOS crystal morphology as they grow on
the surface of the PVDF-PDA-PEI support layer (Figure 1a).

Among the inspected methods, stirring-assisted hydrothermal
synthesis (method A) is a promising approach as it brings about
the formation of a uniform layer of crystalline ZIOS on the mem-
brane support (Figure Sla, Supporting Information). With
the well-mixedness by coupling a stirring force during the hydro-
thermal process, crystal uniformity and morphology can be
enhanced. Meanwhile, a less uniform ZIOS layer was observed
for methods B and C (Figures S1B,C-S3, Supporting Information).
Therefore, hereafter, we discuss the ion-separating behaviors
observed in ZIOS membranes synthesized with method A.
Results show that we successfully deposited Z10S selective layers
with uniform and well-packed crystals having hexagonal sheet-
like morphology on the PVDF-PDA-PEI supports (Figure 1b,c).
Also, the width of ZIOS grain increased from 0.69 to 3.26 pm
while the sheet length decreased from 12.03 to 9.17 pm as PVA
concentration increased from 0 to 0.5 and 1wt%, respectively
(Figure S4, Supporting Information). The thickness of the
ZIOS selective layer, ranging from 5.4 to 18.0 pm, was control-
lably achieved via a two-step coating method (Figures 1d and S5,
S6, Supporting Information).

2.1. lon Separation Performance of ZIOS/PVDF-PDA-PEI
Membranes

Because the most uniform membrane was obtained with 1 wt%
of PVA, we selected this condition to study adsorption behaviors
of membranes having 18 um-thick ZI10S selective layers. For this
specific membrane selective layer, each ZIOS grain has a dimen-
sion of 9.17 pym X 3.26 pm x 0.25 pm (length x width x thick-
ness). To interrogate the preferential binding mechanisms,
and hence selective adsorption behaviors, of ZIOS membranes
toward similar transition metal ions in a multi-ionic environ-
ment, we challenged the membranes with an equimolar mixture
of four competing transition cations having similar charge and
solvated ionic radii (Figure 2b). We measured the adsorptive sep-
arating behaviors of ZIOS/PVDF-PDA-PEI membranes in a dif-
fusion cell setup (Figure 2a) where the membranes were
sandwiched between two compartments: 1) the feed with equi-
molar aqueous solutions of Co*™, Mn?*, Ni**, and Cu*" at dif-
ferent pH values (e.g., pH 2.5 and pH 5.0); and 2) the receiving
compartment with deionized water. Results show that ZIOS
membranes preferentially adsorbed Cu?* at a high adsorption
efficiency while negligibly capturing Co*™ and Mn?" (Figures 2c
and S7a,b) from these pH-varied ion mixtures. At pH 2.5, the
separating performance of ZIOS membrane exceeds that of
state-of-the-art Cu”" separating membranes (Figure 2e, Table S1,
Supporting Information),[*''*5) with calculated Cu®"/Ni®*,
Cu®"/Mn?", and Cu**/Co®* separation factors of approximately
193, 2049, and 638, respectively (Figure 2d and S8, Supporting
Information). Membrane performance under alkaline conditions
are discussed in Figure S9 and S10, Supporting Information.
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Figure 1. a) Schematic illustration of the three methods designed for the synthesis of ZIOS/PVDF-PDA-PEI membranes: A) stirring-assisted hydrother-
mal growth method, B) vacuum-assisted coordination growth method, and C) interfacial coordination growth method. b) Morphological controllability of
Z10S crystalline layer on the surface of the PVDF-PDA-PEI support in membrane synthesis. c) Representative top-view scanning electron microscopy (SEM)
images of a ZIOS/PVDF-PDA-PEI membrane surface and individual ZIOS particles. d) Representative cross-sectional SEM image of ZIOS/PVDF-PDA-PEI
membrane. e) Schematic illustration of ZIOS/PVDF-PDA-PEI membrane for selective ion separation from a mixture of four transition metal ions.

In addition, we observe a correlation between the total concen-
tration of adsorbed cations (i.e., Cu*", Ni**, Co**, and Mn*™)
versus that of the released Zn’*" from ZIOS membranes
(Figure S7c, Supporting Information). We defined » as the ratio
of the former to the latter values and hypothesized that its change
as a function of time is correlated to the pH-dependent adsorp-
tion mechanisms of ZIOS membranes. Specifically, there is an
interplay of 1) the transmetalation between any of the four guest
cations (M) and the host metal node Zn(Il) ions, which results in
the metal-exchanged ZIOS structures, denoted hereafter as
M(II)-transmetalated ZIOS; and 2) the coordination of the guest
cations to the active sites within the binding pockets in governing
preferential metal binding behaviors of the membranes. An
n<1, such as that observed in the case of pH 2.5 (Figure 2f
and S7d, Supporting Information), may suggest that transmeta-
lation dominates the selective adsorption behaviors, whereas an
n>> 1 likely represents the case where the two mechanisms coex-
ist. For instance, at pH 5, n steadily reduces from 1.67 (at 30 min)
to 1.07 (at 180 min), highlighting the dominant role of coordina-
tion in metal-ion adsorption. We postulate that under this
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condition, chemical cleavage occurs at the Nyepy and/or
OHydroxyimino, leading to the creation of additional coordinative
binding sites for metal adsorption. Once these ligand coordina-
tion sites are saturated, transmetalation takes over.

The differences in the mechanisms governing metal-ion cap-
ture also contribute to the variation in ion adsorption rates
observed at two pH conditions. Specifically, the adsorption rate
of Cu®" at pH 2.5 is higher than that at pH 5.0, whereas the
adsorption rates of Ni**, Co®", and Mn?" are notably lower at
pH 2.5 compared to pH 5.0. (Figure 2c). This discrepancy arises
because the adsorption of Cu?" relies on both transmetalation
and side-chain coordination, whereas that of other guest ions
(i.e., Ni*™, Co*™, Mn*") is primarily governed by the latter mech-
anism. This results in distinct behaviors in the adsorption rates
of each metal under different pH conditions. In the case of Ni*™,
Co?*, and Mn*"adsorption, elevated pH conditions facilitate the
deprotonation of the coordinative oxygen within the hydroxya-
mino group. This deprotonation process is responsible for the
side-chain coordination, leading to a higher initial rate of ion cap-
ture for these metals. This phenomenon is further supported by
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Figure 2. a) A diagram of our experimental setup for testing metal-ion
capture behaviors of ZIOS membranes and b) ionic and hydrated radii
of metal ions.""! Adsorption behaviors of ZIOS/PVDF-PDA-PEI mem-
branes in equimolar aqueous solutions of Cu*", Ni**, Co®", and Mn*"
(~10 ppm each) at pH 2.5 and 5.0, c) adsorption efficiency, d) separation
factor calculated at 30 min, e) a comparison of ion-selective capability of
ZIOS/PVDF-PDA-PEI membrane versus other state-of-the-art ion selective
membranes, and f) correlation between the total concentration of guest
cations (Cu", Ni*, Co", and Mn?") versus that of released Zn?* over
time. Membranes with an active area diameter of 15 mm were utilized.
Error bars denote £1 standard deviation around the mean from three sep-
arate measurements.

Figure S7a,b and S9a, Supporting Information, illustrating the
transition of adsorption efficiency for Ni**, Co®", and Mn*"
from the logarithm to the exponential trends, driven by the
increased availability of side-chain chelates at the outset of the
process. Conversely, we theorize that the rise in pH conditions
from 2.5 to 5.0 shifts the equilibrium of Cu®" species toward
complexes with greater Cu hydroxide chelation, which could
diminish the rate of Cu transmetalation. In addition, at pH 5.0,
the side-chain coordination of Cu**™ appears to be less kinetically
competitive with Ni*™ (Figure 3, S18, Supporting Information).
As a result, the initial rate of Cu*" adsorption (during the first
30 min) at pH 5.0 is lower than that at pH 2.5.

In sum, transmetalation appears to govern ZIOS adsorption
behaviors in environments with high proton concentration, lead-
ing to an equivalence of the guest ion uptake versus host ion
release. However, the dominant role of coordination in ZIOS
binding behaviors leads to a higher guest ion uptake and a
low Zn*" release. Interestingly, the bond valence sum analysis
using the observed bond distances in the crystal structure data
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(Table S2, Supporting Information) reveals that different Zn sites
in ZIOS have inhomogeneous bond valence, suggesting that
these sites may show distinct transmetalation behaviors. Such
a hypothesis aligns with our DFT calculations on thermodynamic
favorability of transmetalation that we discuss as follows.

2.2. Mechanistic Insights: Distinct Cu>"/Ni*" Preferential
Adsorption Behaviors of ZIOS Membranes Probed with in situ
Raman Spectroscopy

Our experimental adsorption results reveal that ZIOS mem-
branes feature outstanding discrimination among transition
metal ions. However, these experimental insights stem from
an ex situ approach, wherein the quantification of the remaining
cations in the supernatant occurs after the adsorption process.
This approach, despite providing meaningful information,
may not capture a complete spectrum of chemical or structural
evolutions that ZIOS undergoes throughout the entire adsorp-
tion process. This stimulates us to employ in operando
Raman spectroscopy to examine ZIOS membrane while it
adsorbs a target ion of interest from different ion mixtures. with
a setup shown in Figure S11. These results help unveil the real-
time reaction mechanisms that ex situ characterizations cannot
fully capture. Figure 3a shows the crystallographic structure of
Z10S that is formed through the coordinative binding of
Zn*" and organic ligands, i.e., Sal and MeIM. Given this struc-
ture, in addition to certain Raman-active vibrational bands origi-
nating from the ligands, we can anticipate the emergence of new
Raman peaks, which would be indicative of the coordinative
bonds between zinc and the ligands. To identify the characteristic
vibrations of ZIOS, we initially contrast the Raman spectra of
ZIOS with those of the isolated Sal and MeIM within the
110-1370 cm ™ region (Figure S12a, Supporting Information).
In particular, while molecular vibrations linked to the organic
ligands predominantly manifest from 650 to 1370 cm™',['%! the
specific region spanning 110-610 cm ™' (Figure S12b, Supporting
Information) reveals the emergence of new peaks at 382
and 590 cm ', implying the zinc—oxygen Zn—Ophenolate and
Zn—Ohydroxyimino Donding, respectively. This Zn(II)-O interac-
tion is further confirmed by contrasting the Raman spectrum
of ZIOS with that of Zn/Sal complex (Figure S12b, Supporting
Information). Similarly, the Raman spectrum of ZIOS with that
of Zn/MeIM indicates that the peak at 147 cm ' is associated
with the characteristic band of Zn—Ny. v interaction, supported
by literature.l'”) Notably, the peak positions of Zn—Nyeim,
Zn—Ophenolates aNd  ZN—Olydroxyimino align closely with our
DFT-computed vibrational frequencies assigned for the corre-
sponding bonds (Table S4 and S5, Supporting Information).
Importantly, there are several fundamental insights that one
needs to conceive to employ Raman spectrum effectively to reveal
the adsorption mechanisms: 1) Raman vibrational bands are
associated with the presence of bonds or a specific compound;
therefore, the appearance of new bands can provide insight into
the exact cause of the structural reconfiguration; 2) peak shifts
often indicate a change in the chemical composition due to
chemical interactions, structural transition of materials, interfa-
cial species on the surface; and 3) absolute Raman intensity, inev-
itably affected by substrates, sample quality, or laser polarization
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Figure 3. a) The proposed differentiation of adsorption mechanisms between Cu®* and Ni?*. In situ Raman analysis of ZIOS/PVDF-PDA-PEI membrane
when exposed to aqueous solution of single ions: b,d) Cu*™ ion at 400 ppm (pH 5.0) and c,e) Ni** ion at 400 ppm (pH 5.0). Note: f) Correlation between

the peak area of Cu bonded (at 391 cm ™'

, red open circle) and Ni bonded (at 404 cm ™", green open triangle) versus zinc bonded (382 cm™’, black open

square) in ZIOS calculated from (d,3e). In situ Raman analysis of ZIOS/PVDF-PDA-PEI membrane when exposed to mixture ions with equimolar aqueous
solution of Cu®*, Ni*™, Co®", and Mn®*" (100 ppm each) at pH g) 2.5 and h) 5.0. Sample size is 5 x 5 mm?, and the experiment was duplicated.

may lead to certain discrepancies. In this regard, the relative
intensity ratio is considered a more objective factor to evaluate
the adsorption mechanism. As part of the control experiments,
the membranes were immerged in solutions of varying pH levels
(2.5 and 5.0) prior to in situ Raman tests. The results indicate that
the Raman spectrum of ZIOS/PVDF-PDA-PEI membranes
remains largely unchanged even after a duration of 5 h, pointing
to no observable pH-induced alterations (Figure S12¢d,
Supporting Information). Since the adsorption of multiple ions
is rather complicated to investigate, we first inspect insitu
Raman responses on single-cation adsorption of ZIOS
membranes before further exploring the complexities of their
multiple-ion adsorption behaviors. Accordingly, a series of in situ
Raman spectra are collected during the adsorption experiments
of ZIOS toward Cu, Ni, Co, and Mn ions (Figure 3b—e and
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S14-16, Supporting Information). Figure 3b shows the in situ
Raman of ZIOS throughout the Cu(II) ion adsorption process.
The distinct Raman vibrations of ZIOS originating from
Zn—NMeIMr Zn—ophenolate: and Zn—ohydroxyimino at 147, 382,
and 590 cm ™, respectively, are clearly visible at the beginning.
Intriguingly, following a 10 min adsorption period, the concur-
rent emergence of three new peaks at 182, 391, and 603 cm™"
is observed. As these peaks undergo progressive evolution
throughout the course of adsorption, the Zn-to-ligand vibrational
bands of ZIOS gradually diminish. The decrease in intensity of
Zn—Npyjerm, Z0—Ophenolates aNd ZN—Ohydroxyimino at 147, 382, and
590 cm™', coupled with the emergence of the new peak set,
suggests that Zn within Zn—Nyem, Zn—Ophenolates and
Z1n—Ohydroxyimino Dindings were continually replaced with exter-
nal stimuli such as protons from the acidic media or with Cu(II)
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ions. Note that the difference between these vibrations is in the
range of 9-35 cm ™!, suggesting that these differences are caused
by the changes in the chemical composition of the bonding.
Namely, Zn(II) ions within the framework of ZIOS are gradually
transmetalated with Cu(II) ions from the solution. Figure 3c
depicts the insitu Raman analysis of Ni(II) ions adsorption on
ZI0S, revealing the emergence of two new peaks at 202 and
404 cm ™" which appear to be characteristics of Ni—N and Ni—O,
respectively (confirmed with DFT-computed vibration frequen-
cies in Table S4 and S5, Supporting Information). Figure 3d,e
shows the disparities within the Cu(Il) and Ni(II) adsorption
mechanisms on ZIOS, and these distinctions can be further elu-
cidated through an in-depth analysis of the peak at 382, 391, and
404 cm ™. Figure 3f demonstrates a significant difference in the
correlation between the peak area estimated from the Raman
identity spanning 360-420 cm ! (Figure 3d,e) of Zn—Ophenolate
(382cm™!, characteristic of ZIOS), Cu—O (391cm™), and
Ni-O (404 cm™") in single-ion adsorption in operando Raman
tests. Namely, the characteristic peaks of ZIOS are preserved,
accompanied by the gradual evolution of Ni—N and Ni—O peaks
in the case of Ni(II) ion adsorption. We speculate that the emerg-
ing Ni—O peak at 404cm™" is more likely characteristic of
Ni—Ofydroxyimino Decause these sites remain open and active to
coordinate with the guest Ni** ion while the Ophenolate Sites
remain intact in their bonding with zinc, evidenced by the
unchanged Raman intensity of Zn—Ophenolate peaks in ZIOS
with time (Figure 3e). In contrast, for the Cu(II) ions adsorption
scenario, the Zn—Oppenolate Peaks of ZIOS exhibit a significant
decrease, accompanied by a pronounced increase in the Cu—O
peak intensity. This Cu—O peak at 391 cm ™" is, thus, more likely
characteristic of Cu—Oppenolate- Also, the adsorption of Cu hap-
pens more rapidly than Ni*" does. The in situ Raman data thus
highlight the distinct adsorption behaviors observed between the
two metal ions Ni(II) and Cu(Il) (Figure 3a). This distinct adsorp-
tion behavior suggests that Ni*"™ negligibly replaces zinc within
ZI0S frameworks but, instead, binds to unoccupied binding
sites (O and N), originating from Sal or MelM, respectively. In
contrast, the insitu Raman spectra during Co®" and Mn**
adsorption reveal no discernible differences (Figure S16,
Supporting Information). We hypothesize that Co** and Mn**
are weakly bound to the ZIOS structure through either transme-
talation or ligand coordination mechanisms. Further deconvolu-
tion of Raman peaks may enable the quantification of Cu®" or
Ni** adsorption capacity and kinetics. Raman spectroscopy is
thus proposed to be a rapid and effective tool for probing and
analyzing time-resolved adsorption process.

Next, we conducted insitu Raman analyses for adsorption
behaviors of ZIOS membranes in multi-ionic (Cu”, Ni%t,
Co?*, and Mn*") solutions at pH 2.5 and 5.0. At pH 2.5, selective
copper adsorption is observed for ZIOS through transmetalation,
as seen in the considerable decrease of Raman intensity of Zn
binding (382 cm™, characteristic of ZIOS) and the evolution
of Cu binding (391 cm ™!, characteristic of Cu-adsorbed ZIOS)
(Figure 3g and S17, Supporting Information). These changes
in Raman responses indicate a stronger metal-ligand bonding
in the Cu-transmetalated ZIOS, firmly evidenced by an equiva-
lent blueshift of the DFT-calculated vibrational frequencies of
corresponding bonds upon the copper adsorption (Table S4
and S5, Supporting Information). At pH 5.0, the deprotonation
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process is facile, resulting in an increased availability of unoccu-
pied bonding sites for Ni*". This phenomenon is evident in both
the Cu®" and Ni*" adsorption profiles as observed in the Raman
spectra (391 and 404 cm ™' characteristics of Cu-adsorbed ZIOS
and Ni-adsorbed ZIOS, respectively) (Figure 3h and S18,
Supporting Information). In all, we show that 1) the insitu
Raman spectroscopy aligns closely with the separation experi-
ments; 2) in situ Raman effectively reveals the adsorption path-
way for both Cu®" and Ni**; 3) ZIOS demonstrates a strong
preference for selectively adsorbing Cu®* under low-pH condi-
tions (pH 2.5), attributable to the transmetalation mechanisms
that favor copper over other ions such as Ni**, Co*", and
Mn*"; and 4) Raman spectroscopy can be employed as a rapid
evaluation tool to uncover reaction mechanisms of adsorption.

2.3. The Gibbs Free Energy of Transmetalation and its
Correlation with the Charge Difference

While experimental results confirmed the interplay between
transmetalation and ligand coordination in the selective adsorp-
tion behaviors of ZIOS membranes to a given extent, in the fol-
lowing, we report DFT-based electronic structure calculations
that provide mechanistic insights into how each of these mech-
anisms happen and compete. We first elucidate how the prefer-
ential binding behaviors of ZIOS membranes are governed by
transmetalation. To obtain atomic insights into transmetalation,
we probe the metal-ion exchange at two different types of Zn
sites in the ZIOS structure (i.e., M1 and M2 in Figure 4).
Different from the metal at the M1 site that is coordinated with
four oxygen, the metal occupying the M2 site has five chemical
bonds (M—20phenolater M—2Ngxime, and M—Nyery). We find that
the thermodynamics of transmetalation is the most favored for
Cu at both sites followed by that of Ni at the M2 site. Meanwhile,
the introduction of Co and Mn is hindered at both sites. This
trend in reaction energy aligns with the experimentally observed
selectivity of metal ion adsorption at the low-pH condition and
thus explains the distinct performance of ZIOS in capturing
Cu?* via transmetalation. Furthermore, the DFT-calculated
vibration of the M—O, bond stretching (Figure 4) shifts to a high
frequency by 11cm ™' for Cu transmetalation at the M2 site
(Table S5, Supporting Information), agreeing with the shift
(9 cm ™) observed in our insitu Raman analysis (Figure 3) for
substitution of Zn—O, by Cu—O,. In contrast, the change of
vibrational frequency is negligible when Zn at the M1 site is
replaced by Cu. These results reveal that the M2 site should
be mainly responsible for the Cu®* incorporation at low-pH con-
ditions (e.g., pH 2.5). As such, we focused on the M2 site for our
following electronic structure analysis, unless otherwise
mentioned.

To understand the physical reason of this thermodynamic
trend of transmetalation, we analyzed the atomic charge of metal
sites in both the original and M(II)-transmetalated ZIOS struc-
tures. As shown in Figure 4, the change of Gibbs free energy of
transmetalation at the M2 site is linearly correlated with the dif-
ference in the Bader charge of the exchanged metal compared to
that of the Zn. This trend is attributed to the electronic interac-
tion between the given guest metal ion (after exchanged and
structurally optimized) and the chelating atoms (Figure S20,
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Supporting Information). The metal ion (e.g., Cu) carries less
positive charge in the transmetalated ZIOS and is more thermo-
dynamically favorable to be exchanged into the framework, sug-
gesting that the higher covalency of metal-ligand bonding should
account for the enhanced stability of metal exchange.

2.4. The Electronic Effect of Ligands on the Selectivity of
Transmetalation

We further reveal the nature of metal-ligand bonds by decou-
pling the effect of three different chelating atoms on the elec-
tronic stability of metal coordination at the M2 site. Figure 5a
shows the electron localization function (ELF) between a given
guest metal at the M2 site and O, and Oy, atoms of the phenolate
(denoted as M—20 bonds). Upon Cu transmetalation, the ELF at
0O, and Oy atoms decreases. Meanwhile, the electron-rich
domains (i.e., the ELF > 0.7) at these chelating atoms become
more asymmetric and directional, rather than spherically distrib-
uted around the original Zn site. These changes in ELF indicate
enhanced covalent characteristic of the corresponding Cu-ligand
coordinations,"® which aligns with the least positive charge
accumulated at the Cu atomic site after being exchanged into
the ZIOS framework. The covalency of M—20 bonds is less dis-
tinguished than that of the Zn—20 bonds upon the transmeta-
lation of Ni, Co, and Mn. The trend is attributed to the overlap
between the d-orbitals of different metals and the 2p-orbitals of
O, and Oy, Figure S21, Supporting Information, shows that the
d-orbitals of exchanged metals become more broadened and shift
closer to the Fermi level (Ef) than that of the original Zn site,
increasing their overlap with the 2p orbitals of O, and Oy, chela-
tors (Figure S22, Supporting Information). Furthermore, we
observe that the Noxime and Ny chelators favor the covalency
of their corresponding bonds with the Ni and Co ions, indicated
by the better overlap between the d-orbitals of these metals and
the 2p-orbitals of two corresponding chelators (Figure S23
and S24, Supporting Information). However, the increase
appears less pronounced than that of M—2Oppenolate Upon Cu
transmetalation. These observations suggest that the oxygen of
phenolate (i.e., O, and Oy) should be responsible for the highest
selectivity of Cu-ion exchanging.
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Now we compare the bonding strength of the transmetalated
M2-site by performing the projected crystal orbital
Hamilton population (pCOHP) analysis in the M—2Ophenolates
M—2Nyime, and M—Nyepy bonds. For the M—20ppenolate bond,
Figure 5b shows that the -IpCOHP at Erupon Cu transmetalation
significantly increases, indicating stronger bonding, compared to
that of the original Zn, while the latter is comparable with the Ni,
Co, and Mn ion exchange. This difference is determined by the
occupation of the antibonding state formed between the metal
and oxygen chelators (Figure 5b). When a smaller M ion (i.e.,
Ni, Co, and Mn) is incorporated, yet the M—O distance remains
the same for all these cases (Table S3, Supporting Information),
the energy level of antibonding states is thus reduced relative
to the Ey (Figure 5¢). As a result, the occupation of these antibond-
ing states is increased, destabilizing the M—2Oppenolate bonds.

It is noticed that the -IpCOHP at E¢ of Ni—O and Mn—O bond-
ing upon transmetalation is slightly higher than that of the
Zn—0; however, this does not result from the less occupation
of the antibonding states in corresponding interactions.
Instead, such phenomena originate from the larger compensa-
tion of the -IpCOHP cumulative from the occupied bonding
states of Ni-O and Mn—O interactions (the most positive values
of the -IpCOHP profiles), which are all higher than that of the
Zn—O. This is attributed to the more broadened d-orbitals of
these exchanged metals, which increase their overlap with the
p-orbitals of the Oppenolate ligand (Figure S21 and S22,
Supporting Information).

We performed the same analysis of electronic structures for
the M—2N me and the M—Nypy interactions. The results
showed that the corresponding bonding strength is also varied
with the metal-ion exchanged (Figure S25 and S26, Supporting
Information), yet less pronounced than that of M—2Opnenolate
bonding upon the Cu transmetalation. However, it is worth not-
ing that the metal ion upon transmetalation needs to stabilize
their interactions with not only the Oppenolate,s but the other
ligands (i.e., Noxime and Nye). This explains the consistency
between the bonding strength of overall metal-ligand interac-
tions and the thermodynamic favorability of the metal-ion
exchange (Figure 4 and S27, Supporting Information). In all,
we showed that the enhanced strength of the metal-Oppenolate
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Figure 5. Electronic structure analysis of bonding between the metal and two oxygen chelators of phenolate ligands (M—2Oppenolate) at the M2 site. a) The
ELF contour plot at the isosurface level of 0.70 e A=%; the brighter color corresponds to higher density of electrons. b) The COHP analysis including the
projected COHP (pCOHP, the filled area) and its integration (IpPCOHP, the curves). c) The projected density of states onto the metal and the Oppenolate
atomic sites to show the antibonding states of the M—2Openolate bonds. The positive and negative density of state (DOS) represent spin up and down

states, respectively.

bonding with minimal trade-off in that of the other metal-ligand
interactions, which is determined by the hybridization of the
metal d-orbitals with the chelator p-orbitals, is the key for increas-
ing the selectivity of transmetalation in this study.

3. Conclusion

In this study, integrating in operando Raman spectroscopy with
DFT calculations enables us to precisely identify binding sites
and mechanisms that govern guest-host interactions within
the local binding pockets of ions with similar properties. We have
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identified thermodynamically favorable ion-exchange pathways
and elucidated the selective order of transmetalation-based
adsorption preferences in the ZIOS membrane with DFT
simulations. Specifically, the distinct affinity of phenolate
oxygen for Cu ions within the ZIOS framework plays a crucial
role in the high selectivity of the membrane. In tandem, we
demonstrate the synthetic controllability of membranes, where
the physicochemical conditions of the synthesis medium are
adjusted to convert 3D micrometer-scale crystals into a 2D crys-
talline selective layer on a composite membrane. Considering the
slight ionic property differences between the competing ions
(same charge and a size difference on the picometer scale),
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achieving a Cu®*/Ni*" separation factor of ~200 for our mem-
brane is noteworthy. In all, the correlation of membrane binding
preference with the electronic effects (e.g., orbital hybridization
and electron localization) of ligands may shed light into the ratio-
nal design of advanced functional materials for chemoselective
separation, thereby shifting separation science toward a more
precise regime.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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