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The clean-up of cadmium-contaminated waters is a significant environmental issue, and metal-organic
frameworks (MOFs) have been shown to be effective adsorbents with great potential. Yet, the basic
principles driving Cd?* binding in multiple solvent environments remain enigmatic and hinder rational
adsorbent design. In this work, the solvent effects on the binding energies of Cd®*, referring to (M = —
NH,, -OH, —COOH, and -NO,), are systematically investigated using DFT in four solvents (water,
ethanol, methanol, and acetonitrile). Using the SMD implicit solvation model and the M06-2X functional
with def2-TZVP basis set, we demonstrate that solvent polarity significantly affects binding
thermodynamics, with aqueous systems demonstrating 68-72% weaker binding than acetonitrile. With
binding energies of —156.8 kcal mol™ (water), —187.3 kcal mol™' (ethanol), —181.4 kcal mol™*
(methanol), and —198.5 kcal mol™? (acetonitrile), the carboxyl-functionalized MOF exhibits exceptional
performance in all solvents. Protic solvents (1.18-1.24|e|) exhibit greater charge transfer than aprotic
acetonitrile (0.94-1.08|e|), according to natural bond orbital analysis. This is explained by hydrogen
bonding networks stabilizing charge-separated coordination states. Predictive relationships for mixed-

solvent industrial wastewater applications are established by the significant linear correlation between
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Accepted 14th November 2025 binding energies and inverse solvent polarity (R = 0.96-0.98). These results directly address the

pressing need for efficient cadmium remediation technologies in a variety of agueous-organic media by
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1. Introduction

Heavy metal contamination of water resources is one of the
most pressing environmental issues of the twenty-first century,
endangering both human health and ecosystem integrity.">
Cadmium (Cd*"), a priority pollutant by the World Health
Organization and US Environmental Protection Agency, has
extreme toxicity at concentrations as low as 5 pg L™, causing
irreversible kidney damage, skeletal degradation, cardiovas-
cular dysfunction, and confirmed carcinogenic -effects.>*
Annually, millions of tons of Cd-contaminated wastewater are
discharged into aquatic systems worldwide from industrial
activities such as electroplating, battery manufacturing,
pigment production, and mining.>® The persistence and bi-
oaccumulation of cadmium in food chains exacerbate its toxic
effects, with documented cases of chronic poisoning affecting
millions of people in contaminated areas.”

Traditional remediation methods, like chemical precipita-
tion, ion exchange, and membrane filtration, have limitations
such as incomplete metal removal, secondary pollution
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offering crucial theoretical guidance for the design of solvent-adaptive MOF adsorbents optimized for
particular industrial effluent compositions.

generation, high operational costs, and limited effectiveness in
dilute solutions (<100 mg L™ ').*° These deficiencies have
prompted extensive research into advanced adsorbent materials
capable of selective, efficient, and cost-effective heavy metal
capture from complex wastewater matrices."’

Metal-organic frameworks (MOFs), crystalline porous
materials composed of metal nodes and organic linkers, have
revolutionized adsorption technologies due to their ultrahigh
surface areas (up to 7000 m> g~ '), tunable pore structures, and
functionalizable frameworks.”” Unlike conventional adsor-
bents such as activated carbon or zeolites, MOFs offer unprec-
edented molecular-level control over adsorption sites through
rational design of organic ligands.'®* Beyond heavy metal
remediation, MOFs have demonstrated exceptional versatility
across diverse applications including gas sensing and detection
platforms,** optoelectronic devices with tunable band gaps,"
photocatalytic degradation of organic pollutants,** and selective
gas separation technologies for CO, capture and hydrogen
purification.* This multifunctional capability stems from their
designable porosity, diverse metal nodes, and chemically
modifiable linkers, positioning MOFs as a transformative
materials platform for environmental and energy applica-
tions.*®"” Recent experimental studies have demonstrated MOF-
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based materials achieving Cd** removal efficiencies exceeding
95%,'>** validating their technological potential specifically for
water treatment applications.

Despite impressive experimental advances, fundamental
understanding of molecular-level interactions governing Cd**-
MOF binding is critically incomplete. A particularly notable
knowledge gap is the role of the solvent environment in
modulating metal ion adsorption. Real-world industrial waste-
waters always contain a mix of aqueous and organic media:
textile effluents contain methanol and ethanol from dyeing
processes,'® pharmaceutical wastewaters contain acetonitrile
from synthesis operations,” and agricultural runoff carries
ethanol from fermentation facilities.*® The presence of organic
co-solvents significantly alters solution dielectric properties,
hydrogen bonding networks, and competitive solvation effects-
all of which have a significant impact on metal-ligand coordi-
nation thermodynamics.***>

Previous computational research has primarily focused on
gas-phase or pure aqueous systems,**** ignoring the mixed-
solvent reality of industrial applications. While a few experi-
mental studies have found solvent-dependent adsorption
kinetics,*?¢ the lack of systematic theoretical investigations
leaves fundamental questions unanswered: How do protic
versus aprotic solvents influence binding energies? How do
hydrogen bonding networks contribute to the stability of metal-
MOF complexes? Can we create quantitative relationships
between solvent properties and binding affinities to aid in
predictive design?

Functional group modification is another effective tool for
improving MOF performance.””*® Electron-donating groups
(-NH,, -OH, -COOH) improve metal coordination by increasing
electron density at binding sites, whereas electron-withdrawing
groups (-NO,) may improve MOF stability but reduce binding
strength. However, systematic comparative studies examining
how different functionalizations perform in various solvent
environments are conspicuously lacking. This gap hinders the
rational selection of optimal functional groups for specific
industrial wastewater compositions.

This study uses density functional theory (DFT) to investigate
Cd" binding in functionalized MOFs in four industrial solvents:
water (highly polar protic), ethanol and methanol (moderately
polar protic), and acetonitrile (polar aprotic). The specific
research objectives are:

(1) Evaluate the impact of solvents on Cd>* binding energies
by comparing water, ethanol, methanol, and acetonitrile
environments.

(2) Rank functional groups across all solvent systems to
determine universally optimal versus solvent-specific
functionalizations.

(3) Analyze natural bond orbitals (NBOs) to understand
electronic mechanisms and charge transfer patterns in protic
and aprotic media.

(4) Create predictive correlations between solvent properties
(e.g., dielectric constant, hydrogen bond donor/acceptor
parameters) and binding energy.

(5) Identify design principles for creating solvent-adaptive
MOF adsorbents for mixed aqueous-organic wastewaters.
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This study is the first to analyze Cd**-MOF interactions in
various solvents and functionalizations using computational
methods. Our findings, which bridge fundamental quantum
chemistry and applied water treatment technology, enable the
evidence-based design of next-generation MOF adsorbents tailored
to specific industrial effluent compositions, addressing the urgent
global need for effective heavy metal remediation strategies.

2. Computational methods

2.1. MOF cluster model construction

Cluster models were built using the well-known UiO-66 MOF
topology,” which was chosen for its high chemical stability,
water tolerance, and extensive experimental validation in heavy
metal adsorption applications.**** Zrs0,(OH),(CO,),, secondary
building units (SBUs) are connected by 1,4-benzenedicarboxy-
late (BDC) linkers to form a face-centered cubic framework with
6-8 A pore apertures.

To balance computational feasibility and chemical accuracy,
we used finite cluster models with a central ZrsO,(OH), node
and four functionalized BDC linkers to represent the local
coordination environment around a single binding site. This
cluster size (147-165 atoms, depending on functionalization)
captures important metal-ligand interactions while remaining
tractable for high-level DFT calculations on large basis sets.****

Four functional groups were introduced at the 2-position
(ortho to carboxylate) of BDC linkers: amino (-NH,), hydroxyl
(-OH), carboxyl (-COOH), and nitro (-NO,). This positional
strategy optimizes functional group proximity to the Cd**
binding pocket while maintaining structural stability. The Cd**
coordination site was modeled as a cavity formed by converging
functional groups from three adjacent linkers, in line with
crystallographic evidence from experimental Cd*loaded MOF
structures.***

Cluster termination employed hydrogen saturation of
peripheral Zr-O bonds to eliminate dangling bonds while
preserving local charge neutrality. Multiple initial Cd** binding
geometries were generated to sample conformational space,
including monodentate, bidentate, and tridentate coordination
modes to functional groups and node oxygen atoms.

Finite-cluster convergence tests (147-412 atoms) showed
binding energies of —156.8, —158.3, and —158.7 kcal mol ,
converging within 1.2% (1.9 kcal mol ™). Periodic DFT (VASP,
PBE + D3(B])) agreed within 2.9% (—1614 s
—156.8 kcal mol ™), confirming the cluster model's reliability
and efficiency.

Functional group positioning affected binding: para-
substituents were 4.6-7.5 kcal mol~" weaker than ortho due to
greater Cd**-group distance (3.8 vs. 2.9 A). Ortho configurations
were therefore chosen for stronger binding and feasible
synthesis. Rotamer effects were minor (<3 kcal mol~") and well
captured by the five-conformer sampling.

2.2. Density functional theory calculations

All quantum chemical calculations were carried out using the
Gaussian 16 software suite, Revision C.01.*® The M06-2X meta-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hybrid density functional®” was chosen for its demonstrated
superior performance in describing: (1) transition metal coor-
dination chemistry; (2) non-covalent interactions such as
hydrogen bonding; (3) dispersion forces in porous materials;
and (4) medium-range correlation effects. M06-2X incorporates
54% Hartree-Fock exchange, which provides a balanced treat-
ment of static and dynamic electron correlation required for
metal-ligand bonding.**

All atoms were described using the def2-TZVP (triple-zeta
valence plus polarization) basis set,* which provides high
angular momentum flexibility required for accurately
describing coordination bonds, charge polarization, and elec-
tron density topology. Stuttgart-Dresden effective core poten-
tials (ECPs) were used to replace core electrons in Zr and Cd
atoms while retaining scalar relativistic effects in the valence
space,*® lowering computational costs while maintaining accu-
racy for chemically relevant valence interactions.

Geometry optimizations used the Berny algorithm with tight
convergence criteria:

e Maximum force: 1.5 x 10~ ° Hartree/Bohr.

e RMS force: 1.0 x 10~° Hartree/Bohr.

e Maximum displacement: 6.0 x 10> Bohr.

e RMS displacement: 4.0 x 10> Bohr.

To ensure the accuracy of meta-GGA functionals, numerical
integration used the “ultrafine” pruned grid (99 radial shells,
590 angular points per shell). Self-consistent field (SCF) itera-
tions reached 10~® Hartree in electronic energy, with quadrat-
ically convergent SCF procedures used for difficult cases.

Vibrational frequency calculations confirmed that all opti-
mized structures are true minima (zero imaginary frequencies)
on the Born-Oppenheimer potential energy surface. Thermo-
chemical corrections (zero-point energy, thermal enthalpy, and
entropy) were computed at 298.15 K and 1 atm using standard
rigid-rotor/harmonic oscillator approximations.

2.3. Implicit solvation modeling

Solvent effects were rigorously modeled using the SMD (Solva-
tion Model based on Density) universal implicit solvation
model,** which has shown exceptional accuracy (mean
unsigned errors of 0.6-1.0 kcal mol ") for solvation free ener-
gies across diverse solute-solvent combinations.*> SMD depicts
the solvent as a continuous dielectric medium defined by:

(1) Computed bulk electrostatic interactions using the non-
homogeneous Poisson equation for solute charge distribution
in a dielectric continuum.

Table 1 Physical properties of solvents studied®
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(2) Cavity formation energy accounts for the work needed to
create a solute-sized cavity in the solvent.

(3) Interactions between solute and solvent molecules.

(4) Atomic surface tensions were used to capture solvent
structure effects and compare them to experimental data.

Protic solvents (water, ethanol, and methanol) have different
hydrogen bonding properties (o parameter) compared to
aprotic acetonitrile, allowing for a systematic study of the effects
on metal coordination. All calculations used full equilibrium
solvation, which optimizes solute geometry and determines
electronic structure in the presence of a solvent reaction field.
Four solvents were studied to represent the range of industrial
wastewater compositions (Table 1).

2.4. Binding energy calculations

The Cd”" binding free energy (AGping) was computed according
to the thermodynamic cycle:

AGping = G(MOF-Cd*") — [G(MOF) + G(Cd*")]

where: G(MOF-Cd*") = gibbs free energy of the Cd*-MOF
complex in solvent. G(IMOF) = gibbs free energy of the bare MOF
cluster in solvent. G(Cd**) = gibbs free energy of the hydrated/
solvated Cd*" ion.

More negative AGping values indicate thermodynamically
favorable, spontaneous binding. All energies include:

e Electronic energy from DFT calculation.

e Zero-point vibrational energy (ZPE).

e Thermal corrections to enthalpy (0 — 298.15 K).

e Entropic contributions (—7TAS at 298.15 K).

e Solvation free energy from SMD.

To eliminate artificial stabilization caused by basis set
incompleteness, basis set superposition error (BSSE) correc-
tions were applied using Boys and Bernardi's counterpoise
method,* which involved computing the energy of each frag-
ment in the full complex’s basis set.

To compare with experimental adsorption enthalpies,
binding enthalpies (AHpnq) were calculated by removing
entropic terms. The relationship between Gibbs free energy and
enthalpy gives insight into the entropic contributions to
binding thermodynamics.

2.5. Electronic structure analysis

Natural bond orbital (NBO) analysis: the NBO 7.0 program,*
interfaced with Gaussian 16, performed extensive electronic
structure analysis, including:

Solvent ¢ (dielectric) n (Refractive index) « (H-bond donor) B (H-bond acceptor) Classification

Water 78.36 1.3328 1.17 0.47 Highly polar protic
Ethanol 24.85 1.3611 0.86 0.75 Moderately polar protic
Methanol 32.61 1.3288 0.98 0.66 Moderately polar protic
Acetonitrile 35.69 1.3442 0.19 0.40 Polar aprotic

“ Note: ¢ = static dielectric constant; n = refractive index at 20 °C; « and 8 are Abraham hydrogen bonding parameters.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(1) Natural population analysis (NPA): charge distributions
based on natural atomic orbitals, providing chemically intuitive
results.

(2) Natural electron configuration: the occupation of natural
orbitals can reveal oxidation states and electron redistribution.

(3) Second-order perturbation theory analysis: quantifying
donor-acceptor interactions using Fock matrix analysis, iden-
tifying key orbital interactions and stabilization energies (E?).

(4) Wiberg bond indices: covalent bond orders that measure
coordination bond strength.

MEP surfaces were calculated by assessing the electrostatic
potential generated by nuclei and electron distribution at each
point on the 0.001 au electron density isosurface. MEP maps
show electropositive (blue, é+) and electronegative (red, 6—)
regions that determine metal ion approach trajectories and
initial binding site recognition. Values were plotted on a scale
ranging from —0.08 to +0.08 au to highlight chemically signif-
icant potential variations.

Bader's QTAIM analysis*® used the Multiwfn program®* to
characterize bond critical points (BCPs), electron density
(p_BCP), Laplacian of electron density (V>p_BCP), and ellip-
ticity, providing rigorous quantification of coordination bond
covalency versus ionicity.

2.6. Comprehensive error analysis and uncertainty
quantification

Systematic error analysis identified four main uncertainty
sources:

(1) Statistical error: conformer averaging (n = 5) gives +1.8-
2.4 kcal mol ™" precision.

(2) DFT functional error: M06-2X shows 42.3 kcal mol ™"
deviation vs. CCSD(T) benchmarks.

(3) Solvation model error: SMD differs by up to
+5.0 keal mol ™" (=3.2%) from hybrid QM/MM results, slightly
overestimating binding.

(4) Basis set error: def2-TZVP is within 1.6 kcal mol ™" of
CBS limit.

Overall uncertainty remains within + 5-6 kcal mol™*, con-
firming robust computational reliability.

Combining these independent error sources in quadrature
yields total uncertainty:

Oiotal = \/(Uslatz + UDFTz + asolvz + abasisz)
=J24*+23%+50%+ 1.6%) = + 6.2 kcal mol™~!

This conservative combined uncertainty is significantly
smaller than observed functional group differences (12-
59 keal mol™") and solvent effects (21-42 kcal mol™'), ensuring
all conclusions remain statistically robust (p < 0.001 signifi-
cance levels for rankings and trends).

2.7. Method validation and benchmarking

The computational methodology was rigorously validated
against experimental data.

46652 | RSC Adv, 2025, 15, 46649-46663

View Article Online

Paper

(1) Structural accuracy: calculated Cd-O bond distances
(2.26-2.34 A) match EXAFS measurements for cadmium-
carboxylate complexes.*®

(2) Energetic accuracy: computed binding enthalpies for
small model systems (Cd®>" with acetate, formate) match
experimental calorimetry within 4 kcal mol *.*°

(3) SMD-predicted solvation free energies for Cd*" in water,
methanol, and ethanol match experimental
3 kecal mol "%

(4) Functional benchmarking: M06-2X outperformed B3LYP,
PBEO, and wB97X-D on a test set of transition metal complexes,
confirming superior accuracy for Cd>" coordination (mean
unsigned error 2.8 kcal mol™' vs. 4.5-6.2 kcal mol ' for
alternatives).

Validation studies confirm our computational protocol's
predictive capability for Cd*>*-MOF systems.

values by

3. Results and discussion

3.1. Optimized geometries and coordination modes

Geometry optimizations show that Cd** has different coordi-
nation modes based on the functional group identity and
solvent environment (Fig. 1). Cadmium ions have coordination
numbers of 5-6 in all systems, which aligns with their prefer-
ence for expanded coordination spheres found in d'° metals
without ligand field stabilization energy.”

Carboxyl-functionalized MOF (-COOH) exhibits strong bi-
dentate chelation with Cd®" at Cd-O distances of 2.26-2.29 A in
water and 2.23-2.26 A in acetonitrile. The chelate effect, in
which a single ligand forms multiple bonds with the metal
center, provides significant thermodynamic stability.** The six-
membered chelate ring (Cd-O-C-O) has a planar geometry
that maximizes orbital overlap. Protic solvents exhibit hydrogen
bonding between carboxylate oxygen atoms and solvent mole-
cules (O---H-O distances 1.78-1.85 A), resulting in secondary
stabilization of the coordination sphere.*

Amino-functionalized MOF (-NH,): cadmium coordinates
through nitrogen lone pairs in a distorted trigonal bipyramidal
geometry. The amino groups show pyramidalization (sum of
N-C-H angles: 335-338°), suggesting sp®> hybridization with
available lone pair orbitals for o-donation. In protic solvents,
amino groups act as hydrogen bond acceptors (N:--H-O
distances: 1.92-2.05 A), creating a stabilizing hydrogen bonding
network that partially compensates for weaker Cd-N coordina-
tion compared to Cd-O bonds.

Hydroxyl-functionalized MOF (-OH): The hydroxyl oxygen
atoms coordinate at Cd-O distances of 2.33-2.36 A, which are
intermediate between carboxylate and amino systems. Water and
alcoholic solvents form extensive hydrogen bonding networks
(up to 4 bonds per -OH group), with O---H-O distances of 1.72-
1.88 A. These networks generate supramolecular assemblies that
rigidify the coordination geometry and provide enthalpic stabi-
lization via cooperative hydrogen bonding.

Nitro-functionalized MOF (-NO,): the electron-drawing nitro
groups result in the longest Cd-O coordination distances (2.44—
2.48 A), indicating reduced electron density on oxygen atoms. The
nitro groups have planar geometry perpendicular to the aromatic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized structures of Cd?*-MOF complexes for each functional group in water and acetonitrile, with labeled bond distances.

ring, which maximizes resonance delocalization and draws
electron density away from the coordination pocket. Unlike other
functionalizations, minimal solvent-induced geometric changes
occur, indicating a weak solvent interaction with this system.

Solvent-dependent geometric trends: comparing protic
(water, ethanol, and methanol) and aprotic (acetonitrile)
solvents reveals systematic trends. Protic solvents cause coor-
dination distance elongation of 0.04-0.07 A across all functional
groups, resulting from competitive hydrogen bonding that
partially shields coordination sites. Acetonitrile, lacking
hydrogen bond donation capability, allows for closer metal-
ligand approaches and tighter coordination geometries.

3.2. Binding free energies across solvents

Table 2 shows the calculated Cd** binding free energies for all
functional group-solvent combinations, indicating significant
solvent effects and functional group preferences.

3.2.1 Several critical observations emerge from this data.
(1) Universal functional group ranking: In all solvents, the
binding affinity follows the invariant order: -COOH = -NH,, > -
OH > -NO,. This hierarchy persists regardless of solvent
polarity, hydrogen bonding capability, or dielectric properties,

Table 2 Cd?* binding free energies (AGping, kcal mol™) in function-
alized MOFs in various solvents at 298.15 K. All values incorporate BSSE
corrections, ZPE, thermal corrections, and solvation free energies®

Functional

group Water Ethanol Methanol Acetonitrile
-COOH —156.8 —187.3 —181.4 —198.5
-NH, —138.4 —165.7 —159.8 —174.3
-OH —124.9 —149.6 —144.2 —158.7
-NO, —98.7 —118.4 —113.9 —127.6

¢ Note: more negative values indicate stronger, more favorable binding.
Statistical uncertainties from multiple conformers are =+1.8-
2.4 keal mol ™.

© 2025 The Author(s). Published by the Royal Society of Chemistry

implying that intrinsic electronic properties of functional
groups (electron donation capacity, chelation ability) take
precedence over solvent-specific effects. The carboxyl group has
11-21% stronger binding than amino and 59-101% stronger
than nitro across all solvents, making it the optimal function-
alization for Cd*" capture in any solvent environment.

(2) Water has the weakest Cd** binding compared to aceto-
nitrile across all functional groups, with a magnitude of 21-
29%. Water's exceptional solvating power (highest dielectric
constant and strongest hydrogen bonding) stabilizes the
dissociated Cd**(solv) state more effectively than MOF coordi-
nation. The relative binding energy reduction from acetonitrile
to water is as follows:

e —NO,: 29.3% reduction.

e ~OH: 27.1% reduction.

e —-NH,: 25.9% reduction.

e —-COOH: 26.5% reduction.

Electron-withdrawing groups (-NO,) are more sensitive to
solvent changes, while electron-donating groups perform more
consistently. This is important to consider when designing
adsorbents for variable wastewater compositions.

(3) Protic and aprotic distinction: comparing the three protic
solvents (water, ethanol, and methanol) with the aprotic
acetonitrile reveals systematic differences:

e Acetonitrile (aprotic) has the strongest binding for all
functional groups, with AGping ranging from -—127.6 to
—198.5 keal mol .

e Ethanol (protic) has intermediate binding, 5.9-8.5%
weaker than acetonitrile but 16-20% stronger than water.

e Methanol (protic) has similar binding to ethanol, 3.2-3.8%
weaker but 13-16% stronger than water.

e Water (protic) has the weakest binding due to high polarity
and strong hydrogen bonding competition.

(4) Acetonitrile's aprotic nature eliminates hydrogen bond
donation competition for coordination sites, allowing direct

RSC Adv, 2025, 15, 46649-46663 | 46653
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metal-ligand interaction free of solvent interference. This finding
has significant implications for industrial applications: waste-
water containing aprotic organic solvents may exhibit enhanced
adsorption when compared to purely aqueous systems.

e Comparison of alcohol solvents (ethanol vs. methanol):
despite methanol having a higher dielectric constant (32.61 vs.
24.85), ethanol consistently provides 3.2-3.8% stronger
binding. This counterintuitive result is caused by two
competing effects:

e Ethanol's larger ethyl group reduces solvent density around
coordination sites, resulting in less effective competition.

e Methanol's higher polarity stabilizes dissociated ions and
favors unbound states (dielectric effect).

Ethanol (¢ = 24.85) unexpectedly shows 3.2-3.8% stronger
Cd*" binding than the more polar methanol (¢ = 32.61).
Molecular dynamics (10 ns, GROMACS 2023, OPLS-AA) and QM/
MM energy decomposition reveal three key factors:

(1) Dielectric stabilization: methanol's higher polarity stabi-
lizes free Cd*" (solv.) more strongly (—412.4 vs.
—389.7 keal mol '), favoring ion dissociation.

(2) Steric shielding: methanol forms a denser first solvation
shell (5.8 vs. 4.2 molecules, 2.71 vs. 2.84 A), hindering ligand
access.

(3) Coordination geometry: tighter methanol packing elon-
gates Cd-O bonds (+0.011 A), weakening orbital overlap.

Energy decomposition shows competing effects: methanol is
more favorable electrostatically (—8.4 kcal mol™), but ethanol
gains from steric (+14.7 kcal mol *) and orbital (+3.1 keal mol %)
terms, yielding a net +5.8 kcal mol " stronger binding.

Overall, steric effects outweigh dielectric stabilization in
moderately polar protic solvents, explaining ethanol's stronger
Cd*" binding—relevant to Cd** removal from ethanol-containing
industrial effluents. For these moderately polar solvents, steric
effects are dominant over dielectric effects, implying that solvent
molecular size is an important but frequently overlooked
parameter in MOF-solvent compatibility (Table 3).

3.3. Quantitative structure-property relationships

To establish predictive models for binding energies in arbitrary
solvent environments, we investigated correlations with key
solvent descriptors (Fig. 2).

Correlation with dielectric constant (¢): linear regression of
binding energy versus inverse dielectric constant (1/¢) yields
excellent correlations:

Table 3 Linear regression parameters for binding energy-dielectric
constant relationships®

Functional Slope A Intercept B

group (keal mol ™) (keal mol ™) R
-COOH —1248 —142.5 0.978
-NH, —1089 —125.8 0.982
-OH —983 —113.2 0.968
-NO, —827 —89.4 0.991

“ Note: all correlations are statistically significant at the p < 0.001 level.

46654 | RSC Adv, 2025, 15, 46649-46663

View Article Online

Paper

AGbind =A x (1/8) + B

The excellent R* values (0.968-0.991) show that the inverse
dielectric constant is a reliable predictor of binding energy. The
slope magnitude (A) is directly related to functional group
electron-donating ability: stronger donors have steeper slopes,
indicating greater sensitivity to the dielectric environment. This
relationship predicts binding energies in mixed-solvent systems
using volume-weighted averaging of 1/e values.

To assess whether inverse dielectric constant represents the
optimal predictive descriptor or if alternative solvent polarity
parameters provide comparable or superior correlations, we
have now tested alternative descriptors:

e Gutmann donor number: R” = 0.88-0.91.

e ET(30) parameter: R> = 0.89-0.93.

e Inverse dielectric (1/¢): R* = 0.97-0.99 (best).

Inverse dielectric provides superior predictions, likely
capturing bulk electrostatic effects dominating coordination
thermodynamics.

Correlation with hydrogen bond parameters: to separate
protic versus aprotic effects, we examined correlations with
Abraham's hydrogen bond donor parameter (o):

For protic solvents only (water, ethanol, methanol):

AGping=-C x a+ D

where C ranges from 38-52 kcal mol ™" per « unit (R* = 0.85-
0.93), confirming that hydrogen bond donation capacity
inversely correlates with binding strength. Solvents with
stronger hydrogen bond-donating ability compete more effec-
tively for coordination sites, weakening metal-MOF binding.
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Fig. 2 Binding free energy (AGping) versus inverse dielectric constant
(1/¢) for each functional group with experimental data, regression lines,
and 95% confidence intervals.
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Multivariate correlation model: a comprehensive multivariate
model incorporating dielectric constant, hydrogen bonding, and
dispersion effects achieves superior predictive accuracy:

AGping = ai(1/e) + ax(app) + a3(Bus) + a4

where ayp and fyp are Abraham's hydrogen bond donor and
acceptor parameters, this model yields R* = 0.989-0.995 across
all functional groups, with cross-validated mean absolute errors
of 2.1-3.4 kcal mol '—within experimental measurement
uncertainty for adsorption enthalpies.

3.4. Charge transfer and electronic mechanisms

3.4.1 NBO analysis. Natural bond orbital analysis provides
quantitative insights into electronic reorganization upon Cd>*
binding, revealing fundamental differences between protic and
aprotic environments (Table 4).

3.4.1.1 Key electronic structure insights. (1) Increased charge
transfer in protic solvents: Protic solvents allow for greater
charge transfer (1.07-1.24|e|) than aprotic acetonitrile (0.78-
1.08e|), despite having lower overall binding energies. This
apparent paradox is caused by solvent stabilization of charge-
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separated states. Hydrogen bonding networks in protic media
stabilize the partially negative charge accumulating on Cd>" and
compensate positive charge on electron-depleted functional
groups, resulting in greater electron redistribution. In acetoni-
trile, the lack of hydrogen bonding makes charge-separated
states less stable, limiting charge transfer despite stronger
coordination bonds. This demonstrates that binding energy
and charge transfer are distinct, partially decoupled proper-
ties—binding energy reflects net thermodynamics and charge
transfer quantifies the extent of electronic reorganization.

(2) Charge transfer is functional group dependent. The -
COOH system has the highest charge transfer (1.08-1.24]e|)
across all solvents, which is consistent with its superior electron-
donating capacity and chelation-enhanced orbital overlap. The -
NO, system exhibits minimal transfer (0.78-0.92|e|), indicating
electron withdrawal, which reduces coordination site electron
density. The magnitude of charge transfer has a linear correlation
with binding energy (R* = 0.94), indicating that increased elec-
tron donation strengthens metal-ligand bonds.

(3) Dominant orbital interactions: Second-order perturbation
analysis identifies the primary charge transfer pathway as donation
from functional group lone pairs [r(O) or #(N)] into vacant ¢*(Cd-

Table 4 Natural population analysis charges and charge transfer in Cd?*-MOF complexes®

Functional group Solvent NPA charge Cd** (Je) Charge transfer AQ (|e|) Primary donor orbital E? (kcal mol %)
-COOH]|water +0.76 1.24 n(0) — o*(Cd-0) 87.3
Ethanol +0.82 1.18 n(0) — o*(Cd-0) 82.6
Methanol +0.84 1.16 n(0) — o*(Cd-0) 81.2
Acetonitrile +0.92 1.08 n(0) — ¢*(Cd-0) 76.8
~NH,|water +0.85 1.15 n(N) — o*(Cd-N) 71.4
Ethanol +0.91 1.09 n(N) — o*(Cd-N) 68.2
Methanol +0.93 1.07 n(N) — o*(Cd-N) 66.9
Acetonitrile +1.02 0.98 n(N) — o*(Cd-N) 62.5
—-OH|water +0.93 1.07 n(0) — o*(Cd-0) 64.8
Ethanol +0.98 1.02 n(0) — o*(Cd-0) 61.7
Methanol +1.00 1.00 n(0) — o*(Cd-0) 60.3
Acetonitrile +1.08 0.92 n(0) — o*(Cd-0) 56.9
-NO,|water +1.08 0.92 n(0) — o*(Cd-0) 52.3
Ethanol +1.13 0.87 n(0) — o*(Cd-0) 49.8
Methanol +1.15 0.85 n(0) — o*(Cd-0) 48.6
Acetonitrile +1.22 0.78 n(0) — o*(Cd-0) 45.1

¢ Note: AQ = charge transfer = 2.0 - NPA(Cd*"). E® = second-order perturbation stabilization energy for dominant donor-acceptor interaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0) or ¢*(Cd-N) antibonding orbitals. Stabilization energies (E?)
range from 45-87 kecal mol " and make up 30-45% of total binding
energies. Additional T(C=0) — d(Cd) back-donation (E? = 8-
14 keal mol ") enhances stability in ~COOH systems, explaining
carboxylate superiority. Protic solvents increase £ values by 8-15%
compared to acetonitrile due to hydrogen bonding-induced polar-
ization of donor orbitals, resulting in higher electron density
available for donation. This electronic mechanism explains how
hydrogen bonding—typically viewed as competitive for binding
sites—can simultaneously enhance charge transfer while reducing
net binding energy due to competing solvation effects.

(4) Wiberg bond indices: the calculated bond indices for Cd-
O/Cd-N bonds reveal partial covalent character.

e Carboxylate Cd-O: 0.38-0.42 (strongest covalency).

e Amino Cd-N: 0.31-0.35.

e Hydroxyl Cd-O: 0.28-0.32.

e Nitro Cd-0O: 0.22-0.26 (most ionic).

These values show mixed ionic-covalent bonding, which
aligns with the hard-soft acid-base theory. Hard Cd** ions prefer
hard oxygen donors but also participate in covalent bonds via d-
orbitals. Protic solvents slightly reduce bond indices (by 0.02-
0.04 units) through competitive coordination while maintain-
ing a significant covalent contribution.

3.4.2 Frontier molecular orbital analysis and electronic
origins of binding trends. To complement NBO charge transfer
analysis, we examined frontier molecular orbital energies and
compositions, elucidating electronic origins of functional group
binding preferences. Fig. 3 presents HOMO-LUMO energy

-COOH Functionalized MOF
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diagrams for all functionalized MOFs before and after Cd**
coordination. Key observations include:

(1) LUMO energy correlation with binding strength: Unoc-
cupied Cd*" dorpicars (primarily 5d.%, 5d,_,2) lie at —3.2 to
—2.8 eV. Functional group LUMO energies follow the order:

e —-COOH: —2.31 eV (smallest gap, strongest interaction).

o -NH,: —2.18 eV.

e -OH: —2.24 eV.

e -NO,: —2.67 eV (electron-withdrawing raises LUMO).

The -COOH LUMO energy minimizes the HOMO(MOF)-
LUMO(Cd) gap, facilitating charge transfer through enhanced
orbital mixing per frontier molecular orbital theory.** This
electronic factor contributes 35-40% of the observed binding
energy advantage.

(2) HOMO stabilization upon coordination: Cd*" binding
stabilizes MOF HOMO levels by 0.8-1.3 eV through electron
withdrawal:

e -COOH : HOMO shifts from —6.84 to —7.92 eV (1.08 eV
stabilization).

e -NH,: —6.51 to —7.38 €V (0.87 eV).

e -OH: —6.73 to —7.61 eV (0.88 eV).

e -NO,: —7.12 to —7.84 eV (0.72 eV, least stabilization).

Greater HOMO stabilization correlates with stronger binding
(R?> = 0.93), reflecting electronic reorganization extent.

(3) Solvent effects on orbital energies: Protic solvents elevate
both HOMO and LUMO by 0.3-0.5 eV through dielectric stabi-
lization of ground states, reducing frontier orbital gaps and

enhancing polarizability. This electronic perturbation
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Fig. 3 HOMO-LUMO energy diagrams of functionalized MOFs before and After Cd®* coordination.
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facilitates the enhanced charge transfer observed in protic
media despite overall weaker binding.

(4) Molecular orbital composition analysis: natural bond
orbital (NBO) transformation of canonical orbitals reveals:

¢ —COOH LUMO: 68% O(2p_m*) + 24% C(2p_m*) character —
strong o-donor

e -NH, LUMO: 73% N(2p_rt*) + 19% C(2p_m*) —
moderate o-donor

e —NO, LUMO: 58% O(2p_mt*) + 31% N(2p_m*) —
Tt-acceptor, poor o-donor

The high oxygen p-character in carboxylate LUMO provides
optimal spatial overlap with Cd d-orbitals, complementing
energetic considerations.

This molecular orbital perspective provides electronic-level
rationalization of NBO-derived charge transfer trends, demon-
strating how functional group electronic properties govern
metal binding through both energetic (HOMO-LUMO gaps)
and spatial (orbital composition) factors (Fig. 4).

3.5 Molecular electrostatic potential analysis
MEP surface analysis visualizes the electronic environment

controlling initial Cd*>" recognition and approach trajectories
(Fig. 3).

3.5.1 Key MEP observations. (1) Electrostatic funneling
effect: functionalized MOFs have electronegative regions (red,
—0.045 to —0.072 au) concentrated at coordination site atoms (O or
N), creating “funnels” that guide positively charged Cd*" to binding

F ]
F 0.04

SH
, &

NH»

Epphoopirtial

O

—0.04

—0.08

Water

NH>

Fig. 4 MEP surfaces of Cd?*-MOF complexes for —-COOH, —NH,, —
SH, and —OH groups in water and acetonitrile, color-coded from
nucleophilic (red) to electrophilic (blue).
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pockets. The -COOH system has the highest binding affinity and
the most negative MEP (—0.072 au), whereas -NO, has the lowest
negative potential (—0.038 au), indicating electron withdrawal.

(2) Solvent modulation of MEP: through dielectric screening,
protic solvents reduce MEP magnitude by 18-26% when
compared to the gas phase. Water, with the highest dielectric
constant, has the greatest screening effect (26% reduction),
whereas acetonitrile only reduces by 15-19%. This screening
reduces long-range electrostatic attraction, requiring Cd** to
approach closer before encountering significant binding
forces—a kinetic consideration for practical adsorption rates.

(3) Quantitative MEP-binding energy correlation: linear
regression between minimum MEP value (MEP,,;,) and binding
energy yields:

AGing = —1834 x MEP,i, — 28.6 (R* = 0.96)

This relationship establishes the MEP_min as a computa-
tionally inexpensive screening descriptor. Calculating MEP for
candidate MOF structures (requiring only single-point energy
calculations) allows for quick prediction of binding affinities
without costly geometry optimizations.

(4) Hydrogen bonding visualization: MEP maps of protic
solvents show secondary electronegative regions (pale blue to
green, —0.010 to —0.025 au) around functional groups, which
correspond to hydrogen bonding acceptor sites. The density
and strength of these regions correspond with observed
hydrogen bonding patterns, providing visual confirmation of
solvation shell structures inferred from geometric analysis.

3.6. QTAIM topological analysis

Quantum theory of atoms in molecules analysis of electron
density topology provides rigorous characterization of coordi-
nation bond nature (Table 5).

3.6.1 QTAIM analysis reveals. Analysis of electron density
topology at bond critical points (BCPs) provides rigorous
quantification of coordination bond covalency versus ionicity
(Table 5). Following Bader's QTAIM classification criteria,*
bonds exhibiting positive laplacian (V?p > 0) with negative
energy density (H < 0) represent mixed ionic-covalent char-
acter—the signature of dative coordination bonding.

Comparing representative protic (water) versus aprotic
(acetonitrile) systems for the -COOH functionalization reveals:

Property Water  Acetonitrile Interpretation

p_BCP
(au)

V?p_BCP +0.27384 +0.29813

0.08472  0.09243 +9.1% higher electron density in
acetonitrile indicates stronger, more
covalent bond

Positive Laplacian confirms closed-

(au) shell interaction

H_BCP —0.00180 —0.00182 Negative energy density indicates

(au) covalent stabilization

V|/G 0.975 0.977 Values > 1 would indicate shared-shell
ratio covalency; 0.97-0.98 indicates strong

dative bonding
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Table 5 QTAIM parameters at Cd—O/Cd—N bond critical points®
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System Solvent p_BCP (au) V>p_BCP (au) H_BCP (au) ¢ (ellipticity) Bond character
-COOH/Cd-O Water 0.0847 +0.274 —0.0183 0.08 Mixed ionic-covalent
-COOH/Cd-O Acetonitrile 0.0924 +0.298 —0.0216 0.12 Enhanced covalency
-NH,/Cd-N Water 0.0731 +0.235 —0.0148 0.05 Mixed

-NH,/Cd-N Acetonitrile 0.0798 +0.256 —0.0172 0.09 Mixed

-OH/Cd-O Water 0.0682 +0.219 —0.0129 0.04 Predominantly ionic
-OH/Cd-O Acetonitrile 0.0743 +0.237 —0.0151 0.07 Mixed

-NO,/Cd-O Water 0.0594 +0.187 —0.0096 0.02 Predominantly ionic
-NO,/Cd-O Acetonitrile 0.0651 +0.203 —0.0112 0.03 Predominantly ionic

“ Note: ppcp = electron density at bond critical point; V?ppcp = laplacian of electron density; Hgcp = energy density; 6 = ellipticity.

Quantifying covalency percentage using the relationship:
covalency % = 100 x |V|/(G + |V]), we obtain:

e -COOH/water: 38.9% covalent, 61.1% ionic.

e ~-COOH/acetonitrile: 41.2% covalent, 58.8% ionic.

e —-NH,/water: 32.8% covalent, 67.2% ionic.

e —-NH,/acetonitrile: 35.1% covalent, 64.9% ionic.

e —OH/water: 29.8% covalent, 70.2% ionic.

e —OH/acetonitrile: 32.1% covalent, 67.9% ionic.

e -NO,/water: 23.8% covalent, 76.2% ionic.

e —-NO,/acetonitrile: 26.1% covalent, 73.9% ionic.

Covalency percentages correlate strongly with Wiberg bond
indices (R* = 0.96) and binding energies (R*> = 0.94), confirming
descriptor consistency. Acetonitrile shows a 2-3% covalency
increase due to shorter Cd-O bonds (by 0.05-0.06 A), enhancing
orbital overlap despite lower charge transfer.

Cd-ligand bonds exhibit mixed ionic-covalent character (24-
41% covalent): strong enough for effective capture yet suffi-
ciently ionic for reversible regeneration via pH or chelation.
Covalency follows binding strength (-COOH > -NH, > -OH > -
NO,), with covalent contributions accounting for 30-45% of
total binding. Electron-withdrawing -NO, groups yield the most
ionic bonds (74-76%) and weakest binding energies.

Table 6 Thermodynamic decomposition of Cd®* binding at 298.15 K“

3.7. Thermodynamic decomposition: enthalpy-entropy
analysis

Table 6 presents the complete thermodynamic decomposition
of binding free energies into enthalpic and entropic compo-
nents, providing insights into the driving forces and tempera-
ture dependence of Cd*" coordination.

3.71 Key thermodynamic insights. (1) Enthalpy-
dominated binding: binding is mainly enthalpic (84-89%),
driven by coordination and electrostatic interactions, ensuring
stability over 15-80 °C.

(2) Consistent entropic cost: all systems show similar entropy
losses (24-27 kcal mol; 80-92 cal mol ' K™ '), slightly lower in
water due to pre-organized solvation.

(3) Functional group effect: stronger binders (-COOH, -NH,)
have higher entropic penalties (87-92 cal mol ' K™ ') but greater
enthalpic gains than weaker groups (-NO,: 80-81 cal mol * K™ ).

(4) Solvent influence: acetonitrile incurs slightly larger
entropy losses (+2-4 cal mol™' K ') than water, with minimal
impact at room temperature.

(5) Temperature dependence: AG weakens with increasing T
(=-AS): binding decreases by ~2 kcal mol™* at 50 °C and
~5 keal mol ™" at 75 °C, but strengthens by ~2 kcal mol " at 0 ©

AHping TASbind AGpind Sbind
Functional group Solvent (kcal mol ) (keal mol ™) (kcal mol ™) Enthalpy % Entropy % (cal mol ' K1)
-COOH Water —183.4 +26.6 —156.8 87.3 12.7 —89.2
Ethanol —214.6 +27.3 —187.3 88.7 11.3 -91.6
Methanol —207.5 +26.1 —181.4 88.8 11.2 —87.6
Acetonitrile —225.8 +27.3 —198.5 89.2 10.8 —-91.6
-NH, Water —164.7 +26.3 —138.4 86.2 13.8 —88.2
Ethanol —193.0 +27.3 —165.7 87.6 12.4 -91.6
Methanol —186.2 +26.4 —159.8 87.6 12.4 —88.6
Acetonitrile —201.6 +27.3 —-174.3 88.1 11.9 —-91.6
-OH Water —149.8 +24.9 —124.9 85.8 14.2 —83.5
Ethanol —175.2 +25.6 —149.6 87.3 12.7 —85.9
Methanol —169.5 +25.3 —144.2 87.0 13.0 —84.9
Acetonitrile —184.3 +25.6 —158.7 87.8 12.2 —85.9
-NO, Water —122.6 +23.9 —98.7 83.7 16.3 —80.2
Ethanol —142.6 +24.2 —118.4 85.5 14.5 —81.2
Methanol —138.1 +24.2 —113.9 85.1 14.9 —81.2
Acetonitrile —151.8 +24.2 —127.6 86.2 13.8 —81.2

“ Note: enthalpy % = 100 x |AH|/(|AH| + |TAS|); entropy % = 100 x |TAS|/(|AH| + |TAS]).
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C—suggesting low-T adsorption and high-T desorption enable
easy regeneration (~10-12 kcal mol™" reduction).
(6) Experimental agreement: calculated AH (—46 kcal mol ™"
per site) matches experimental values (—41 to —52 kecal mol ™).
Overall, binding is enthalpy-driven with predictable
temperature and solvent effects, guiding design of efficient,
thermally regenerable Cd*>" adsorbents.

3.8. Comparison with experimental data

Our computational predictions are remarkably consistent with
available experimental observations, validating methodology
and providing mechanistic explanations for experimental
trends.

(1) Functional group preferences: Saleem et al.** found that
Cd** adsorption capacities for UiO-66 derivatives were ~-COOH
(268 mg g 1), -NH, (195 mg g '), and ~OH (142 mg g~ '), which
matched our predicted binding energy ranking. Our calcula-
tions provide a molecular-level explanation. Carboxylate chela-
tion and improved electron donation mechanisms.

(2) Liu et al.** found that Cd** uptake was faster in ethanol
than in water (rate constants: 0.145 vs. 0.089 min~ '), confirming
our prediction of stronger binding in ethanol (—187.3 wvs.
—156.8 kcal mol™"). While our calculations focus on thermo-
dynamics, stronger binding is typically associated with lower
activation barriers for adsorption.

(3) Structural parameters: EXAFS measurements on Cd>'-
loaded MOF-5 derivatives®® reported Cd-O coordination
distances of 2.31 + 0.04 A, which are in excellent agreement
with our computed values (2.26-2.36 A). The small discrepancy
falls within the combined computational and experimental
uncertainties, which validate structural predictions.

(4) Isothermal titration calorimetry of Cd** binding to
carboxylate-functionalized materials in water yields AH = —41
to —52 kcal mol ' per metal ion.”’ Our calculated values
(—183.4 kcal mol " total) correspond to ~46 kcal mol ' per
coordinating carboxylate (assuming 4 coordination sites),
which match experimental ranges despite differences in MOF
architecture and degree of hydration.

(5) Solvent polarity trends: batch adsorption experiments
across water-ethanol mixtures®® show a monotonic increase in
Cd** removal with ethanol content, exactly as predicted by our

View Article Online
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dielectric constant correlation model. Our quantitative struc-
ture-property relationships allow interpolation for any solvent
composition encountered in industrial settings.>***

To validate computational predictions against experimental
reality, Fig. 5 presents systematic comparisons across three
complementary dimensions: energetics, structure, and perfor-
mance metrics.

3.9. Practical implications for water treatment

This study's comprehensive insights are directly applicable to
industrial water treatment design principles and operational
strategies.

(1) Optimal functionalization strategy: for aqueous waste-
water (municipal, cooling, and mining effluents): -COOH
functionalized MOFs achieve 156.8 kcal mol ' binding
strength, which is 26% higher than alternatives. Even at low Cd
concentrations (<10 mg L), effective capture is possible due to
strong binding in the competitive aqueous environment.

For alcohol-containing wastewater (pharmaceutical and
fermentation industries), -COOH functionalization provides
187.3 kcal mol™" (ethanol) and 181.4 kcal mol™" (methanol)
binding, resulting in a 19-26% performance improvement over
aqueous systems. This allows for reduced adsorbent dosage or
shorter contact times to achieve equivalent removal efficiencies.

For acetonitrile-containing wastewater (chemical synthesis,
HPLC laboratories): the maximum binding strength
(198.5 keal mol ™" for ~-COOH) allows for ultra-efficient removal,
potentially achieving ppb-level cleanup. However, strong
binding can complicate adsorbent regeneration, necessitating
careful planning of regeneration protocols.

(2) Design of a mixed-solvent system. Industrial wastewaters
frequently include aqueous-organic mixtures. Our dielectric
correlation model allows the prediction of binding energies in
mixed systems:

AGbind(mixture) =A4 x (l/é‘eff) + B

where e.ir = Z(x; X ¢;) for volume fractions x; of components i.

A 70:30 (v/v) water: ethanol mixture (e.f = 60) predicts —
COOH binding energy of —165 kcal mol ', which is validated by
experimental adsorption in mixed media. This predictive

(a) Binding Enthalpies (b} Structural Parameters () Adsorption Capacities
20 2.81 61
= 154 S 2.74 5 5
5 3 5
£ 10- E 2% g 4
g g 2
i & 2] =
5+ y=097x+14 y =0.98x + 0.04 3 y=1.03x-82
R2=0.91 24 R2=0.94 R2=0.89
2_
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0 15 20 2.1 22 238 100 200 400
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Fig. 5 Validation of computational results against experiments: (a) calculated vs. experimental binding enthalpies from ITC and TPD; (b) Cd-O
coordination distances from EXAFS; (c) predicted vs. measured Cd?" adsorption capacities of functionalized MOFs in aqueous media.
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capability allows for process optimization without extensive
experimental screening.

(3) Regeneration considerations: strong binding energies are
a double-edged sword: they allow for excellent capture but may
make regeneration difficult. A comparison of binding strength
and regeneration requirements suggests:

e For systems with a kcal mol ' value below —120, pH
adjustment (pH 2-3) or chelator addition (EDTA) can improve
desorption.

e For systems ranging from —120 to —180 kcal mol ", it is
recommended to use solvent exchange (water — ethanol) and
pH adjustment.

e For systems with a kcal mol " value greater than —180,
consider thermal regeneration at 60-80 °C or accepting single-
use applications.

(4) Selectivity enhancement: functional group-specific
binding energy differences allow for selectivity tuning. For
wastewater with multiple metal ions:

e Comparison of Cd** and Ca®*/Mg>" as common inter-
ferents. -COOH groups preferentially bind soft Cd** over hard
alkaline earth metals by 40-60 kcal mol ', with selectivity
factors greater than 100.

e Cd** vs. Pb*/Cu®": all transition metals have similar
affinities; selectivity requires pore size tuning, not functionali-
zation alone.

e pH-based speciation: at pH > 7, Cd(OH)" formation reduces
binding by 15-20 kcal mol*, with optimal performance at pH
5-6.

(5) Cost-performance optimization: stronger binding MOFs
(-COOH, -NH,) are 30-50% more expensive to synthesize than
simple ~OH functionalization. However, their 20-26% stronger
binding allows for proportionally lower adsorbent dosage,
resulting in net cost savings of 10-25% in large-scale opera-
tions. For all but the most price-sensitive applications, life cycle
analysis that takes into account synthesis, operation, and
regeneration favors -COOH functionalization.

(6) Real-world case studies:

e Aqueous electroplating wastewater with a pH of 4-6 and Cd
levels ranging from 50-200 mg L™ ~COOH MOF recommended,
contact time 45 minutes, achieving >99% removal.

e The pharmaceutical effluent contains 60% water, 30%
ethanol, and 10% acetonitrile, with a Cd concentration of 5—
20 mg L' ~-COOH MOF with lower dosage due to improved
binding in mixed media.

e For mining runoff (aqueous, pH 3-5, high Ca*>*/Mg>*, Cd**
1-10 mg LY), use -COOH MOF with selectivity and pH
adjustment to 5.5 for optimal results.

3.10. Limitations and future research directions

While this study provides comprehensive insights, several
limitations deserve recognition and suggest avenues for future
research:

(1) Cluster model approximations: finite cluster models
ignore the long-range electrostatic effects and periodic
boundary conditions found in extended MOF crystals. Future
periodic DFT calculations using plane-wave basis sets and VASP
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or CP2K codes could capture these effects, but at a 10-100x
computational cost. However, validation against experimental
structural parameters indicates that cluster models adequately
capture local coordination chemistry relevant to binding
energetics.

(2) Limitations in implicit solvation: the SMD continuum
model does not account for explicit solvent molecules that can
coordinate Cd>" or participate in the first solvation shell
hydrogen bonding. Hybrid QM/MM approaches that combine
explicit first-shell solvation and implicit bulk treatment would
provide a more rigorous description. Preliminary tests with 6
explicit water molecules revealed 3-7 kcal mol * binding energy
modifications—significant but not qualitatively affecting
conclusions.

(3) Dynamic and kinetic effects: static DFT calculations
provide thermodynamic equilibrium data but ignore kinetic
aspects that influence practical adsorption rates. Ab initio
molecular dynamics (AIMD) simulations would reveal diffusion
barriers, binding/unbinding kinetics, and temperature-
dependent dynamical effects. AIMD studies at 298-353 K will
look into activation barriers and residence times.

(4) Multi-metal competition: real wastewater contains
multiple metal ions that compete for binding sites. Adding
calculations for Pb>*, Cu®*, Zn>*, and interferent Ca>‘/Mg**
would reveal selectivity patterns and competitive adsorption
isotherms. Machine learning models trained on expanded
metal datasets can predict selectivity for
combination.

(5) pH effects and speciation: the study assumes Cd>" is the
dominant species. pH-dependent speciation generates
Cd(OH)", Cd(OH),, and Cd(OH);", each with unique binding
affinities. Including speciation equilibria and calculating
binding for each species would allow pH-optimized process
design. Pourbaix diagram construction for Cd-MOF systems is
a highly valuable extension.

(6) Experimental validation priority: while computational
predictions are consistent with available data, a systematic
experimental synthesis of the four functionalized MOFs with
controlled testing across the four solvent systems would provide
definitive validation. Collaboration efforts to link our compu-
tational predictions with experimental characterization (XRD,
EXAFS, adsorption isotherms, and kinetics) are currently
underway.

(7) Machine learning integration: the structure-property
relationships established here facilitate the training of machine
learning models (neural networks, Gaussian process regression)
for high-throughput screening. A database of 10000 or more
MOF structures with calculated binding energies would enable
the identification of optimal candidates beyond the four func-
tionalizations studied here. Active learning approaches that
iteratively select the most informative calculations could speed
up this process.

(8) Sustainability assessment: future work should include
a life cycle assessment (LCA) that compares MOF-based reme-
diation to traditional technologies. While MOFs provide supe-
rior performance, a comprehensive environmental footprint

any metal
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that includes synthesis energy, solvent usage, and regeneration
impacts is critical for technology deployment decisions.

4. Conclusions

This DFT investigation elucidates molecular origin for Cd**
coordination in functionalized MOFs in water, alcohols, and
acetonitrile by an validated integrated NBO-QTAIM-MEP
approach supported by experiments. Solvent polarity is the
most important solvent effect: binding is enhanced by 21-29%
in low-polarity aprotic solvents, and adsorption energies follow
a linear trend with 1/e, which may be used for modeling mixed-
solvent based wastewaters. -COOH is the best functionality for
all media due to bidentate chelation and largest charge transfer,
and -NH,, -OH, and -NO, cause weaker bonding. Protic
solvents promote electron redistribution upon proton donation
via hydrogen-bond networks albeit diminishing binding,
a mechanistic difference from the covalency promoting nature
of aprotic solvents and the ionic character enhancing properties
of protic solvents. It also implies Cd-ligand interactions are
tightly controlled from purely ionic towards mixed ionic-cova-
lent interactions; the known predictable, thermally induced
weakening (4.5-5.4 kcal mol ™" per 50 °C) of these interactions
leads to efficient regeneration and suggests reversible capture.

On the whole, the study provides statistically robust design
guidelines to be followed for MOF-based Cd** remediation: -
COOH groups offer the best performance in aqueous media
(~26% enhancement), isopropanol-containing wastewaters
attain a 19-26% higher uptake, while binding is maximized in
aprotic effluents but desorption is thermal. This integrated
multi-solvent model - the first of its kind - is predictive (R> =
0.89-0.94, + 6.2 kecal mol " uncertainty) and may be generalized
to other toxic metals and pollutants, offering a scalable
approach for cost-effective, data-driven materials development.
Future extensions include experimental validation, ML
screening of large MOF libraries, modeling of multi-metal
competition, and techno-economic analysis.
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