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of 0.0003 e Å�3), respectively, for the AA-stacked systems of (a) BN[1,2],
(b) BN[0,0], (c) BN[3,3], and (d) BN[0,3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

Figure 3.27. (a) Band structure of the –H system (slipped at (0.034, 0.058)) and the
similarity matrices among the (b) AA-stacked (using 5 frontier bands), and
(c) slipped (at (0.034, 0.058); calculated using 2 frontier bands) –H and
BN systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Figure 4.1. Schematic illustration of the structure of MOF-808. The large adamantane-
shaped pores (LPs) and small tetrahedral-shaped pores (SPs) are indicated
by the orange and yellow balls, respectively. Color code: C, black; O, red;
Zr, cyan. Hydrogen atoms are omitted for clarity. . . . . . . . . . . . . . . . . . . . . . 127

Figure 4.2. Thermodynamic cycles illustrating ion hydration in different environments. 129

Figure 4.3. Structural and dynamical properties of water molecules with Li+ ion in
bulk water (Bulk) and confined within the LP of MOF-808 (MOF). . . . . . 131

Figure 4.4. (a) Free-energy change (DGLP!SP) for the transfer of a single Li+, Na+,
and K+ ion from an LP to an SP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

Figure 4.5. Potential of mean force (PMF) for a water molecule transferring from a
hydrated LP (negative x ) to a dehydrated SP (positive x ). . . . . . . . . . . . . . 136

Figure 4.6. Potentials of mean force (PMFs) (solid lines, left y-axis) and corresponding
coordination numbers (CNs) (filled circles, right y-axis) for a single Li+
(a), Na+ (b), and K+ (c) ion transferring from a hydrated LP (negative x )
to a dehydrated SP (positive x ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Figure 4.7. Potentials of mean force (PMFs) (solid lines, left y-axis) for a water
molecule transferring from a hydrated LP (negative x ) to a dehydrated SP
(positive x ) containing a single Li+ (a), Na+ (b), and K+ (c) ion. . . . . . . . 141

Figure 4.8. Structural illustration of the MOF-808 (a) SBU and (b) benzene-1,3,5-
tricarboxylate (BTC) organic linker with specific atom types used for force
field parameters indicated. Color scheme: Zr = green, O = red, C = brown,
H = white. Figures are adapted from Ref. 75. . . . . . . . . . . . . . . . . . . . . . . . . 145

xi



Figure 4.9. Comparison of the change in Gibbs free y of hydration (DDGsolv), taking
the DGbulk

solv as a reference, for different ions (Li+, Na+, and K+) in various
pore environments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Figure 4.10. (a) Truncated structure of the target SP (only BTC linkers are shown for
clarity) where the carbon atoms that are highlighted in yellow and green
are used to define the position of the W, while those in blue and green are
used to define the center of the target SP. . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

Figure 4.11. Structural and dynamical properties of water molecules with Na+ ion in
bulk water (Bulk) and confined within the LP of MOF-808 (MOF). . . . . . 162

Figure 4.12. Structural and dynamical properties of water molecules with K+ ion in
bulk water (Bulk) and confined within the LP of MOF-808 (MOF). . . . . . 163

Figure 4.13. Radial distribution functions (RDFs), g(r), for Li+, Na+, and K+ interac-
tions with different MOF atoms under varying environments: Large Pore
(LP, left column), Dehydrated small pore (Dehydrated SP, middle column),
and hydrated small pore (hydrated SP, right column). . . . . . . . . . . . . . . . . . 164

Figure 4.14. Time evolution of the oxygen and hydrogen distances (d) of the water
molecules within an SP containing a Na+ (left) and K+ (right) relative to a
carbon atom of a BTC benzene ring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

Figure 4.15. Potentials of mean force (PMFs) for water molecules transferring from a
hydrated LP (negative x ) to a dehydrated SP (positive x ). . . . . . . . . . . . . . 165

Figure 4.16. Potentials of mean force (PMFs) for water molecules transferring from a
hydrated LP (negative x ) to a dehydrated SP (positive x ). . . . . . . . . . . . . . 166

Figure 4.17. Potentials of mean force (PMFs) (solid lines, left y-axis) and corresponding
coordination numbers (CNs) (filled circles, right y-axis) for a single Li+
(a), Na+ (b), and K+ (c) ion transferring from a hydrated LP (negative x )
to a dehydrated SP (positive x ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

Figure 4.18. Potentials of mean force (PMFs) (solid lines, left y-axis) for a water
molecule transferring from a hydrated LP (negative x ) to a dehydrated SP
(positive x ) containing a single Li+ (a), Na+ (b), and K+ (c) ion. . . . . . . . 168

xii



LIST OF TABLES

Table 2.1. PBE+U-D3(BJ)-evaluated effective masses calculated at G unless otherwise
specified, for the DCuPc-APyrDI-COFs of the monolayer, eclipsed, staggered
I, and staggered II configurations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Table 2.2. PBE-D3(BJ)-evaluated effective masses calculated at G unless otherwise
specified, for the DCuPc-APyrDI-COFs of the monolayer, eclipsed, staggered
I, and staggered II configurations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

Table 3.1. The intra- and inter-layer electron transfer integral t values (in eV) for the –H
and BN[1,2] systems, under AA or slipped-stacked stacking configurations,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

Table 3.3. PBE-D3(BJ) evaluated bandgaps (direct) and effective masses of the D-A
COFs under AA stacking, including –H, –CN, –F, and –OH. . . . . . . . . . . . . 100

Table 3.4. HSE06-D3(BJ) evaluated bandgaps (direct) and effective masses of the D-A
COFs under AA stacking, including –H, –CN, –F, and –OH. . . . . . . . . . . . . 100

Table 3.5. PBE-D3(BJ) evaluated indirect (up) and direct (bottom) bandgaps and
effective masses of the D-A COFs under the slipped stacking whose energy
is minimal in the PES contours (as indicated by the star in Figure 3.10),
including –H, –CN, –F, and –OH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

Table 3.6. HSE06-D3(BJ) evaluated indirect (up) and direct (bottom) bandgaps and
effective masses of the D-A COFs under the slipped stacking whose energy
is minimal in the PES contours (as indicated by the star in Figure 3.10),
including –H, –CN, –F, and –OH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

Table 3.7. PBE-D3(BJ) evaluated bandgaps (direct) and effective masses of the D-A
COFs under AA stacking, including –H and the BN systems. . . . . . . . . . . . . 106

Table 3.8. PBE-D3(BJ) evaluated bandgaps (direct) and effective masses of the D-A
COFs under the slipped stacking which correspond to fractional displace-
ments of (0.034, 0.058), including –H and the BN systems. . . . . . . . . . . . . . . 107

Table 3.9. The estimated ionization potential (IP), electron affinity (EA), fundamental
gap (Eg), and the exciton binding energy (Eb) (all in eV) for the representa-
tive monolayer systems of –H, –CN, and BN[1,2]. . . . . . . . . . . . . . . . . . . . . . 110

Table 4.1. Partial charge and Lennard-Jones parameters. . . . . . . . . . . . . . . . . . . . . . . . . . 147

Table 4.2. Bond potentials: U(r) = 1
2Ki j(r� r0)2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

Table 4.3. Angle bending potentials: U(q) = 1
2Kjik(q �q0)2. . . . . . . . . . . . . . . . . . . . . . 148

xiii



Table 4.4. Dihedral angle potentials: U(f) = Ki jkl [1+ cos(Nf �c)]. . . . . . . . . . . . . . . 149

Table 4.5. Improper dihedral angle potentials: U(f) = Ki jkl [1+ cos(Nf �c)]. . . . . . . 150

Table 4.6. Comparison of experimental (measured at 100.15 K) and simulated lattice
parameters with 95% confidence interval (NPT at 100.15 K). . . . . . . . . . . . . 150

Table 4.7. Hydration free energies (kcal/mol) of various cations in different environ-
ments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

Table 4.8. Calculated t⇤ values for various ions for first hydration shell in bulk water. . 155

Table 4.9. Residence time for water molecules in the first hydration shells of Li+, Na+,
and K+ in bulk water and MOF-808. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

Table 4.10. Diffusion coefficients of ions in different environments . . . . . . . . . . . . . . . . . 158

Table 4.11. Change in different thermodynamic quantities (DG, DH and T DS) for the
ions going from LP to (de)hydrated SP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

Table 4.12. The relaxed sizes of the target SP and W (in parentheses), with sample
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PREFACE

This dissertation reflects my journey through the intersection of theory, simulation, and

materials design and discovery over the past several years. From the beginning of my PhD, I was

drawn to further understanding the underlying physical and chemical mechanisms of various

interesting processes and materials, especially within the context of functional nanoporous

materials.

The work presented here is the result of both curiosity-driven inquiry and collaborative

effort. Chapters of this thesis are focused on two major directions: (i) investigating the influence

of chemical composition and structural motifs on the electronic, transport, and photophysical

properties of covalent organic frameworks (COFs), and (ii) uncovering the thermodynamic and

kinetic mechanisms governing water and ion uptake in metal-organic frameworks (MOFs). These

systematic studies leverage a range of computational tools, including density functional theory,

molecular dynamics, and enhanced sampling techniques.

Some of the chapters are based on manuscripts that have been published or submitted

for publication. Where applicable, co-authors are acknowledged, and permissions have been

obtained for reproduction. I have taken care to integrate these works into a cohesive narrative

while maintaining the scientific integrity of the original studies.

Writing this thesis has offered a chance to reflect on not only the technical and scientific

outcomes but also the process of becoming a more thoughtful, rigorous, and open-minded

researcher. I hope that the ideas and findings presented here can contribute to the broader under-

standing and design of next-generation functional nanoporous materials for energy conversion

and storage, as well as ion-mining applications.
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The urgent global challenges of clean energy production and sustainable resource extrac-

tion have driven the search for advanced materials capable of addressing these needs. This disser-

tation focuses on two classes of nanoporous crystalline materials, covalent organic frameworks

(COFs) and metal–organic frameworks (MOFs), to uncover the subtle composition–structure–

property relationships that govern their electronic and photophysical properties in COFs, and

the thermodynamics of ion uptake behavior in MOFs. By applying various appropriate levels

of theory and methods for the systems of interest, including density functional theory (DFT),

molecular dynamics, and enhanced sampling techniques, this work sheds lights on the electronic
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properties of COFs and the thermodynamics of ion transport in MOFs.

In the first part of the study, we investigate how interlayer stacking modulates charge

transport in donor–acceptor 2D COFs. The results reveal that structural changes in stacking

can result in dramatic tuning in electronic behavior, from delocalized, metallic-like transport to

highly localized states with flat bands. These findings highlight the critical role of interlayer

interactions in mitigating defect-induced trap states and enhancing charge mobility.

The second part expands this understanding by exploring how chemical composition,

functionalization, and lattice symmetry influence stacking preferences and the resulting opto-

electronic properties. We find that while van der Waals forces generally favor slipped stackings,

functional group-specific electrostatics dominate the degree of slipping and symmetry breaking.

Breaking lattice symmetry via backbone functionalization emerges as an effective strategy for tun-

ing transport and photophysical properties, providing novel design principles for photocatalytic

COFs.

Finally, we perform molecular dynamics simulations with enhanced sampling techniques

and free energy calculations to investigate alkali metal ion uptake in MOF-808 from dilute

aqueous solutions. We find that the small pore confinement leads to strong ion-specific ther-

modynamic and kinetic preferences, governed by a balance between dehydration penalties and

confinement-driven stabilization. These insights lay the groundwork for designing MOFs with

improved selectivity for critical metal recovery.

Together, this work provides a detailed electronic- and molecular-level framework for

understanding and engineering the composition–structure–property relationships in COFs and

MOFs, advancing their potential applications in electronics, photocatalysis, and sustainable ion

capture from seawater.
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Chapter 1

Introduction

1.1 Motivation

The growing global energy demand, combined with the severe environmental pollution

due to the combustion of depleting fossil fuels, has made the development of renewable and

sustainable energy technologies a critical priority.1–3 Modern civilization still relies heavily

on fossil fuels — coal, petroleum, and natural gas — to meet its energy needs, accounting for

approximately 80% of local or global energy consumption.1 The combustion of these fuels not

only releases vast amounts of carbon dioxide, driving climate change, but also contributes to air

and water pollution, resource depletion, and geopolitical tension. As fossil fuel reserves diminish

and climate goals become increasingly urgent, there is a clear imperative to transition toward

clean energy sources.

In this context, solar energy represents a particularly attractive solution to this crisis.1,4,5

It is the most abundant renewable energy resource available, with the potential to supply global

energy needs more sustainably. Advances in photovoltaic and photocatalytic technologies have

significantly improved conversion efficiencies and reduced costs, making solar power a viable

option for both centralized and decentralized energy systems.6–9 However, one of the major

limitations of solar energy is its intermittency — solar power generation depends on the time of

day and weather conditions. To address this issue, effective energy storage systems are essential

to ensure a stable and reliable power supply.
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To this end, lithium-ion batteries (LIBs) have emerged as a dominant technology for en-

ergy storage, owing to their high energy density, long cycle life, and rapidly declining costs.10–13

They are already widely used in portable electronics, electric vehicles, and increasingly in

grid-scale storage applications. Nevertheless, further improvements are required in terms of

capacity, charge/discharge rates, stability, and safety to fully realize their potential in future

energy systems. The performance of both solar energy devices and batteries is intimately tied to

the properties of the materials they employ. As such, discovering and optimizing new materials

with enhanced functionality is central to advancing energy-related technologies.

For example, nanoporous materials, such as metal–organic frameworks (MOFs) and

covalent organic frameworks (COFs), have attracted considerable attention.14–16 These materials

possess highly ordered crystalline structures with well-defined pores on the nanometer scale.

Their modular architectures allow for precise control over chemical composition, pore size, sur-

face functionality, and framework topology. Such tunability makes MOFs and COFs promising

platforms for applications in gas adsorption, separation and storage, catalysis, sensing, as well as

energy conversion and storage.17–19

Specifically, MOFs have been proposed as hosts for solid-state electrolytes, offering

pathways for ion conduction while maintaining chemical and mechanical stability.20,21 They

have also been explored as precursors to conductive carbon composites in battery electrodes.22

COFs, on the other hand, with their extended p-conjugated systems and all-organic backbones,

exhibit excellent thermal stability and can support charge transport — making them promising

candidates for use in organic electronic devices, supercapacitors, and photocatalysts.23–25 More-

over, both MOFs and COFs offer opportunities for post-synthetic modification, allowing for

further functionalization to enhance performance in various applications.26–29

In addition, COFs are gaining increasing attention for their electronic and photophysical

properties. Due to their extended conjugation and crystallinity, COFs often exhibit semicon-

ducting behavior and can support efficient charge transport through their frameworks. This

makes them promising candidates for applications in organic electronics, including field-effect
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transistors, light-emitting diodes, and sensors.30,31 Furthermore, COFs have been successfully

integrated into photocatalytic systems for solar fuel production and pollutant degradation, benefit-

ing from their high surface area, tailored band structures, and visible-light absorption capabilities.

By incorporating donor-acceptor units, redox-active sites, or metal complexes into the backbone,

COFs can be designed to mediate photoinduced charge separation and catalyze important redox

reactions.32,33 These features position COFs as a versatile class of materials with potential impact

across energy conversion, environmental remediation, and device technologies.

Furthermore, the growing demand for lithium, driven largely by the proliferation of LIBs

in electric vehicles and grid storage systems, presents additional challenges for sustainability.

Lithium resources on land are geographically concentrated, with significant deposits in regions

such as the Lithium Triangle in South America, China, and Australia.34 This uneven distribution

raises concerns about supply security, geopolitical dependency, and the environmental impact

of conventional lithium mining. Moreover, traditional mining methods are water- and energy-

intensive and can lead to ecological degradation.

As a result, there is growing interest in extracting lithium from unconventional sources

such as seawater, which contains vast but dilute quantities of lithium ions.34–36 Although the

total amount of lithium in seawater is practically inexhaustible, the concentration is very low

(approximately 0.2 ppm). Therefore, the development of materials and technologies that can

selectively capture lithium from such dilute aqueous solutions could provide a more sustainable

and widely accessible alternative to land-based mining.

In this context, MOFs have shown great promise due to their high surface area, tunable

functionality, and potential for ion-selective uptake.37,38 MOFs can be engineered with specific

binding sites that preferentially coordinate lithium ions over competing cations such as sodium,

magnesium, and calcium. Their modular architecture allows for both experimental tuning and

computational screening to optimize performance. Thus, MOFs represent a promising platform

for enabling environmentally friendly and scalable lithium recovery from seawater.

Given the vast design space and the complexity of interactions within these materials,
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experimental discovery and optimization alone can be time-consuming and resource-intensive.

Computational approaches play a critical role in accelerating the development of functional

nanoporous materials. This thesis focuses on the application of theoretical and computational

methods to gain electronic- and molecular-level insights into the behavior of COFs and MOFs

for their charge transport and photocatalytic performance, as well as ion transport and mining

activity, respectively. The integration of electronic structure calculations, molecular dynamics

simulations, and enhanced sampling techniques enables the characterization of properties and

processes that are difficult and challenging to probe experimentally, and in turn provide physical

insights and design principles for next-generation of functional nanoporous materials.

The remainder of this chapter introduces the computational tools employed throughout

the thesis, with consideration for balancing computational cost and the desired level of physical

and chemical accuracy. Section 2 presents the foundational principles of Density Functional

Theory (DFT), a quantum mechanical framework for modeling electronic structure. Section 3

describes classical molecular dynamics and the force field formalism used to model large-scale

atomistic systems. Section 4 introduces enhanced sampling techniques, particularly umbrella

sampling, used to probe the free energy profiles and analyze rare events. Together, these tools

form a comprehensive computational toolbox for understanding and engineering nanoporous

materials for clean and renewable energy applications.

1.2 Density Functional Theory

Density Functional Theory (DFT) is a first-principles quantum mechanical method

used to investigate the electronic structure of atoms, molecules, and solids.39–41 In contrast to

wavefunction-based methods, DFT reformulates the many-body Schrödinger equation using the

electron density n(r) as the fundamental variable.

The first Hohenberg–Kohn theorem establishes that, for any system of interacting particles

in an external potential, the external potential is a unique functional of the electron density (up to
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a constant). This implies that all ground-state observables are functionals of the electron density.

The second Hohenberg–Kohn theorem introduces a variational principle for the energy functional:

the correct ground-state electron density minimizes the total energy functional.42 Together, these

theorems provide the formal foundation for replacing the many-body wavefunction with the

electron density as the central variable in quantum mechanical calculations, leading to substantial

simplification for many-electron systems.

Based on these, the Kohn–Sham (KS) approach further introduces a fictitious system

of non-interacting electrons that produce the same ground-state density as the real interacting

system.43 The KS equations are:


� h̄2

2m
—2 + veff(r)

�
yi(r) = eiyi(r), (1.1)

where veff(r) is the effective potential composed of:

veff(r) = vext(r)+
Z n(r0)

|r� r0|dr0+ vxc(r). (1.2)

Here ei is the orbital energy of the corresponding KS orbital yi, and the density for the

N-particle system is given as:

n(r) =
N

Â
i
|yi(r)|2. (1.3)

The total energy functional is expressed as:

E[n] = Ts[n]+Eext[n]+EH [n]+Exc[n], (1.4)

where Ts[n] is the kinetic energy of non-interacting electrons, EH [n] is the classical electrostatic

energy, and Exc[n] is the exchange-correlation (XC) energy.

The XC potential vxc(r) is expressed as the first derivative of the XC energy Exc[n] with
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respect to the density n(r):

vxc(r)⌘
dExc[n]
dn(r)

. (1.5)

Although the KS equations are exact, the exact form and expression of the XC potential

vxc(r) and the corresponding XC energy Exc[n] are unknown, thus approximations are needed and

proposed to solve the KS equations. Several levels of approximation for the XC functional exist,

collectively referred to as Jacob’s ladder, with each rung incorporating increasingly sophisticated

information about the electronic density:44

• Local Density Approximation (LDA): Assumes the XC energy at each point depends

only on the local electron density, as in a uniform electron gas.

• Generalized Gradient Approximation (GGA): Incorporates the gradient of the electron

density to account for its spatial variation; common examples include PBE and BLYP.

• Meta-GGA: Builds upon GGA by including higher-order terms such as the kinetic energy

density; notable examples are SCAN and TPSS.

• Hybrid Functionals: Combine GGA or meta-GGA with a fraction of exact exchange from

Hartree–Fock theory to reduce self-interaction errors; examples include B3LYP, PBE0,

and HSE06.

• Double Hybrids: Incorporate both exact exchange and perturbative correlation corrections,

such as second-order Møller–Plesset (MP2) contributions.

In this thesis, the GGA functional of PBE45 is often used for the calculations of two-

dimensional (2D) COFs due to its good balance between accuracy and computational cost.

Geometry optimizations, electronic structure calculations, and partial charge analysis are per-

formed to investigate the complicated relationships among chemical composition, lattice structure,

interlayer stacking, symmetry, and the electronic, transport, as well as photophysical properties
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of 2D COFs. Usually, the van der Waals (vdW) interactions in the systems are better described

by using the dispersion-corrected functionals such as DFT-D3(BJ).46–48 For better band gap

estimation and orbital energetics, HSE06 is often used as a reference.49,50

1.3 Force Fields and Molecular Dynamics

Molecular dynamics (MD) simulations provide insights into the time evolution of molec-

ular systems based on classical Newtonian mechanics. In these simulations, atoms interact via

predefined potential energy functions (PEFs) known as force fields. The total potential energy of

the system is often modeled as:51

U =Ubond +Uangle +Udihedral +UvdW +Uelec. (1.6)

Bonded terms capture covalent interactions:

Ubond = Âkb(r� r0)
2. (1.7)

Uangle = Âkq (q �q0)
2. (1.8)

Udihedral = Âvn[1+ cos(nf �d )]. (1.9)

Non-bonded terms include van der Waals (vdW) and electrostatic interactions:

UvdW = 4e
⇣s

r

⌘12
�
⇣s

r

⌘6
�
. (1.10)

Uelec = Â
i, j

qiq j

4pe0ri j
. (1.11)

MD trajectories are often generated by integrating Newton’s equations of motion:

mi
d2ri

dt2 =�—iU. (1.12)
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Simulation conditions are often controlled using various statistical ensembles, each char-

acterized by the physical quantities they hold constant. In the microcanonical ensemble (NVE),

the number of particles (N), the system volume (V), and the total energy (E) are conserved.

This ensemble is particularly useful for studying isolated systems and serves as a reference for

energy conservation in simulations. In the canonical ensemble (NVT), the number of particles

(N), volume (V), and temperature (T) are kept constant. Thermostats such as Nosé–Hoover52,53

or Langevin dynamics54 are employed to maintain a fixed temperature. For simulations under

constant pressure (P) and temperature (T), the isothermal-isobaric (NPT) ensemble is used, often

utilizing barostats like the Parrinello–Rahman55 or Berendsen56 algorithms. These ensembles al-

low for the exploration of different thermodynamic conditions relevant to experimental scenarios.

Time steps are typically on the order of 1 fs, with total time scales ranging from nanoseconds to

microseconds.

MD is critical for exploring dynamic behavior in nanoporous systems where size, charge,

and flexibility play essential roles. Force fields used in this work include general frameworks

(e.g., UFF57 and GAFF58) and specialized models parameterized against ab initio calculations.

The partial atomic charges are derived from DFT using methods such as the CM5 (Charge Model

5)59 or DDEC (Density Derived Electrostatic and Chemical Charges)60 scheme. Simulation

outputs such as mean square displacements, radial distribution functions, and ion coordination

numbers are analyzed to infer diffusion, residence times, and solvation dynamics.

1.4 Enhanced Sampling and Umbrella Sampling

Standard MD simulations often fail to capture rare events due to high energy barriers.

Enhanced sampling techniques, such as umbrella sampling, enable targeted exploration of

specific reaction coordinates or collective variables (CVs).61–64

Umbrella sampling involves applying a biasing potential (e.g., a harmonic potential) to

8



constrain the system near predefined values of a CV:

Ui(x ) =
1
2

ki(x �xi)
2, (1.13)

where xi is the center of the i-th window along the CV and ki is the biasing strength.

Independent MD simulations (windows) are run for each bias to generate histograms of

the CV. The unbiased potential of mean force (PMF) is then reconstructed using techniques such

as the Weighted Histogram Analysis Method (WHAM):65,66

F(x ) =�kBT lnP(x ), (1.14)

where P(x ) is the probability distribution of the CV from the biased simulations.

The choice of CV is crucial: distances, angles, or coordination numbers are commonly

used for ion transport, ligand exchange, or guest adsorption. Window spacing and overlap ensure

smooth merging of histograms.

In this thesis, umbrella sampling is used to quantify the free energy profiles associated

with ion transport through nanopores within the MOF environments. The method allows

identification of free energy profiles, coordination changes, and the influence of solvation

environments along the pathway. Reaction mechanisms inferred from PMFs can then be used to

predict macroscopic observables or validate with experiment.
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Chapter 2

Engineering Flat and Dispersive Bands in
2D Layered COFs via Interlayer Stacking
and Donor-Acceptor Strategy

2.1 Introduction

The discovery of 2D covalent organic frameworks (COFs) in 2005 has sparked renewed

interest in organic electronics research.1 Due to a range of unique advantages such as mor-

phological precision and positional control of diverse functional building blocks, COFs have

received widespread research interest for a broad range of applications, including gas adsorption

and separation,2–4 sensing,5,6 catalysis,7,8 energy conversion and storage9–11. More recently,

building upon the success of D-A copolymers for device applications, there have been reports

of the synthesis of several donor-acceptor (D-A) COFs.12–15 For example, D-A copolymers

have achieved record power conversion efficiencies (17.3%)16 and hole mobilities as high as

10 cm2 V�1 s�1 have been reported,17,18 thus making them ideal candidates for field-effect

transistors (FETs).19,20 In a similar vein, the incorporation of donor and acceptor building blocks

has been found to modulate the optoelectronic properties of various COF structures, thus demon-

strating the potential of COFs in photoelectric13,14,21,22 and photocatalytic applications.15,23–25

Tailoring COFs with the aforementioned targeted properties requires a deeper under-

standing of the factors influencing charge transport processes. Charge transport in COFs is a
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multi-scale process that involves many aspects of the COF microstructure, from molecular-scale

charge transfer events to nano-scale intra- and inter-layer polaron/charge delocalization.26 In

this context, 2D layered COFs are formed from the self-assembly of the molecular layers via

interlayer p-stacking interactions. The manner in which the 2D layers stack largely influences the

electronic and transport properties of COFs.27–34 Interlayer stacking interactions are governed

by several factors such as monomer structure and planarity, crystallinity, stacking configuration

(e.g., eclipsed vs. staggered vs. random), and hydrogen bonding. Different stacking arrange-

ments such as cofacial vs. slip-stacked configurations directly influence the degree and extent

of charge/energy transfer along the p-stacks.35–39 Although slipped and inclined stacking ar-

rangements are usually the energetically preferred stacking patterns,13,21,37,40–42 various stacking

patterns can be achieved under appropriate chemical and thermodynamic conditions.30,36,43

Common forms of interlayer stacking patterns are the eclipsed (AA) and staggered (AB) forms.

In the eclipsed configuration, p-stacking maintains an “in-phase” registry where the donors and

acceptors in one layer are positioned adjacent to the donors and acceptors in the neighboring

layer, respectively. The staggered arrangement exhibits an “out-of-phase” registry, where the

donors in one layer line up adjacent to the acceptors in the neighboring layer.22 Since there are

few prior computational reports,35,37,38,44–46 we employ density functional theory (DFT) and

simulations based on the Multiparticle Holstein Formalism (MHF) to investigate the influence of

interlayer stacking on the electronic and transport properties of layered D-A COFs.

Due to remarkable photo-induced charge transfer and long-lived charge separation,22

we chose DCuPc-APyrDI-COFs as a representative model COF system for our DFT simulations.

In our recent studies, we have introduced the three-dimensional MHF model to investigate the

effects of defects, domain size, chemical doping, and topological connectivity on the charge

transport properties of COFs.26,47,48 Building upon good agreement with available experimental

measurements of the mid-infrared spectra of doped COFs, we have gained fundamental insights

and proposed new design strategies for the synthesis of 2D COFs with improved conductivity.26

In this study, we combine MHF-based analysis with simulations based on DFT to investigate
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how inter-layer stacking arrangements impact interlayer charge delocalization.

2.2 Results and Discussion

2.2.1 Structural Models

Figure 2.1 shows the PBE+U-D3(BJ)-optimized structures of the DCuPc-APyrDI COF

monolayer, eclipsed, and staggered stacking arrangements along with the high symmetry k-point

pathways in the first Brillouin zone (highlighted in orange). Our calculated lattice parameters

(reported in the caption of Figure 2.1) are in good agreement with previously reported values.22

It should be noted that the optimized structures reported in Ref. 22 were obtained at the DFTB

level of theory, which is possibly the reason for the small differences found with our PBE+U-

D3(BJ)-optimized unit cells.

2.2.2 Electronic Structure Calculations

In this section, we investigate the evolution of the intra- and inter-framework electronic

properties of DCuPc-APyrDI COFs as a function of different stacking arrangements. To begin with,

we characterize the electronic properties of the individual donor and acceptor building blocks.

Figure 2.2 shows the frontier molecular orbitals (MOs) of the isolated Cu(II) phthalocya-

nine donor, DCuPc, and pyromellitic diimide acceptor, APyrDI, which have D4h and D2h symmetry,

respectively. The shifted energy levels between the spin-up (-5.37 eV) and spin-down (-3.43 eV)

channels (labeled “Cu-induced state” in Figure 2.2) are primarily induced by the Cu(II) center.

This can be confirmed by analyzing the partial density of states (PDOS) in Figure 2.3 as well as

the MO symmetry associated with the two shifted states, B1g, which matches the symmetry of

the 3dx2-y2 orbital from the Cu center. For the donor building block, the singly degenerate highest

occupied molecular orbital (HOMO) and the doubly degenerate lowest unoccupied molecular

orbitals (LUMOs) that are induced by the organic components, exhibit slightly different energies

(⇡ 0.01 eV) between the spin-up and spin-down channels due to spin polarization induced by
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Figure 2.1. PBE+U-D3(BJ)-optimized structures of the DCuPc-APyrDI-COFs. The optimized
lattice parameters for (a) monolayer: a = b = 35.50 Å. (b) eclipsed: a = b = 35.34 Å, and
c = 3.36 Å. (c) staggered I: a = 35.42 Å, b = 35.39 Å, and c = 3.18 Å. (d) staggered II:
a = b = 35.41 Å, and c = 3.11 Å. The colors of the atoms are as follows: dark blue for Cu,
light blue for N, red for O, black for C, green for B, and pink for H. The high symmetry k-point
pathways in the first Brillouin zone (highlighted in orange) are indicated for the monolayer
(similar pattern for the eclipsed and staggered II stackings) and staggered I (see inset) systems.
The three stacking arrangements have one more high symmetry k-point pathway (G–Z) along the
stacking direction, which is not shown here. The unit cell boundaries are indicated by the dashed
lines.

the unpaired electron of Cu(II). The energies of the frontier MOs suggest that the predominant

contributions to the valence band (VB) and conduction band (CB) in the D-A system originate

from the individual donor and acceptor building blocks, respectively, which can be confirmed

by analyzing the partial charge distributions in the VBs and CBs that are shown in Figure 2.4.

The VB throughout this study is defined as the topmost energy band/range which originates

mainly from the organic components and lies right below the Fermi level. Similarly, the CB is

the lowermost energy band/range which originates from the organic components and lies right

above the Fermi level (see Figure 2.3).
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Monolayer: The band structure of the 2D COF monolayer (Figure 2.3a) exhibits flat

bands for the (doubly degenerate) CBs and VB along the G–X–M–G (i.e. intra-framework)

directions. This implies that both the electrons and holes have infinite effective masses (m⇤) and

are highly localized within the COF monolayer.

The partial charge distribution in Figure 2.4a shows that the contributions to the VBM

and CBM are indeed dominated by the donor (DCuPc) and acceptor (APyrDI) building blocks,

Figure 2.2. PBE+U-optimized geometry structure of the donor (DCuPc) and acceptor (APyrDI)
along with the frontier MOs. The spin-polarized energy levels of the frontier MOs of DCuPc are
shown in orange and purple for spin-up and spin-down, respectively. The non-spin-polarized
energy levels of the frontier MOs of APyrDI are shown in blue. The MO symmetries are shown in
parentheses.
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Figure 2.3. PBE+U-D3(BJ)-evaluated spin-polarized band structures and DOS of the DCuPc-
APyrDI-COFs. (a) monolayer, (b) eclipsed, (c) staggered I, and (d) staggered II. The orange
and purple band structures on the left and right columns in each sub-figure correspond to the
spin-up and down configurations, respectively. The left and right parts of the middle column in
each subfigure show the corresponding spin-polarized total and PDOS from C, N, O, and Cu.
The bands in cyan near the Fermi level in (d) represent the mid-gap bands with predominant
contributions from the Cu(II) centers as indicated by the PDOS. The Fermi level is set to zero
and indicated by the black horizontal dashed line.

respectively. The monolayer is semiconductive and displays direct band gaps of 0.49 eV and

0.48 eV for the spin-up and spin-down channels, respectively. It is important to mention here

that this study is not focused on reporting precise band gap values and effective masses, for

which hybrid functionals such as PBE0 and HSE06 may be necessary. Instead, the primary

focus is on investigating how the band structure associated with the organic components evolves

as a function of different interlayer stacking arrangements. More specifically, our goal is to

understand how the relative position of the donor and acceptor molecular building blocks in the

neighboring layers impact the dispersion of the valence and conduction bands.

Eclipsed stacking: For the eclipsed stacking arrangement (Figure 2.1b, Figure 2.5a), the
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CB within the COF plane (i.e., along the G–X–M–G direction in Figure 2.3b) display flat bands

which are consistent with our observation for the 2D monolayer (Figure 2.3a). However, the

VBs (⇠ -0.46 eV) within the plane (G–X–M–G) become slightly more dispersive with lighter

CBM
0.001 eV

VBM@X
-0.46 eV

a) b)Monolayer Eclipsed

CBM
0.25 eV

VBM
-0.23 eV

CBM@Z
0.17 eV

VBM
-0.17 eV

CBM
0.04 eV

VBM
-0.05 eV

c) d)Staggered I Staggered II

Figure 2.4. PBE+U-D3(BJ)-evaluated partial charge distribution in the CBMs (yellow) and
VBMs (blue) at G (unless otherwise specified) of the DCuPc-APyrDI-COFs. (a) monolayer, (b)
eclipsed, (c) staggered I, and (d) staggered II. The unit cell boundaries are indicated by the
dashed lines. More details can be found in the Appendix.
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m⇤
h compared to the monolayer. Dispersive bands along the intra-framework direction can be

understood by analyzing the more delocalized partial charge distribution of the VBM at X

(VBM@X) in Figure 2.4b, as well as a smaller value of m⇤
h (-7.493 m0) at X along X–M for the

spin-up channel. This observation suggests that stacking-induced interlayer interactions may

potentially enhance charge delocalization within the plane (i.e., intra-framework) resulting in

more dispersive bands and lighter m⇤
h compared to the monolayer. Overall, the eclipsed stacking

arrangement exhibits intra-framework band gaps of 0.46 eV and 0.47 eV for the spin-up and

spin-down channels, respectively.

In contrast to the flat CBs within the plane, the bands near the Fermi level along the c

direction (G–Z) are significantly dispersive (Figure 2.3b). The bands crossing the Fermi level

along the G–Z direction for the spin-up and spin-down channels suggest metallic behavior having

zero band gap. The magnitude of the corresponding m⇤ (along G–Z), evaluated from the metallic

band segment crossing the Fermi level, is calculated to be 0.973 m0 (spin-up) and 0.979 m0

(spin-down), respectively, suggesting lighter and more delocalized charge carriers (both electrons

and holes) along the inter-framework direction. The enhanced delocalization of the charge

carriers along the inter-framework stacking direction primarily arises due to effective p-overlap

of the frontier orbitals and resonant electronic interactions between the donor-donor and acceptor-

acceptor components, respectively, in the adjacent layers (Figure 2.4b). The dispersion along the

G–Z direction can be confirmed by analyzing the partial charge distribution of the CBs, which

originates mostly from the p orbitals of the C and O atoms located on the acceptors, allowing

the charges to efficiently transfer between layers. Our analysis, therefore, suggests that highly

anisotropic transport characteristics, including metallic behavior, can be potentially achieved via

eclipsed stacking arrangements in 2D layered COFs.

Staggered I: Unlike eclipsed stacking, in staggered I stacking (Figure 2.1c, Figure 2.5a),

the donors line up adjacent to the acceptors in the neighboring layers. Due to lower symmetry

of staggered I stacking (D2h symmetry) compared to monolayer and eclipsed stacking (D4h

symmetry), there is a change in the high symmetry k-paths along the intra-framework directions
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(Figure 2.1c). The band structure (Figure 2.3c) near the Fermi level along the intra-framework

direction (i.e., along G–X–S–Y–G) displays completely flat CBs, with localized partial charge

distribution on the acceptors (Figure 2.4c), primarily due to the highly localized LUMO of the ac-

ceptor (Figure 2.2). However, similar to the eclipsed stacking, the VBs along the intra-framework

direction (i.e., along G–X–S–Y–G) become more dispersive compared to the monolayer. The

corresponding m⇤
h (at G along Y–G) values are found to be -2.076 m0 for both spin channels. The

dispersive nature and associated enhancement in charge (hole) transport along the intraframe-

work direction originate from interlayer interactions, which can be appreciated by looking at the

delocalized partial charge distribution induced by the donor units from the neighboring layer

(Figure 2.4c).

In sharp contrast to eclipsed stacking which displays metallic behavior and a vanishing

band gap along the G–Z direction, the almost flat CBs along the G–Z direction in staggered I

correspond to states that are highly localized (m⇤
e = 48.136 m0 for spin-up and m⇤

e = 45.304

m0 for spin-down channel) on the acceptors, with negligible overlap (see Figure 2.4c) of the

partial charge distribution between the donor and acceptor units along the inter-framework

direction. Unlike (almost) flat CBs, the comparatively more dispersive VBs along the G–Z

direction (Figure 2.3c) result in effective masses of m⇤
h (at G along G–Z) of -5.067 m0 (spin-up)

and -5.157 m0 (spin-down), respectively. This is consistent with Figure 2.4c, where the partial

charge distribution from the more dispersive VB is delocalized to a greater extent along the

inter-framework direction, as compared to that in the CBs. Nevertheless, the calculated values of

m⇤
h along the inter-framework (G–Z) direction in staggered I are heavier than the inter-framework

m⇤
h values of 0.973 m0 (spin-up) and 0.979 m0 (spin-down) in eclipsed stacking. This implies

that the relative arrangement of donors and acceptor units in neighboring layers has a profound

impact on the extent of anisotropic through-space and through-bond electron and hole transport.

Staggered I stacking exhibits semiconducting behavior with calculated band gaps of 0.34 eV and

0.33 eV for the spin-up and spin-down channels, respectively.

Staggered II: Slipping one layer relative to the neighboring layer results in a new
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stacking arrangement referred to as staggered II stacking, where the donors are now positioned

on top of the central pores in the neighboring layers (Figure 2.1d) and the acceptors in the

neighboring layers lie adjacent to each other. The band structure displays highly flat mid-

gap bands (highlighted in cyan in Figure 2.3d) that are induced by the 3d orbitals of the Cu

atoms. These flat bands correspond to highly localized states (see Figure 2.8) and are referred

to as “intrinsic mid-gap states”.49 It is important to clarify that the focus of this work is not

on these localized states and our definition of VB and CB remains unchanged. The VB and

CBs originating from the organic components remain flat along the intra-framework direction

(G–X–M–G)(Figure 2.3d). However, along the G–Z direction (Figure 2.3d), the CBs become

more dispersive compared to the monolayer with m⇤
e (at G along G–Z) values of 3.063 m0 for

both the spin channels. The dispersive CBs along the interframework direction compared to the

flat bands along the intraframework direction is a result of the effective orbital overlap between

the acceptors along the interlayer direction, as indicated in the partial charge distribution at CBM

(at G, in Figure 2.4d ). In contrast, the VB along the G–Z direction, is almost flat with highly

localized states on the donors (Figure 2.3d and Figure 2.4d). The corresponding m⇤
h values (at G

along G–Z) are calculated to be -46.663 and -50.552 m0 for spin-up and spin-down channels,

respectively. Staggered II stacking is therefore ideally suited to exhibit single-carrier-type

behavior along the inter-framework direction, with delocalized electrons (dispersive CBs) and

localized holes (flat VB), thus showing potential for applications in unipolar transistors or FETs.

However, the introduction of highly flat mid-gap bands induced by the Cu centers in Figure 2.3d

that lies slightly above the Fermi level modifies the band gap and transport properties. As a

result, staggered II stacking is a semiconductor having a very low band gap of 0.09 (0.08) eV

for the spin-up (down) channel from the organic components, and the band gap further reduces

to 0.07 (0.06) eV due to the existence of the Cu-induced mid-gap states. We also note that it

is possible to modify the Fermi level either by fine-tuning the externally applied electric fields

or via chemical doping50–52 to obtain fully single-carrier-type (either electron or hole) charge

transport characteristics for applications in unipolar transistors or FETs.
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It is important to note that the flat bands observed in our systems arise from highly

localized orbitals with vanishing overlap between the atomic wavefunctions, as indicated in the

corresponding PDOS (with predominant contribution coming from carbon and/or oxygen atom

orbitals) and partial charge distribution.53,54 The flat bands observed in our systems should not

be confused with nontrivial flat bands that mainly originate due to the specific symmetry of

certain geometrically frustrated lattices, with potential applications in ferromagnetism55 and

superconductivity.56 We direct interested readers to the Appendix, which provides additional

details regarding the partial charge distribution for other relevant bands near the Fermi level, and

results obtained from calculations using the PBE-D3(BJ) level of theory.

2.2.3 Effect of Interlayer Stacking on Intra- and Inter-framework
Polaron Coherence

Figure 2.5. (a) Schematic illustration of the eclipsed and staggered stacking geometries with the
donor and acceptor units distinguished as red and blue rectangles. (b) Schematic showing the
offset of the energies of the HOMO orbitals (DHOMO) of the donor and acceptor (black) fragment
units which is referred to as the HOMO alternation energy. Simulated polaron coherence
numbers for the eclipsed and stacking arrangements as a function of DHOMO polarized along the
(c) intraframework and (d) interframework directions.

In this section, we investigate the intra- and inter-framework coherence numbers in 2D
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layered COFs having eclipsed and staggered interlayer stacking arrangements. Intra-framework

and inter-framework polaron coherence numbers refer to the number of coherently connected

repeat units over which the polaron is spatially delocalized. For our analysis, we utilize the

MHF adapted to polarons in polymers and COFs as described in our previous studies.26,47,48,57

We construct 2D D-A COF structures where the COF backbone is taken to be along the x-axis

(intra-framework) and the p-stacked layers are along the y-axis (inter-framework) (Figure 2.5a).

As demonstrated in our previous studies,26,47,58–60 individual chromophores or repeat units can

be successfully treated in a coarse-grained approximation. We retain the local HOMO level for

every repeat unit.26,47,57 The neighboring HOMOs for the adjacent repeat units along both the

COF backbone and the p-stacking direction are electronically coupled through the hole transfer

integral, th. th has contributions from two components where tintra (tinter) governs intra-framework

(inter-framework) delocalization of the hole. Hence, electronic coupling induces delocalization

of the hole within the COF structure. Our primary goal is to have a qualitative understanding of

how polaron coherence is impacted by the two extreme forms of stacking arrangement such as

eclipsed and staggered.

Polaron coherence describing hole delocalization can be defined as the range over which

the polaron maintains a wave-like property and is given by

CP(r)⌘
*
hYG|Â

R
d†

RdR+r |YGi
+

C

(2.1)

In Eq. 2.1, R = (m,n) is a dimensionless position vector. In the limit when r = 0, the coherence

function reduces to unity, CP[(0,0)] = 1, since Â
R

d†
RdR is the operator for the total number of

holes, which is taken to be unity. The total number of coherently connected repeat units, Ncoh, is

derived from the coherence function, and is given by57

Ncoh = Âr |CP(r)| (2.2)
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which reduces to unity in the limit of a strongly localized or trapped polaron.

In our coarse-grained models (Figure 2.5a), each layer in the eclipsed and stacking

arrangements consists of ten repeat units along the intra-framework direction and has four

p-stacked layers in the inter-framework direction (p-stacking direction). To investigate the

sensitivity of polaron/charge delocalization to the interlayer stacking arrangement, we report the

intra-framework and inter-framework polaron coherence numbers for the eclipsed and staggered

stackings as a function DHOMO, where DHOMO is the difference in the HOMO energies of the

donor and acceptor fragments (Figure 2.5b). For the simulations of the polaron coherence

numbers reported in Figures 2.5c,d, we have used an inhomogeneous disorder width having a

standard deviation of s = 0.3 eV. This value of disorder width was successful in quantitatively

reproducing the polaron-induced infrared lineshapes in TANG COF in our previous study.26

A minimum of 1000 disorder configurations have been employed which is necessary to obtain

converged coherence numbers.26 For our calculations of the coherence numbers in Figures 2.5c,d,

the intra-framework and inter-framework charge transfer integrals were set to 0.4 eV and 0.1

eV, respectively. Since the focus of the electronic structure discussion was not the localized

states induced by the Cu atoms, we ignore the effect of the metal center in our modeling. We

have assumed identical intra- and inter-framework electronic couplings for both the eclipsed

and staggered arrangements. This is purposefully done to theoretically demonstrate how the

morphology in the eclipsed and staggered arrangements impacts interlayer polaron coherence.

Since we have not calculated the precise values of the electronic couplings for our model system

of interest, we emphasize that the absolute values of the polaron coherence numbers reported

in the Results and Discussion section are therefore irrelevant. More importantly, we focus

on the relative change in the polaron coherence numbers between the eclipsed and staggered

arrangements. Maintaining identical parameters (i.e., electronic couplings and disorder width) to

define the Hamiltonian for both the stacking arrangements helps us better appreciate how the

relative position of the donor and acceptor fragments in the neighboring layers alone impacts

the polaron coherence numbers. Although precise coupling values for the model system of our
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interest have not been calculated, we have used realistic electronic coupling values generally

observed in 1D and 2D polymers. For example, the interchain through-space electronic couplings

in 1D polymers like P3HT, lie in the range between 0.07 eV to 0.15 eV.57,61 The electronic

couplings for similar 2D COF structures have been calculated in previous reports.62 Our values

are in good agreement with the calculated electronic couplings (or charge transfer integrals) from

previous studies.

Unlike in Figure 2.5c, where the simulated intra-framework polaron coherence numbers

converge to similar values for both eclipsed and staggered stackings, the origin of much larger

coherence along the p-stacking direction for the eclipsed configuration shown in Figure 2.5d can

be traced back to the resonant donor-donor and acceptor-acceptor electronic interactions. The

greater delocalization of the hole along the stacking axis in the eclipsed stacking can therefore

be correlated to a much more dispersive band along the stacking axis.

Figure 2.6. Schematic illustration of (a) ideal 3D COF structure having no defects and (b) 3D
COFs with disorder width of s = 0.3 eV (c) calculated intra-framework coherence numbers as a
function of inter-framework electronic coupling.

In our discussion of the electronic structure, we showed that the completely flat bands

along the intra-framework direction in the monolayer become dispersive in the eclipsed and

staggered I stacking arrangements. To understand this phenomenon, we constructed 3D COF

structures as schematically shown in Figure 2.6a,b. In our coarse-grained 3D models, each
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layer consists of five repeat units along the x and y directions and three p-stacked layers. For

our calculation of the coherence numbers in Figs 2.6c, the intra-framework charge transfer

integral was set to 0.4 eV, the HOMO alternation energy (DHOMO) was set to 0.0 eV, and

the disorder width (s ) was set to 0.3 eV. We start our analysis by considering a hypothetical

scenario where the inter-framework electronic coupling (tinter) and inhomogeneous static disorder

are neglected. A value of tinter = 0 implies that the hole can only delocalize along the intra-

framework direction, with no delocalization of the hole along the p-stacked columns. Gradual

increase in the tinter value is representative of better p orbital overlap, therefore, resulting in more

efficient delocalization of the hole along the p-stacking direction. In the absence of disorder,

the black curve in Figure 2.6c indicates that the calculated intra-framework coherence numbers

exhibit slight improvement when tinter = 0.20 eV compared to when tinter = 0.0 eV. This analysis

suggests that inter-framework interactions indeed facilitate more efficient delocalization of the

hole along the intra-framework direction in good agreement with electronic structure results. This

observation sheds light on why flat bands in the monolayer become dispersive upon stacking.

More interestingly, in a realistic scenario where inhomogeneous static disorder (s ) is

incorporated in our modeling, the calculated intra-framework coherence numbers for tinter = 0.20

eV show significant gradual improvement and converge to a larger number compared to when

tinter = 0.0 eV (see red curve in Figure 2.6c). This implies that interlayer interactions can play an

important role in circumventing defect-induced trap sites and facilitating enhanced delocalization

of the charge carriers along the intra-framework direction.

2.3 Conclusions

We employed DFT calculations and MHF simulations to demonstrate that different

interlayer stacking arrangements (i.e., eclipsed, staggered I, and staggered II) can be exploited

to significantly modify the electronic and transport properties of layered D-A COFs. Taking

advantage of resonant donor-donor and acceptor-acceptor electronic interactions along the
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stacking direction, it is possible to employ eclipsed type stacking to obtain anisotropic transport

characteristics, with metallic and semiconductive behavior along the inter-framework and intra-

framework directions, respectively. Unlike eclipsed stacking where the donors are stacked on top

of the donors and the acceptors lie on top of acceptors in the neighboring layers, the arrangement

in staggered I is different, with the donors stacked on top of the acceptors in the neighboring

layers. Staggered I stacking is semiconductive in nature with rather localized charge carriers

along both the intra-framework and inter-framework directions. Finally, in staggered II stacking,

where the donors are positioned on top of the pores and the acceptors lie adjacent to the acceptors

in neighboring layers is ideally suited to exhibit single-carrier-type behavior with predominantly

delocalized electrons and localized holes. This suggests the potential of staggered II stacking

arrangement for applications in unipolar FETs.

From our analyses, we believe that if the stacking-induced band dispersion is larger than

the intra-framework band gap, the CBs and/or VBs along the inter-framework direction can cross

the Fermi level, resulting in metallic behavior.38,45,63 However, if the stacking-induced band

dispersion is smaller than the intra-framework band gap, the system remains semiconductive or

insulative, with a smaller band gap along the stacking direction compared to the intra-framework

directions.35,44 Based on this observation, we hypothesize that metallic charge transport along

the interlayer direction can be potentially achieved in low band gap 2D layered COFs (and

possibly in 2D MOFs too).

To corroborate the observations from the electronic structure calculations, we constructed

coarse-grained 2D COF structures with eclipsed and staggered stackings to investigate the

extent of intra-framework and inter-framework charge/polaron delocalization as a function of

the difference between the HOMO energies of the donors and acceptor units. By performing

MHF-based simulations on the 2D coarse-grained COF structures, we demonstrate that the

extent of charge delocalization (or polaron coherence) is sensitive to the type of stacking.

The simulated intra-framework coherence numbers converged to similar values for the two

stacking arrangements due to similar arrangements of the donor and acceptor units along
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the intra-framework direction. However, with increasing alternation energies between the

HOMOs of the donor and acceptor fragments, the simulated inter-framework coherence numbers

converged to a larger number for the eclipsed stacking compared to the staggered stacking.

This analysis, combined with our previous observations from DFT simulations, highlights

that the extent of inter-framework charge delocalization is sensitive to the type of stacking

arrangement, and the precise arrangement of donor and acceptor building blocks can be exploited

to engineer the functionalization of 2D layered COFs for applications in organic electronic

devices. Furthermore, the combination of DFT calculations and MHF simulations demonstrates

that intra-layer delocalization of the charge carriers within the plane can be enhanced by stacking-

induced interlayer interactions. Importantly, our analysis using the MHF also predicts that

interlayer interactions can help circumvent defect-induced trap states, which, in turn, can greatly

improve overall charge delocalization in 2D layered COF structures. Future work will therefore

be directed at incorporating disorder in our DFT simulations to see if it is possible to engineer

defects to obtain dispersive bands along the COF backbone to further improve charge transport.
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Appendix A: Supplementary Methods

Electronic Structure

Due to the presence of highly localized 3d orbitals of Cu atoms in our systems, electronic

structure calculations were performed at the DFT+U level using the Vienna ab initio simulation

package (VASP).64,65 The Perdew-Burke-Ernzerhof (PBE)66 exchange-correlation functional

of the generalized gradient approximation (GGA) was adopted in all DFT+U calculations.67,68

Specifically, for the PBE+U calculations, the rotationally invariant approach introduced by

Dudarev et al.69 was applied. In this approach, only an effective U parameter is required. The

effective Hubbard U of 4.0 eV for Cu was chosen from the study by Wang et al.,70 in which the

value reproduced the experimental oxidation energy of copper oxides. The core electrons were

treated by the projector augmented wave (PAW) pseudopotential.71 A plane-wave basis set with

an energy cutoff of 400 eV was used in all calculations. The convergence criteria for the energies

and forces were set to 1⇥10�4 eV and 0.03 eV Å�1, respectively. The electron spin polarization

was considered in systems containing Cu(II) since the electronic configuration of the Cu(II) is

[Ar]3d9 and, therefore, every Cu(II) atom has an unpaired spin. Monkhorst-Pack k-meshes72 of

1⇥1⇥1 and 1⇥1⇥3 k-point grids were used for structural optimization. 3⇥3⇥1 and 3⇥3⇥9

k-point grids were used for electronic structure calculations for the monolayer and multi-layered

D-A COF unit cells, respectively. For the molecular donor and acceptor building blocks, G point

k-point grid was used for the electronic structure calculations. A vacuum space of more than 15 Å

along the c direction was set for the monolayer unit cell to avoid spurious interactions between

the periodic replicas. The empirical correction by Grimme with the Becke-Johnson damping

(D3(BJ))73–75 was applied to the stacking arrangements in order to describe the van der Waals

interactions. The unit cell shapes and volumes were relaxed with the PBE-D3(BJ) functional.

Subsequent optimization of the ionic positions with fixed unit cells was carried out at the level

of PBE+U-D3(BJ). It is known that the PBE functional, and any functional developed within

GGA, systematically underestimates the values of the band gaps76,77 — however, reporting
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precise band gap values is not the goal of this study. Since the systems of our interest are quite

large, implementation of hybrid functionals such as PBE0 and HSE06 is computationally very

expensive to be feasible. Visualization and post-processing were carried out using VESTA78 and

VASPKIT.79

Effective Mass

Unless otherwise specified, the effective masses m⇤ for electrons (m⇤
e) and holes (m⇤

h)

are calculated by fitting a parabola around the conduction band (CB) and valence band (VB)

maximum, respectively, by using

m⇤ =
h̄2

∂ 2E(k)/∂k2 , (A1)

where h̄ is the reduced Planck constant. m⇤ is inversely proportional to the second derivative

(i.e., curvature) of E(k) over k. Qualitatively, a flat CB or VB represents charge carriers with

infinite effective masses, which corresponds to fully localized charge carriers with vanishing

charge mobility. In contrast, a highly curved CB or VB corresponds to charge carriers with finite

and small effective masses, which suggests higher charge mobility.

Multiparticle Holstein Formalism

We employ the MHF model introduced in our previous studies26,47,60 to investigate intra-

and inter-framework polaron coherence in D-A COFs as a function of two different stacking

arrangements. Within the MHF model, which considers electronic coupling, electron-phonon

coupling, and defects on equal footing, the D-A COF is treated as a sequence of donor and

acceptor fragments with a periodic variation of the local HOMO energies. In the vector subspace

containing a single hole in a one-dimensional lattice with an alternate arrangement of donor and

acceptor fragments, the complete Hamiltonian for single polarons in a disordered COF structure

is given by

Htotal = HFH +HD�A +Hdisorder (A2)
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where HFH is the Frenkel-Holstein Hamiltonian and is defined as

HFH = Â
n

En|nihn|+Â
m,n

tm,n{|mihn|+ |nihm|}

+wvib Â
n

b+n bn +lwvib Â
n
(b+n +bn +l )|nihn|

(A3)

In Eq. A3, the first term represents the local hole energy, while the transfer integral,

tm,n, in the second term governs the transport of the polaron in the lattice. Upon electronic

excitation, polarons in p-conjugated organic molecules strongly couple to the vinyl stretching

or aromatic-quinoidal vibrational mode, wvib, in the range between 1200-1500 cm�1. The last

two terms in Eq. A3 account for the vibronic couplings, where the operator b+n (bn) creates

(annihilates) a vibrational quantum of energy on the nth unit in the ground state (S0) of the

corresponding potential energy well. The Huang-Rhys factor (l 2) represents the geometric

relaxation energy experienced by a single repeat unit upon ionization (in units of h̄wvib).

The second term in Eq. A2 represents the local hole energy with the even and odd units

associated with the donors and acceptors, respectively, where HD�A is defined as

HD�A =
DHOMO

2 Â
n
(�1)n|nihn| (A4)

The local energies of the HOMO orbitals alternate between the donor and acceptor units: +DHOMO
2

is assigned for the donors and �DHOMO
2 for the acceptors. The difference in the HOMO energies

between the donor and acceptor fragments is referred to as DHOMO. Similar to our previous

studies,60 we assume h̄wvib and l 2 to be the same for both donors and acceptors in order to be

consistent with the vibronic terms in Eq. A3. The Huang-Rhys factor in our simulations is set to

one which is consistent with our previous studies.57,60

Disorder in p-stacked organic molecules such as COFs arises due to an inhomogeneous

polarizing environment surrounding the hole, which includes variations in the nearest-neighbor p-

stacking distances, intramolecular torsional angles within the framework backbone, and spatially
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varying local electric fields. The various forms of disorder induce random changes in the hole

energy, for a hole located at site n. In our model, all these sources of disorder are accounted for

phenomenologically and the disorder Hamiltonian, Hdisorder, is given by

Hdisorder = Â
n

Dn|nihn| (A5)

where Dn is selected randomly from a Gaussian distribution of width s .
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Appendix B: Supporting Data

PBE+U Results
Staggered I

As indicated in Figure 2.3c in the Results and Discussion section, the CBs along the

intra-framework directions (G–X–S–Y–G) remain flat with very high m⇤
e , consistent with the

monolayer configuration. However, the VBs in the intra-framework directions become more

dispersive compared to the monolayer, as confirmed by the partial charge distribution in the

VBs (Figure 2.7), which is more delocalized than the CBs. This implies that enhanced charge

(hole) transport along the intra-framework directions can be achieved due to inter-framework

interactions, similar to our observations in eclipsed stacking. The m⇤
h (at G along Y–G) value

is -2.076 m0 for both spin channels. The partial charge distribution of the VBM at G is mainly

distributed along the directions parallel to the b direction, consistent with the VBs being more

dispersive along X–S and Y–G which are parallel to b (Figure 2.1c and 2.3c).

CBM@Z
0.17 eV

VBM
-0.17 eV

CB+1@Z
0.19 eV

VB-1
-0.20 eV

Figure 2.7. PBE+U-D3(BJ)-evaluated partial charge distribution in the CBs and VBs at G of the
DCuPc-APyrDI-COF under staggered I stacking. The partial charge distribution in the unoccupied
and occupied bands is presented in yellow and blue, respectively. Unit cell boundaries are
indicated by the dashed lines.
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Along G–Z, i.e., along the stacking direction, the CBs are almost flat and correspond to

highly localized states with high m⇤
e of 48.136 and 45.304 m0 at Z for spin-up and spin-down

channel, respectively, whereas the VBs exhibit more dispersion with m⇤
h (at G along G–Z) values

of -5.067 m0 (spin-up) and -5.157 m0 (spin-down), which are heavier than the m⇤
h (at G along

G–Z) in the eclipsed stacking. This is supported by the partial charge distribution in the CBs

(Figure 2.7), which shows that the electrons in the CBs are highly localized on the acceptors

with almost no overlap along the inter-framework directions. On the other hand, the holes in the

VBs are slightly more delocalized along the inter-framework direction compared to the electrons.

Overall, the staggered I stacking exhibits semiconducting behavior with calculated band gaps of

0.34 eV and 0.33 eV for the spin-up and spin-down channels, respectively.

Staggered II

Figure 2.8 illustrates the distribution of partial charges at the conduction band minimum

(CBM), the mid-gap band, and the valence band maximum (VBM) at the G point for the DCuPc-

APyrDI-COF with staggered II stacking. The flat CBs and VBs within the plane (see Figure 2.3d

in the Results and Discussion section) naturally correspond to very high effective masses. This

is due to the specific stacking arrangement where the donors lie on top of the pores. The CBs

become more dispersive along the G–Z direction in the band structure (see DOS in Figure 3d),

with m⇤
e (at G along G–Z) values of 3.063 m0 for both the spin channels. The dispersive bands

along the inter-framework direction (compared to the flat bands along the intra-framework

direction) is due to effective overlap of orbitals between the acceptors along the interlayer

direction, as evidenced by the partial charge distribution at CBM (at G, in Figure 2.8). In addition,

the mid-gap state induced by the Cu(II) centers occurs slightly above the Fermi level. The partial

charge distribution of the “mid-gap” state shows highly localized charges on Cu(II) centers and

the surrounding N atoms. This corresponds to highly flat mid-gap bands in the band structure,

which modifies the band gap and transport properties.
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CBM
0.04 eV

VBM
-0.05 eV

mid-gap
0.01 eV

Figure 2.8. PBE+U-D3(BJ)-evaluated partial charge distribution at CBM, mid-gap, and VBM
at G of the DCuPc-APyrDI-COF of staggered II stacking. The partial charge distribution in the
unoccupied and occupied bands is presented in yellow and blue, respectively. Unit cell boundaries
are indicated by the dashed lines.

PBE Results

In addition to the results at the PBE+U level of theory discussed in the Results and

Discussion section, we carried out calculations at the PBE-D3(BJ) level of theory to investigate

whether the Hubbard U correction makes any changes to our final conclusions. To begin with,

we characterized the electronic properties of the individual donor and acceptor building blocks.

Figure 2.9 shows the frontier MOs of the isolated Cu(II) phthalocyanine donor, DCuPc,

and pyromellitic diimide acceptor, APyrDI, similar to the MOs results included in the Results and

Discussion section.

The shifted energy levels between the spin-up (-4.75 eV) and spin-down (-3.82 eV)

channels (labeled “mid-gap Cu” in Figure 2.9) are primarily induced by the Cu(II) center. This

can be confirmed by analyzing the PDOS in Figure 2.10 as well as the symmetry associated
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er
gy

mid-gap Cu

Figure 2.9. PBE-D3(BJ)-optimized geometry structure of the donor (DCuPc) and acceptor
(APyrDI) along with the frontier MOs. The spin-polarized energy levels of the frontier MOs of
DCuPc are shown in orange and purple for spin-up and spin-down, respectively. The non-spin-
polarized energy levels of the frontier MOs of APyrDI are shown in blue. The MO symmetries
are shown in parentheses. The Egx and Egy orbitals are named due to their nodal planes lying
along the y and x axes, respectively.

with the two mid-gap states, B1g, which matches the symmetry of the 3dx2-y2 orbital from the Cu

center. The energies of the frontier MOs suggest that the predominant contributions to the VBs

and CBs in the D-A system originate from the individual donor and acceptor building blocks,

respectively, which are consistent with results upon the +U correction.
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Figure 2.10. PBE-D3(BJ)-evaluated spin-polarized band structures and density of states (DOS)
of the DCuPc-APyrDI-COFs. (a) monolayer, (b) eclipsed, (c) staggered I, and (d) staggered II. The
orange and purple band structures on the left and right columns in each sub-figure correspond
to the spin-up and down configurations, respectively. The left and right parts of the middle
column in each subfigure show the corresponding spin-polarized total and PDOS from C, N, O,
and Cu. The bands in cyan near the Fermi level represent the mid-gap bands with predominant
contributions from the Cu(II) centers as indicated by the PDOS. The Fermi level is set to zero
and indicated by the black horizontal dashed line.

Monolayer

The band structure and DOS of the monolayer at the PBE level (Figure 2.10a) reveal

two spin-polarized shifted bands for the spin-up (at ⇠ 0.70 eV) and spin-down (at ⇠ -0.10 eV)

configurations. These bands are mainly contributed by the Cu(II) centers and the neighboring N

atoms, as evidenced by the partial density of states (PDOS) (Figure 2.10) and the partial charge

distribution (Figure 2.11). This observation of localized Cu-induced states holds true for the

PBE-evaluated electronic band structures of eclipsed, staggered I, and staggered II configurations

as well. In addition, from the DOS (Figure 2.10a) and the partial charge distribution (Figure 2.11),

we can find that the VB is dominated by the donor unit (DCuPc) and the CBs are dominated by
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the acceptor (APyrDI). This is consistent with the PBE-evaluated molecular orbital characteristics

shown in Figure 2.9 and the results evaluated at the PBE+U level of theory.

Overall, the monolayer is semiconductive with direct band gaps of 0.50 eV and 0.21 eV

for the spin-up and spin-down channels, respectively. The lower band gap for the spin-down

channel at the PBE level of theory is due to the appearance of a Cu-induced mid-gap state

(highlighted in cyan in Figure 2.10a). However, the position of the localized mid-gap bands

shifted away from the Fermi level upon the Hubbard U correction (see Figure 2.3a in the Results

and Discussion section), as a result of the on-site Coulomb interaction among the 3d electrons

of Cu. This observation is consistent with previous reports.80,81 Consequently, the band gap

upon including the Hubbard U correction is found to be 0.49 eV and 0.48 eV for the spin-up and

spin-down channel, respectively.

Eclipsed

Figure 2.12 shows the partial charge distribution at CBM (at G, doubly degenerate),

Cu-induced mid-gap band at G, and in the VBs (at X, almost degenerate but slightly split by

⇠ 0.01 eV) of the 2D extended DCuPc-APyrDI-COF under eclipsed stacking. Compared to the

monolayer, the VBs (⇠ -0.46 eV) within the plane (G–X–M–G) in eclipsed stacking are more

dispersive with lighter m⇤
h. The partial density distribution in the VBs at X in Figure 2.12

shows more delocalization within the plane due to enhanced charge transport from interlayer

interactions. The corresponding m⇤
h (at X along X–M) value is calculated to be -1.338 m0 for

spin-up and -1.070 m0 for spin-down.

The eclipsed stacking exhibits semiconducting behavior within the COF plane, displaying

a reduced band gap of 0.34 eV from 0.46 eV for both spin-up and spin-down channels due to the

presence of Cu-induced mid-gap states (Figure 2.10b). In contrast, from the PBE+U-D3(BJ)-

evaluated band structure shown in Figure 2.3b in the Results and Discussion section, we found

that the highly localized Cu-induced bands are shifted away from the Fermi level, leading to

intra-framework band gaps of 0.46 eV and 0.47 eV for the spin-up and spin-down channels,
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respectively.

CB+1 (up)
0.70 eV

CBM
0.11 eV

mid-gap (down)
-0.10 eV

VBM
-0.39 eV

Figure 2.11. PBE-D3(BJ)-evaluated partial charge distribution in the CBs, mid-gap (spin-
down), and VBM at G of the monolayer DCuPc-APyrDI-COF. The partial charge distribution in
the unoccupied and occupied bands is presented in yellow and blue, respectively. Unit cell
boundaries are indicated by the dashed lines.
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VBM@X
-0.456 eV

CBM
0.003 eV

mid-gap
-0.34 eV

VB-1@X
-0.463 eV

Figure 2.12. PBE-D3(BJ)-evaluated partial charge distribution at CBM (doubly degenerate at G),
mid-gap (at G, spin paired), and VBs@X (almost degenerate but slightly split by ⇠0.01 eV) of
the DCuPc-APyrDI-COF under eclipsed stacking. The partial charge distribution in the unoccupied
and occupied bands is presented in yellow and blue, respectively. Unit cell boundaries are
indicated by the dashed lines.

Staggered I

As indicated in Figure 2.10c, along the intra-framework directions (G–X–S–Y–G), the

CBs remain flat with very high m⇤
e , consistent with the monolayer configuration. However, the

VBs in the intra-framework directions become more dispersive compared to the monolayer, as

confirmed by the partial charge distribution in the VBs (Figure 2.13), which is more delocalized

than the CBs. This implies that enhanced charge (hole) transport along the intra-framework

directions can be achieved due to inter-framework interactions, similar to our observations in

eclipsed stacking.
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CBM
0.09 eV

mid-gap (down)
-0.08 eV

mid-gap (down)
-0.06 eV

VB-1
-0.31 eV

VBM
-0.28 eV

Figure 2.13. PBE-D3(BJ)-evaluated partial charge distribution at CBM, mid-gaps, and VBs
at G of the DCuPc-APyrDI-COF under staggered I stacking. The partial charge distribution in
the unoccupied and occupied bands is presented in yellow and blue, respectively. Unit cell
boundaries are indicated by the dashed lines.

The m⇤
h (at G along Y–G) values are -2.669 m0 for both spin channels. The partial charge

distribution in the VBs at G (Figure 2.13) is mainly distributed along directions parallel to the b

direction, consistent with the VBs being more dispersive along X–S and Y–G which are parallel

to b.

Along G–Z (Figure 2.10c), i.e., in the stacking direction, the CBs are almost flat and

correspond to highly localized states with high m⇤
e of 41.254 m0 at Z for both spin channels,

whereas the VBs exhibit slight dispersion and have m⇤
h (at G along G–Z) values of -4.715 m0

(spin-up) and -4.854 m0 (spin-down), which are heavier than the m⇤
h (at G along G–Z) in the

eclipsed stacking. This is supported by the partial charge distribution at CBM (at G, Figure 2.13),

which shows that the electrons at CBM are highly localized on the acceptors with almost no
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overlap along the inter-framework directions. On the other hand, the holes in the VBs are slightly

more delocalized along the inter-framework direction compared to the electrons. Staggered I

stacking exhibits semiconducting behavior with calculated band gaps of 0.36 eV for the spin-up

configuration and a reduced band gap of 0.15 eV for the spin-down configuration due to the

existence of Cu-induced mid-gap states (see Figure 2.10c). The band gaps are calculated to be

0.34 eV and 0.33 eV for the spin-up and spin-down channels, respectively, when PBE+U is

applied.

Staggered II

The partial charge distribution in the CBs and VBs of the DCuPc-APyrDI-COF under

staggered II stacking is shown in Figure 2.14. Due to this specific stacking arrangement of

Staggered II where the donors lie on top of the pores, the VBs and CB remain flat with highly

localized charge carriers (Figure 2.14) along the intra-framework direction (G–X–M–G), as shown

in Figure 2.10d. However, along the inter-framework direction (G–Z), the two bands near the

Fermi level are dispersive and cross the Fermi level (Figure 2.10d), suggesting metallic behavior

with rather delocalized charge carriers (Figure 2.14). The corresponding effective masses (along

G–Z, for both electrons and holes) obtained from the metallic band segment crossing the Fermi

level were calculated to be 3.466 m0 and 3.398 m0 for the spin-up and spin-down, respectively.

Furthermore, the bands along the G–Z direction, which lie below the two metallic bands, are

almost flat (Figure 2.10d) with high m⇤
h values (calculated at G along G–Z) of -55.144 m0 and

-56.426 m0, for the spin up and spin down configurations, respectively. In sharp contrast, along

the G–Z direction, the two metallic bands and the bands that lie above them (except the highly

flat Cu-induced bands) are dispersive (Figure 2.10d) due to the effective overlap of the frontier

orbitals of the acceptor units in the neighboring layers (Figure 2.14). These bands correspond to

rather light and delocalized electrons (with a small fraction of delocalized holes in the metallic

bands). Staggered II stacking, therefore, demonstrates single-carrier-type behavior along the

inter-framework direction, with predominantly delocalized electrons and mostly localized holes.
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It should be noted that within our systems, the 3d orbitals of Cu couple with the neighbor-

ing N atoms, resulting in highly localized states. However, these localized states do not engage

in hybridization with the frontier molecular orbitals (MOs) of the donors and acceptors.

Besides, it is important to mention that the focus of this work is not to report precise

values of the band gaps and effective masses, instead, our focus is on understanding the influence

of different interlayer stacking arrangements on the electronic and transport properties. More

specifically, our goal is to explore how the arrangement of the donor and acceptor molecular

building blocks in the neighboring layers impacts the dispersion of the valence and conduction

bands that are originated mainly from the organic components. Within this context, our results

using PBE+U in the Results and Discussion section indicate that the observed trends along the

intra- and inter-framework directions in the band structure for VB and CB, originating mainly

from the organic components in the systems of interest, are quite similar to PBE discussed

here. Finally, to determine the exact/accurate positions of the localized Cu-induced states, and

values of the band gaps of the COFs upon different stacking arrangements, more sophisticated

methods such as hybrid functionals (e.g., PBE0 and HSE06), and experimental measurements

(e.g., optical absorption and photoluminescence spectroscopy) may be needed.

Table 2.1 and Table 2.2 provide a summary of the effective masses for the DCuPc-APyrDI-

COF for various configurations: monolayer, eclipsed, staggered I, and staggered II, calculated

using the PBE+U and PBE level of theory, respectively.

Table 2.1. PBE+U-D3(BJ)-evaluated effective masses calculated at G unless otherwise spec-
ified, for the DCuPc-APyrDI-COFs of the monolayer, eclipsed, staggered I, and staggered II
configurations.

Monolayer Eclipsed Staggered I Staggered II
intra-framework intra-framework inter-framework intra-framework inter-framework intra-framework inter-framework

– (X–M) (G–Z, metallic) (Y–G) (G–Z) – (G–Z)

electron m⇤
e /m0

up – – -0.973 – 48.136 (at Z) – 3.063
down – – -0.979 – 45.304 (at Z) – 3.063

hole m⇤
h/m0

up – -7.493 (at X) -0.973 -2.076 -5.067 – -46.663
down – -37.465 (at X) -0.979 -2.076 -5.157 – -50.552
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Table 2.2. PBE-D3(BJ)-evaluated effective masses calculated at G unless otherwise specified, for
the DCuPc-APyrDI-COFs of the monolayer, eclipsed, staggered I, and staggered II configurations.

Monolayer Eclipsed Staggered I Staggered II
intra-framework intra-framework inter-framework intra-framework inter-framework intra-framework inter-framework

– (X–M) (G–Z, metallic) (Y–G) (G–Z) – (G–Z, metallic)

electron m⇤
e /m0

up – – -0.979 – 41.254 (at Z) – 3.466
down – – -0.973 – 41.254 (at Z) – 3.398

hole m⇤
h/m0

up – -1.338 (at X) -0.979 -2.669 -4.715 – 3.466
down – -1.070 (at X) -0.973 -2.669 -4.854 – 3.398
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CB+2
0.77 eV

CB+1 (down)
0.72 eV

CBM
0.68 eV

mid-gap (up)
0.02 eV

VBM
-0.02 eV

VB-1
-0.18 eV

Figure 2.14. PBE-D3(BJ)-evaluated partial charge distribution in the CBs, mid-gap, and VBs
at G of the DCuPc-APyrDI-COF of staggered II stacking. The partial charge distribution in the
unoccupied and occupied bands is presented in yellow and blue, respectively. Unit cell boundaries
are indicated by the dashed lines.
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and Thomas Bein. Extraction of photogenerated electrons and holes from a covalent organic
framework integrated heterojunction. J. Am. Chem. Soc., 136(51):17802–17807, 2014.

[15] Chenxiang Lin, Xiaolin Liu, Baoqiu Yu, Chaozheng Han, Lei Gong, Chiming Wang, Ying
Gao, Yongzhong Bian, and Jianzhuang Jiang. Rational modification of two-dimensional
donor–acceptor covalent organic frameworks for enhanced visible light photocatalytic
activity. ACS Appl. Mater. Interfaces, 13(23):27041–27048, 2021.

[16] Lingxian Meng, Yamin Zhang, Xiangjian Wan, Chenxi Li, Xin Zhang, Yanbo Wang, Xin
Ke, Zuo Xiao, Liming Ding, Ruoxi Xia, Hin-Lap Yip, Yong Cao, and Yongsheng Chen.
Organic and solution-processed tandem solar cells with 17.3% efficiency. Science, 361
(6407):1094–1098, 2018.

[17] Jun Li, Yan Zhao, Huei Shuan Tan, Yunlong Guo, Chong-An Di, Gui Yu, Yunqi Liu, Ming
Lin, Suo Hon Lim, Yuhua Zhou, Haibin Su, and Beng S. Ong. A stable solution-processed
polymer semiconductor with record high-mobility for printed transistors. Sci. Rep., 2(1):
1–9, 2012.

[18] Yuning Li, Prashant Sonar, Leanne Murphy, and Wei Hong. High mobility diketopyrrolopy-
rrole (DPP)-based organic semiconductor materials for organic thin film transistors and
photovoltaics. Energy Environ. Sci., 6(6):1684–1710, 2013.

[19] Mike Hambsch, Tim Erdmann, Annabel R Chew, Sigrid Bernstorff, Alberto Salleo, Anton
Kiriy, Brigitte Voit, and Stefan CB Mannsfeld. Increased charge carrier mobility and molec-
ular packing of a solution sheared diketopyrrolopyrrole-based donor–acceptor copolymer
by alkyl side chain modification. J. Mater. Chem. C., 7(12):3665–3674, 2019.

[20] Weimin Zhang, Jeremy Smith, Scott E Watkins, Roman Gysel, Michael McGehee, Alberto
Salleo, James Kirkpatrick, Shahid Ashraf, Thomas Anthopoulos, Martin Heeney, and
Iain McCulloch. Indacenodithiophene semiconducting polymers for high-performance,

51



air-stable transistors. J. Am. Chem. Soc., 132(33):11437–11439, 2010.

[21] Shangbin Jin, Xuesong Ding, Xiao Feng, Mustafa Supur, Ko Furukawa, Seiya Takahashi,
Matthew Addicoat, Mohamed E. El-Khouly, Toshikazu Nakamura, Stephan Irle, Shunichi
Fukuzumi, Atsushi Nagai, and Donglin Jiang. Charge dynamics in a donor–acceptor
covalent organic framework with periodically ordered bicontinuous heterojunctions. Angew.
Chem. Int. Ed., 7(52):2017–2021, 2013.

[22] Shangbin Jin, Mustafa Supur, Matthew Addicoat, Ko Furukawa, Long Chen, Toshikazu
Nakamura, Shunichi Fukuzumi, Stephan Irle, and Donglin Jiang. Creation of su-
perheterojunction polymers via direct polycondensation: Segregated and bicontinuous
donor–acceptor p-columnar arrays in covalent organic frameworks for long-lived charge
separation. J. Am. Chem. Soc., 137(24):7817–7827, 2015.

[23] Pradip Pachfule, Amitava Acharjya, Jérôme Roeser, Ramesh P Sivasankaran, Meng-Yang
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[71] Peter E Blöchl. Projector augmented-wave method. Phys. Rev. B, 50(24):17953, 1994.

[72] Hendrik J Monkhorst and James D Pack. Special points for Brillouin-zone integrations.
Phys. Rev. B, 13(12):5188, 1976.

[73] Erin R Johnson and Axel D Becke. A post-Hartree-Fock model of intermolecular interac-
tions: Inclusion of higher-order corrections. J. Chem. Phys., 124(17):174104, 2006.

[74] Stefan Grimme, Jens Antony, Stephan Ehrlich, and Helge Krieg. A consistent and accurate
Ab Initio parametrization of density functional dispersion correction (DFT-D) for the 94
elements H-Pu. J. Chem. Phys., 132(15):154104, 2010.

56



[75] Stefan Grimme, Stephan Ehrlich, and Lars Goerigk. Effect of the damping function in
dispersion corrected density functional theory. J. Comput. Chem., 32(7):1456–1465, 2011.

[76] John P Perdew and Mel Levy. Physical content of the exact Kohn-Sham orbital energies:
Band gaps and derivative discontinuities. Phys. Rev. Lett., 51(20):1884, 1983.

[77] Paula Mori-Sánchez, Aron J Cohen, and Weitao Yang. Localization and delocalization
errors in density functional theory and implications for band-gap prediction. Phys. Rev.
Lett., 100(14):146401, 2008.

[78] Koichi Momma and Fujio Izumi. VESTA 3 for three-dimensional visualization of crystal
volumetric and morphology data. J. Appl. Crystallogr., 44(6):1272–1276, 2011.

[79] Vei Wang, Nan Xu, Jin-Cheng Liu, Gang Tang, and Wen-Tong Geng. VASPKIT: A user-
friendly interface facilitating high-throughput computing and analysis using VASP code.
Comput. Phys. Commun., 267:108033, 2021.

[80] Junghyun Noh, Osman I Osman, Saadullah G Aziz, Paul Winget, and Jean-Luc Brédas.
A density functional theory investigation of the electronic structure and spin moments of
magnetite. Sci. Technol. Adv. Mater., 15(4):044202, aug 2014.

[81] Anna Majtyka-Piłat, Marcin Wojtyniak, Łukasz Laskowski, and Dariusz Chrobak. Structure
and properties of copper pyrophosphate by first-principle calculations. Materials, 15(3):
842, 2022.

57



Chapter 3

Interplay of Intermolecular Interactions
Overrides Chemical Intuition in Function-
alized 2D Covalent Organic Frameworks

3.1 Introduction

The escalating threats of global warming and the increasing global energy demands have

intensified the search for alternative and sustainable energy solutions, making the development of

clean and renewable energy techniques more critical than ever.1 To this end, photocatalysis has

emerged as one of the central players in energy conversion technologies, offering a renewable

and environmentally friendly solution.2–4

As one of the most critical physical quantities governing the performance of various

photoelectronic and catalytic devices, an exciton describes a bound electron–hole pair in materi-

als.5–7 Recently, organic polymer semiconductors have been shown to function as alternative

platforms for photocatalysis.8,9 However, the issue of usually strongly bound excitons in or-

ganic semiconductors makes the process of exciton dissociation more difficult compared to

the inorganic counterparts, which in turn greatly hinders their photocatalytic applications.10 In

this context, covalent organic frameworks (COFs), a class of crystalline porous nanomaterials

composed of organic nodes and linkers connected by strong covalent bonds, present promising

opportunities to address this challenge.11–15 Over the past two decades, COFs have garnered
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significant research interest due to their high surface area and highly tunable compositions and

structures, which endow them with promising electronic, transport, and photophysical proper-

ties.11,16 These materials have the ability to regulate electron–hole recombination through the

tunability of donor–acceptor (D–A) pairs, thereby significantly modifying the photocatalytic

activity.17–20 While in principle, a vast array of D–A COFs can be synthesized from a nearly

limitless design space of organic building blocks, their actual photocatalytic performance can

vary drastically due to differences in D–A interactions.21–31 Among these, two-dimensional

(2D) COFs are particularly intriguing because they can be designed from the bottom–up ap-

proach using topological strategies, allowing for the fine-tuning of electronic and photocatalytic

properties through various building blocks, including nodes and linkers.32–36 Furthermore, the

in-plane conjugated p orbitals and out-of-plane van der Waals interactions formed via layered

p–p stacking were found to facilitate the transfer of photogenerated charge carriers and suppress

their recombination.37–40

While functionalization of 2D COFs and other organic polymer materials has been widely

employed as an effective strategy to tailor their electronic and photophysical properties, the

underlying principles guiding these modifications remain largely underexplored.25,41–44 Con-

ventionally, electron-withdrawing and electron-donating groups are expected to exert opposing

effects when attached to aromatic linkers — altering local charge environment, orbital energies,

and p–p interactions in predictable ways. However, in extended frameworks like 2D COFs,

such intuition might fail to account for the overall photophysical performance or activity of the

material, which is often a collective effect of the building blocks, the covalent and noncovalent

interactions among them, and the lattice symmetry.

Moreover, while the exact stacking pattern is extremely challenging to probe experi-

mentally due to line broadening and limited resolution,45–48 the detailed stacking arrangement

of these 2D layered COFs can significantly influence the electronic and transport properties

of COFs.46,49–56 Although slipped and inclined stacking patterns are typically theoretically

predicted to be energetically preferred,57–61 a variety of stacking arrangements can be achieved
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with suitable chemical and thermodynamic controls.52,62,63

Overall, how different functional groups modulate the stacking patterns through different

and often subtle intermolecular interactions is often largely overlooked. In turn, how these

structural changes influence the electronic, charge transport, and excitonic behavior is also of

significant scientific interest. In this context, we herein present a systematic analysis of the

complicated and entangled effects among chemical substituent, interlayer stacking, backbone

composition, as well as lattice symmetry, and how these factors collectively contribute to the

composition–structure-–property relationships in 2D COFs. Specifically, we investigate how

the intricate molecular interaction dictates the stability and stacking arrangements of 2D COFs,

and how the resulting and inherent electronic structure regulates the transport properties and

excitonic characteristics in COFs. The strategy and findings presented in this work open up new

and effective avenues for fine-tuning the electronic, transport, and photophysical properties of

COFs, rendering novel insights into the composition–structure–property relationships, and in

turn providing physical and rational design principles for functional reticular materials for their

energy-related applications.

3.2 Results and Discussion

Recently, Li et al. showed that the incorporation of appropriate D–A pairs of organic

components into COFs can significantly extend the charge carrier lifetime and achieve excellent

performance in photocatalytic H2 evolution.64 As prototypical systems, we investigate the 2D

BD-COF in their work, along with its monosubstituted derivatives, overall denoted as the –R

systems, as illustrated in Figure 3.1a. Specifically, in these variants, electron-withdrawing groups

such as cyano (–CN) and fluoro (–F), as well as the electron-donating hydroxyl (–OH) group,

are introduced on the benzene rings of the organic linker to systematically explore the impact of

functionalization.

In these frameworks, the nodes form a honeycomb sublattice, while the linkers construct
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Figure 3.1. Geometry structures (left) and schematic representations of the corresponding
lattices (right) for the (a) –R systems exhibiting honeycomb-kagome lattice symmetry, and (b)
BN[1,2] systems featuring broken lattice symmetry. Atom colors: pink (H), black (C), blue (N),
red (O), and green (B). (c) Schematic depiction of the slipping coordinates (xi or yi) used to
describe the relative lateral displacement in 2D COFs. d stands for the interlayer distance. Unit
cell boundaries are marked with dashed lines.

a kagome sublattice, together giving rise to the characteristic 2D honeycomb–kagome framework

(see Figure 3.1a). To elucidate the role of lattice symmetry along with the effects of function-

alization, we introduce a novel design strategy that replaces the original homocyclic benzene
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rings in the organic linkers of BD-COF with symmetry-broken heterocyclic borazine rings, while

preserving the overall macroscopic lattice framework (see Figure 3.1b). The resulting systems are

uniquely denoted as BN[m,n], where m and n indicate the number of B–N bonds connecting each

node to the neighboring linkers within the unit cell. Following this convention, we investigate

the structural and electronic properties of BN[1,2], BN[0,0], BN[3,3], and BN[0,3] systems

(Figures 3.1b and 3.8). Importantly, BN[0,0] and BN[3,3] preserve the honeycomb-kagome

lattice symmetry, akin to the –R systems (R = H, CN, F, or OH) depicted in Figure 3.1a, which

was disrupted in BN[1,2] and BN[0,3].

3.2.1 Geometry and Potential Energy Surface
PES scan on periodic D-A COFs: corrected
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Figure 3.2. PES contours of fractional interlayer displacements of a double-layer unit cell for the
(a) –H, (b) –CN, and (c) BN[1,2] systems. The black stars represent the minima in the 2D PES
contours, corresponding to (0.067, 0.029) for the –H, (0.108, 0.043) for the –CN, and (0.034,
0.058) for the BN[1,2] system. For each system, the energy of the corresponding AA-stacked
structure is used as the zero reference for the PES contours.

Due to the relatively weak interactions between adjacent layers, 2D COFs possess

significant intrinsic flexibility in the relative positioning between the 2D layers. This flexibility

can be described in two orthogonal degrees of freedom: the layer offset, a vector within the plane

defining lateral shifts, and the interlayer distance, which characterizes the vertical separation

between neighboring layers. Most reported 2D COFs adopt either AA (also referred to as

eclipsed) stacking, where there is a zero lateral layer offset between neighboring layers, or shifted

stacking structures, where small but finite lateral displacements occur. However, determining
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the precise magnitude of these lateral offsets experimentally remains challenging with standard

X-ray diffraction or electron diffraction techniques.45–48

To investigate the electronic and transport properties of planar 2D COFs, it is first critical

to identify the most energetically favorable stacking arrangements. To this end, we systematically

mapped the potential energy surface (PES) as a function of interlayer slipping along the x and y

directions (see Figure 3.1c).

As shown in Figure 3.2a, the 2D PES relative to the AA stacking of the –H (BD-COF) sys-

tem, reveals that slightly slipped configurations — corresponding to displacements of ⇠0.02–0.13

fractions of the lattice constants (⇠0.6–3.9Å) — are energetically more favorable than the perfect

AA stacking. From Figures 3.2a and 3.10, we observe that the COF functionalized with fluoro

(–F) exhibits a PES contour similar to that of the unfunctionalized –H BD-COF. In contrast,

functionalization with –CN or –OH group leads to similar and broader regions (⇠0.02–0.17) of

stability along the slipping coordinates.

This trend suggests that –CN and –OH functional groups enhance the framework’s

tolerance on slipping displacements. While all functionalized 2D COFs favor slightly displaced

structures by 0.86–1.03 eV relative to the corresponding AA stacking, the stabilization effect

is even more pronounced with –CN and –OH substitutions (see Figure 3.2 and Figure 3.10).

Interestingly, despite their different electronic characteristics — –OH being an electron-donating

group and –CN an electron-withdrawing group — both modifications similarly promote a greater

propensity for a larger extent of slipping compared to the unsubstituted BD-COF. In contrast, the

strongly electron-withdrawing –F substitution results in a stacking PES profile closely resembling

that of the BD-COF.

Although functionalization is often used to manipulate stacking arrangements in synthe-

sized COFs,65,66 our analysis reveals no straightforward/direct correlation between the electron-

donating or electron-withdrawing nature of the substituents and systematic trends in interlayer

stacking behavior.

As shown in Figure 3.2c, the borazine-replaced BN[1,2] system, as well as other BN
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systems (See Figure 3.12), exhibit comparable PES profiles to the unfunctionalized BD-COF.

3.2.2 Energy Decomposition Analysis

Figure 3.3. Molecular systems and results from the ALMO-EDA calculations. The (a) top and
side view of the relatively large-in-size molecular ring-shape systems, using the –R systems as
an example, and similar systems are used for the BN systems; (b) evolution of the EvdW, EElec,
and ECT of the –H system as a function of slipping along x. The evolution of EInt is included in
the inset; and results for the (c) DEvdW, (d) DEElec, and (e) DECT interactions, relative to the –H
system included in (b). The neighboring layers are slipped along the x direction. More details
for the ALMO-EDA results can be found in Figures 3.14-3.17.

To investigate the physical driving forces underlying the stacking arrangements and PES

profiles shown in Figures 3.2, 3.10, and 3.12, we performed energy decomposition analysis

based on absolutely localized molecular orbitals (ALMO–EDA) to dissect the interlayer inter-

actions in 2D COFs.67,68 Details can be found in Appendix A. For this analysis, we employed

relatively large, double-layered, ring-shaped molecular clusters with a diameter of ⇠52.5 Å (see

64



Figure 3.3a).

As shown in Figure 3.3b, for the –H BD-COF system, van der Waals interaction (EvdW),

comprising both Pauli repulsion and dispersion components, plays a dominant role in governing

the offset stacking preference. This is evident from the similarity in the curvature of the EvdW and

the total intermolecular interaction energy (EInt) along the slipping coordinate, indicating that

the energetic preference on the offset stackings is largely driven by the balance between these

noncovalent interactions. Specifically, while the attractive dispersion interaction favors the AA

stacking, the Pauli exchange repulsion introduces a significant energetic penalty when aligning

high electron density regions near atomic nuclei, ultimately destabilizing the AA configuration

(Figures 3.14-3.17). This is consistent with previous studies on p–p stacked systems, which

attributed the preferred offset stacking geometry to a subtle balance between these opposing

interactions,69–71 challenging earlier interpretations that emphasized quadrupolar electrostatics

as the primary driving force.

Interestingly, functionalization of BD-COF with substituents such as –CN, –F, or –OH

retains the qualitatively similar preference for slipped stacking, further supporting the central role

of EvdW. Although the absolute magnitude of EvdW varies depending on the specific functional

group, the location of the energy minima remains nearly unchanged across all derivatives,

mirroring that of the unfunctionalized system (see Figures 3.14-3.17). However, this fails

to explain the variation in the functionalization-dependent and favorable extent of slipping,

especially between the –H (or –F) and the –CN (or –OH) substituted systems. This indicates that

although EvdW dictates the general preference for slipped stacking, it alone cannot fully account

for the variation in the extent of slipping observed across different functionalized systems, as

illustrated in Figure 3.2.

As shown in Figure 3.3d, we found that the observed variations in interlayer displace-

ment are primarily influenced by differences in electrostatic interactions (EElec) arising from

the nature of functionalization. Functional groups such as –CN and –OH significantly mod-

ify electrostatic stabilization, promoting a larger extent of slipping, whereas –F substitution
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yields electrostatic interaction similar to that of the unfunctionalized BD-COF, favoring the

AA stacking (Figures 3.14-3.15). These findings challenge the conventional view wherein

electron-withdrawing substituents decrease electron density within the aromatic p-cloud, thereby

reducing quadrupolar electrostatic repulsion and enhancing p–p stacking interactions, while

electron-donating substituents act oppositely, weakening such interactions.72,73 Studies have

demonstrated that both electron-donating and electron-withdrawing substituents can stabilize

aromatic dimers, indicating limitations of explanations based solely on multipolar electrostat-

ics.74,75 These substituent effects are found to be highly local, predominantly involving only

the atoms in local proximity rather than entire aromatic rings, suggesting minimal contributions

from quadrupole–quadrupole interactions.76 Within this local interaction description, the AA

stacking arrangement might intuitively seem purely repulsive and energetically unfavorable;58,58

however, charge penetration significantly influences stacking energetics.77–80 Electron cloud

overlap reduces repulsion compared to point charges, making electron–nuclear attraction terms

slightly exceed nuclear–nuclear and electron–electron repulsions. Any substituent, irrespective

of electron-donating or electron-withdrawing character, inherently possesses greater electron

density than hydrogen, enhancing favorable charge penetration effects. Thus, the subtle bal-

ance between charge penetration and electron-cloud repulsion depends critically on the detailed

electronic structure of the aromatic framework, which is challenging to determine a priori from

chemical intuition.

As shown in Figure 3.3, a comparison of energy decomposition analysis between borazine-

based COFs and the BD-COF reveals markedly distinct intermolecular interaction profiles. In

particular, the EvdW (see Figure 3.3c) in borazine-based systems is significantly weaker, while

the charge transfer component (ECT, see Figure 3.3e) is substantially enhanced. Despite similar

Pauli repulsion energies between benzene- and borazine-based COFs (Figures 3.16-3.17), the

differences in EvdW arise from the distinct electronic structure of borazine. Specifically, the

more localized p-electron cloud in borazine results in a reduced and less anisotropic molecular

polarizability compared to benzene,81 thereby weakening dispersion interaction relative to the
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BD-COF. Additionally, borazine features both electron-rich (nitrogen atoms with lone pairs,

contributing to the HOMO) and electron-deficient (boron atoms, contributing to the LUMO) sites.

In stacked configurations, this electronic asymmetry enhances D–A interactions (also referred

to as charge transfer), where electron density is transferred from the nitrogen lone pairs of one

layer to the empty boron orbitals of an adjacent layer. This interlayer charge transfer provides a

strong attractive interaction absent in the symmetric, homonuclear benzene-based 2D COFs.

3.2.3 Electronic Transport

While the AA stacking configuration, usually possessing higher lattice symmetry than

other stacking motifs, is often presumed to be the predominant structure in many studies,82–84

this arrangement can lead to an overestimation of interlayer charge mobility due to idealized p–p

interaction. In contrast, the energetically more favorable slipped-stacked configurations would

often exhibit increased band gaps and heavier effective carrier masses, reflecting reduced inter-

layer electronic coupling. To systematically investigate the influence of stacking arrangements

and linker functionalization on the electronic properties of 2D COFs, we computed electronic

band structures for both the AA-stacked and the slipped-stacked configurations, being slipped at

the PES minima identified in the PES contours (Figure 3.2).

AA-stacked 2D COFs

As shown in Figure 3.4a-c and Figure 3.18, the AA-stacked systems with various –R

substituents (R = H, CN, F, OH) display prominent Dirac bands in both the conduction (CBs)and

valence bands (VBs), which are characteristic of honeycomb-kagome lattices.85–87 The CBs are

highly dispersive, indicating efficient electron delocalization and low effective masses along both

intra- (G–M–K–G) and inter-layer (G–Z) directions (see Table 3.3). In contrast, the VBs feature a

flat intralayer band, signifying strong in-plane hole localization, while being more dispersive

out-of-plane, suggesting enhanced interlayer hole mobility.88 Notably, as shown in Figures 3.4d

and 3.18, all AA-stacked –R systems display highly similar band structures (similarity scores, s
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(b) —CN (AA)

(e) —H (slipped) (f) —CN (slipped)

(d) AA

(c) BN[1,2] (AA)

(g) BN[1,2] (slipped)

(a) —H (AA)

(h) Slipped

The dash “-” in effective mass table for the slipped stackings in the SI are due to the fact that the VBM 
and/or CBM is not at Gamma, and only those near the CBM and VBM are calculated.

Figure 3.4. PBE-D3(BJ)-evaluated band structures (with orbital projections) and the corre-
sponding similarity matrices. (a), (b), and (c) correspond to the –H, –CN, and BN[1,2] systems
under AA stacking, while (e), (f), and (g) are from the corresponding slipped stackings which
correspond to the minima in the PES contours in Figure 3.2. The high symmetry k-paths in the
first Brillouin Zone are shown in the inset between the similarity matrices among the (d) AA
stackings and (h) slipped stackings, where the path of G–Z (interlayer) is not shown. The valence
band maximum (VBM) is set to zero. More details can be found in the Appendix.

> 0.85) and consistently preserve the kagome-derived features, resulting in comparable electron

and hole effective masses across both substituted and unsubstituted BD-COFs. This indicates

that the electronic structure for the AA-stacked substituted and unsubstituted BD-COFs is largely

governed by the underlying lattice symmetry, with functionalization by substituents exerting

minimal influence, as visualized in the partial charge density included in Figure 3.20. This

symmetry-dominated behavior persists even in bi-substituted systems, where each phenyl ring
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carries two functional groups (Figures 3.23–3.24).

The underlying symmetry-driven electronic structure is disrupted in the AA-stacked

BN[1,2] system, where the homocyclic benzene rings are replaced by heterocyclic borazine

groups. The resulting lowering in lattice symmetry and disruption of in-plane p-conjugation

significantly alter the signature electronic bands (see Figure 3.4c and Figure 3.25e). Consequently,

both the CBs and VBs become markedly less dispersive along the intralayer (G–M–K–G)

direction, leading to significantly heavier effective masses due to weakened intralayer electronic

coupling (Table 3.7). Although the band dispersion along the interlayer (G–Z) direction remains

comparable to that of the AA-stacked –R systems — yielding similar out-of-plane effective

masses — the CBs and VBs deviate significantly from the characteristic kagome bands. This

deviation is reflected quantitatively in the much lower similarity scores between the BN[1,2] and

the BD-COF (see Figure 3.4d).

Slipped-stacked 2D COFs

Compared to the AA stacking, the slipped-stacked configurations of substituted and

unsubstituted BD-COFs exhibit larger and indirect band gaps (Figure 3.4e–g, Figure 3.18, Table

3.5). The indirect nature of the gap necessitates phonon participation for transitions from

the valence band maximum (VBM) to the conduction band minimum (CBM), reducing the

efficiency of optical absorption. Additionally, both CBs and VBs become less dispersive along

the interlayer (G–Z) direction, resulting in heavier effective masses and indicating weakened

interlayer electronic coupling. Interestingly, the hole effective masses along the intralayer

direction (G–M–K–G) become significantly lighter in the slipped-stacked structures compared

to the AA stackings, as shown in Figure 3.4e-f and Table 3.5. This reduction is attributed

to the disappearance of the flat VB present in AA-stacked counterparts, a direct result of

broken honeycomb-kagome symmetry. As the lattice symmetry is disrupted in slipped-stacked

configurations, the electronic structures of different functionalized systems begin to diverge

noticeably. This divergence is evident in the systematic decrease in band structure similarity
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scores from AA to slipped-stacked geometries among the substituted and unsubstituted BD-COFs

(see Figure 3.4h and Figure 3.22), underscoring the strong sensitivity of electronic properties

to stacking arrangement and lattice symmetry (see Figure 3.11 and Figure 3.13 for slipped

geometries).

We further compared the electronic band structures of the –H BD-COF and BN systems

in their slipped configurations, as shown in Figure 3.4 and Figure 3.25. In slipped BN systems,

the band gaps increase compared to their AA-stacked counterparts but notably remain direct

(Table 3.8), allowing efficient optical transitions without momentum transfer — unlike the

indirect gaps observed in slipped –R systems. Similar to the –R systems, slipping reduces the

dispersion of CBs and VBs along both intra- and interlayer directions, leading to heavier charge

carriers, especially for electrons along the interlayer (G–Z) direction.

－H －CN BN[1,2](a) (b) (c)

Figure 3.5. Results for the density-based excitonic analysis. Top view of the spatial distribution
of the electron (top row) and hole (bottom row) and the distance between the centroids of the
electron and hole, dh!e, exciton size dexc, sizes of the electron and hole se and sh, and the
normalized electron–hole correlation coefficient Reh, for the monolayer systems of the (a) –H,
(b) –CN, and (c) BN[1,2] systems. Details of the methodology can be found in Appendix A.

From our analyses, we can see that when under the slipped stacking, electron-donating

substituents like –OH and electron-withdrawing substituents like –CN lead to heavier interlayer

electron effective masses compared to the unsubstituted BD-COF (see Table 3.5). Despite their
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differing electronic characteristics, these functionalized systems (with –CN or –OH) adopt similar

slipped-stacked topologies, favoring a larger extent of slipping compared to the unsubstituted

BD-COF, as discussed earlier. Increased slipping extent reduces orbital overlap and weakens

interlayer electronic coupling, thereby increasing the effective mass along the out-of-plane

direction. This highlights the dominant role of stacking geometry in governing interlayer

charge transport. In contrast, the more localized p-electrons in borazine linkers suppress

intralayer coupling, resulting in heavier effective masses and poorer transport properties than the

unsubstituted BD-COF (see Table 3.7 and Table 3.8).

Although the computed band structures delineate the energetic landscape for charge

carriers, they do not capture the interactions between photo-generated electrons and holes89 that

govern optical responses in materials and critically influence the performance of photoelectronic

and catalytic devices.5–7 To address this, we computed density-based excitonic descriptors

derived from the transition density matrix, following Ref. 90, which explicitly quantify the

correlation between electron–hole pair, i.e., the exciton.

In the intralayer direction, as shown in Figure 3.5a-b, both the unfunctionalized (–H)

and –CN functionalized BD-COFs exhibit bound excitons, with highly correlated electron–hole

pairs characterized by a high positive value of the electron–hole correlation coefficient Reh. In

contrast, replacing the benzene backbone with borazine results in a more localized excitonic

state (Figure 3.5c), with much smaller sizes for the exciton, electron and hole (dexc, se, and

sh), in agreement with the electronic band structure results discussed earlier. This localization

arises because borazine disrupts the extended p-conjugation network of the COF, leading to

less dispersive CBs and VBs along the intralayer (G–M–K–G) direction. Consequently, the

reduced effective mass in the BD-COF is smaller than in their borazine-based counterparts,

which exhibit heavier carriers and more strongly localized electronic states. This localization

diminishes dielectric screening and enhances Coulomb interactions between the electron–hole

pairs, yielding a lower dielectric constant and stronger electron–hole attraction.91,92 As a result,

the BN[1,2] system exhibits a larger intralayer exciton binding energy—the energy required to
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separate the electron–hole pair—compared to the –H and –CN systems (see Table 3.9), indicating

comparatively less favorable photocatalytic performance.

3.2.4 Effect of Defects in 2D COFs

To realistically model the properties and performance of 2D COFs, it is essential to

account for the effects of disorders or defects, as perfect crystalline order is rarely achieved

experimentally. Structural defects such as vacancies, substitutions, and lattice distortions can

profoundly influence electronic properties, charge transport, excitonic dynamics, and optical

responses by introducing localized states and scattering centers that are challenging to capture

by conventional band structure calculations. To incorporate these disorder effects, we employed

the Holstein Hamiltonian93,94 to probe how stacking arrangements impact interlayer electron

delocalization in disordered 2D COFs. Further details can be found in the Appendix.

Figure 3.6a shows the calculated interlayer coherence number for both AA-stacked

and slipped-stacked configurations of the –H and BN[1,2] systems as a function of increasing

static disorder (s ). The interlayer coherence number or electron delocalization length describes

the spatial extent over which an electron remains delocalized along the stacking direction. A

larger interlayer coherence number indicates more efficient interlayer electron delocalization

and consequently enhanced charge transport. We found that the slipped-stacked arrangement

results in greater electron localization compared to the AA-stacked configuration across all

disorder regimes, indicating that slipped stacking hinders electron transport, consistent with the

electronic structure calculations (vide supra). However, the extent of this difference in electron

delocalization between the two arrangements depends on the degree of disorder. For example,

in the low-disorder regime, where s is minimal (⇠0.02 eV), electrons in the slipped-stacked

–H arrangement are delocalized over roughly 8 layers, compared to ⇠10 layers for the AA-

stacked –H configuration. In the same regime, localization is more pronounced for the BN[1,2]

system — electrons are delocalized over only 3 layers in the slipped-stacked arrangement,

compared to 10 in the AA-stacked counterpart. In the experimentally relevant disorder regime
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(a)

(b)

Figure 3.6. Interlayer coherence number (in layers) as a function of (a) inhomogeneous static
disorder (s ) for AA- and slipped-stacked arrangements of –H and BN[1,2] systems, and (b)
intralayer electron transfer integral tintra when under different disorder levels (s = 0.3 or 0.6 eV).

of s = 0.3 eV, previously used in our studies to reproduce experimental spectra of COFs94

and polymers93, the relative difference in electron delocalization length between AA- and

slipped-stacked configurations becomes more similar for these two systems. This indicates that,

under such realistic disorder levels, the delocalization difference between these two stacking

arrangements is becoming much less system-dependent. As disorder increases further (s > 0.4

eV), approaching levels characteristic of nearly amorphous COFs, the difference in interlayer

coherence number between the two stacking arrangements continues to diminish.

In addition, comparing the interlayer coherence number within the AA-stacked arrange-

ment for both the –H and BN[1,2] systems in the disorder range s < 0.3 eV, we found that despite
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having similar interlayer electronic coupling values (see Table 3.1), the interlayer coherence

number is higher for –H than for BN[1,2]. This difference primarily arises from the much higher

computed intralayer coupling in the –H system. This observation underscores that intralayer

coupling, governed by factors such as conjugation length, planarity, chemical structure, and

thermal fluctuations, plays a critical role even in interlayer electron delocalization. Stronger

intralayer coupling allows the electron to bypass deep traps induced by electronic disorder and

explore more extended delocalization pathways. To further illustrate this effect, Figure 3.6b

shows that within the regime of realistic disorder widths (s = 0.3 eV), the simulated interlayer

coherence number gradually increases as the intralayer electronic coupling (tintra) strengthens.

However, such an increase in interlayer coherence number is not observed in amorphous COF

structures, i.e., at very high s values (e.g., s = 0.6 eV) — where the electron is already highly

localized due to disorder.

3.3 Conclusions

In this study, we systematically investigated how linker functionalization, interlayer

stacking, backbone composition, lattice symmetry, and static disorder shape the structural,

electronic, transport, and photophysical properties of 2D COFs. Our results reveal that slipped-

stacked configurations are generally the most energetically favorable, with the degree of slipping

systematically modulated by the nature of the functional groups. While van der Waals interactions

primarily drive the slipping preference, variations in electrostatic interactions further tune the

extent of slipping, thereby influencing the electronic structure and charge transport properties.

We find that when the electronic properties are governed by a highly symmetric lattice

backbone, functionalization has limited ability to adjust electronic or transport characteristics.

In contrast, modifications that disrupt lattice symmetry, such as interlayer slipping, as well

as heterocyclic linker incorporation, induce pronounced and effective changes in electronic,

charge transport, and photoelectronic behaviors. In the symmetry-broken configurations, the
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slipped stacked pattern becomes a critical determinant of interlayer coupling and charge transport,

complementing the underlying electronic structure of the framework.

Our analysis of interlayer electron coherence across different stacking arrangements

and static disorder levels further shows that, although stacking topology influences interlayer

coherence, these system-dependent differences largely vanish in highly disordered samples. In

addition, we find that under realistic disorder levels, the intralayer electronic couplings contribute

positively to the interlayer electron coherence, while this effect drops to negligible at very high

disorder levels.

Importantly, our findings challenge the conventional assumption that electron-donating

and electron-withdrawing substituents impose strictly opposing effects on material properties.

As such, our methods offer an in silico design principle, guiding the targeted exploration and

engineering of COFs within the large design space. Together, these insights provide valuable

principles for the rational synthesis and post-synthetic modification of COFs and other reticular

materials, enabling the tailored optimization of their electronic and photophysical properties for

improved real-world applications.
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Appendix A: Supplementary Methods

Atomistic Model: Periodic Systems

All the calculations for the periodic systems of interest were performed using the Vienna

Ab initio Simulation Package (VASP).95,96 The core electrons were treated by the projector-

augmented wave (PAW) method.97,98 Unless otherwise specified, the PBE functional99 with the

D3(BJ) dispersion correction100–102 was applied.

During the geometry optimization of the periodic systems using one-layer unit cells, the

unit cell parameters and the atomic coordinates were allowed to fully relax. A plane-wave basis

set with an energy cutoff of 520 eV was used in all calculations. The convergence criteria for the

energies and forces were set to 1⇥10�5 eV and 0.01 eV Å�1, respectively. Two-layer supercells

were created from the optimized one-layer unit cells for later calculations of the potential energy

surface (PES) contours and band structures. G-centered k-point grids103 with a k-point resolution

of 2p ⇥ 0.03 Å�1 were used for all calculations, unless otherwise specified. The G-centered

k-point grids were generated using VASPKIT.104 The atomic geometry structure visualization is

performed using VESTA105.

Potential Energy Surface

The contours of the 2D PES of all the periodic structures were calculated by performing

single-point energy calculations. The interlayer spacing along the c direction of each system

of interest was kept the same as the corresponding AA stacking configuration. For the PES

contours, we first evenly sampled 30 points between the fractional displacement of 0 to 0.5 (of

⇠30 Å of lateral lattice constant), i.e., with a step-size of ⇠0.5 Å, along x and y directions (see

Figure 3.9), respectively. After confirming the energetically more favorable regions are within

fractional interlayer slipping of < 0.2 (see Figure 3.9), we effectively sample the regions within

fractional interlayer displacement of [0, 0.25] with similar spacing (see Figure 3.2). This allowed

us to determine the most stable slipped stacking configurations for all the periodic structures.
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Subsequently, we also scanned along the c direction at a regular interval of 0.01 Å in the range

between 3.0 Å to 4.20 Å after the most stable slipped stackings are found for the –R systems.

Band Structure, Effective Mass, and Similarity Matrix

It is widely known that the PBE functional, and any functional developed under GGA, will

systematically underestimate the electronic band gaps106,107. With the benefit of the incorporation

of HF exchange, hybrid functionals such as HSE06 can provide better agreements to experimental

electronic band gaps108,109. To provide a better quantitative comparison between the PBE-

D3(BJ)-evaluated band structures in this study and results from hybrid functionals, we also

calculated the band structures at the HSE06-D3(BJ) level of theory. A k-point resolution of

2p ⇥0.05 Å�1 was chosen for the HSE06-D3(BJ) band structure calculations due to the more

expensive computational cost.

The effective masses m⇤ for electrons (m⇤
e) and holes (m⇤

h) can be used to further char-

acterize the charge transport properties of the crystals. Generally, m⇤
e and m⇤

h are calculated by

fitting a parabola around the conduction band (CB) and valence band (VB) maximum of the

electronic band structures, respectively, via the following equation.

m⇤ =
h̄2

∂ 2E(k)/∂k2 , (A1)

where h̄ is the reduced Planck constant. Consequently, m⇤ is inversely proportional to the second

derivative (i.e., curvature) of E(k) over k. In general, a flat CB or VB indicates charge carriers

with infinite effective masses, which correspond to fully localized charge carriers with vanishing

charge mobility. On the contrary, a highly curved CB or VB means that the charge carriers have

finite and small effective masses, suggesting higher charge mobility.

To better quantitatively describe the similarity between the bottom CBs and top VBs

among the studied systems, we adopted the method mentioned in Ref. 110 to calculate the

so-called similarity matrix. Specifically, the similarity score sA,B between two systems (x = A or
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B) is calculated via the following equations.

DE2
A,B =

1
nvNkp

Â
n

Â
k

⇥�
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n (k)� ĒA
n
�
�
�
EB

n (k)� ĒB
n
�⇤2

. (A2)

Ēx
n =

1
Nkp

Â
k

Ex
n(k). (A3)

sA,B = e�DE2
A,B/2E2

0 . (A4)

Here, DE2
A,B is the mean square deviation in the bottom CBs and top VBs (n) between

the A and B systems, calculated based on the differences in the bottom CBs and top VBs for

each k-point with respect to the corresponding average band energy value (Ēx
n , over the k-points)

of band n for COF x. The arbitrary constant E0 was introduced to tune the sensitivity of the

similarity score, which is taken as the same value (
p

2kBT ) as in Ref. 110. Therefore, similarity

scores will be between 0 (i.e., completely different) and 1 (i.e., identical). Note that this definition

of similarity matrix is used to quantify the similarity of the shape and curvature between the CBs

and VBs between two systems, but not bandgap sensitive.

Specifically, for the AA-stacked systems, especially to better account for the highly

symmetric honeycomb-kagome lattices and characteristic kagome bands in the –R systems, we

include the two lowest CBs and the three highest VBs, resulting in nv = 5 (see Figure 3.4d).

For the slipped systems, where the kagome signature bands in the –R systems are significantly

disrupted, only the lowest CB and the highest VB (nv = 2) are considered (see Figure 3.4h),

following the standard approach in Ref. 110. For comparison, we also computed similarity

matrices using only the lowest CB and highest VB (nv = 2) for the AA-stacked systems, providing

a measure of similarity between the bottom CB and top VB across the AA-stacked systems, as

shown in Figure 3.21.

We have also compared the band structures of the –H and BN systems under the stacking
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configurations slipped at fractional displacements of (0.034,0.058), as they share highly similar

PES contour patterns and their energetic minima are very close to (if not at) (0.034,0.058) (see

Figure 3.10 and Figure 3.12). The results are included in Figure 3.25 and Figure 3.27.

As discussed in the Results and Discussion section, the AA-stacked BN[0,0] and BN[3,3]

maintain honeycomb-kagome lattice symmetry, similar to the –R systems. Consequently, these

systems preserve the characteristic kagome bands, as shown in Figure 3.25. In contrast, for the

AA-stacked BN[1,2] (see Figure 3.4) and BN[0,3], the reduced symmetry in the linkers and

linkage pattern disrupts the kagome bands entirely.

The Sumo toolkit111 is used to calculate the effective masses and plot the orbital-projected

electronic band structures.

Exciton Binding Energy

An exciton describes a bound electron–hole pair in materials and is one of the most

critical physical quantities governing the performance of various photoelectronic and catalytic

devices5–7. In addition, it is highly desirable to accurately determine the exciton binding energy

(Eb), i.e., the amount of energy required to separate an excitonic electron–hole pair. This provides

a direct measurement of how easy or difficult it is to break a bound electron–hole pair into free

charge carriers for further redox reactions. However, we note that it is computationally extremely

challenging to calculate Eb for these large systems. Recently, it has been shown that the Eb

of organic or 2D monolayer inorganic semiconductors exhibits a linear relationship with the

fundamental gap (Eg), i.e., Eb ⇡ Eg/4.92,112 In consideration of computational cost, we calculated

the Eb values for the 2D monolayer –H, –CN, and BN[1,2] systems using this linear scaling

relationship, in an attempt to provide a general discussion about the influence of chemical

composition, intermolecular interactions, and lattice symmetry on Eb. The fundamental gap,

Eg, is calculated as the energy difference between the vertical ionization potential (IP = Ecation -

Eneutral) and the electron affinity (EA = Eneutral - Eanion), evaluated at the HSE06-D3(BJ) level of

theory. A vacuum layer of 20 Å along the out-of-plane direction is applied to avoid interlayer
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coupling. G-centered k-point grids with a k-point resolution of 2p ⇥0.03 Å�1 were used for all

calculations.

Atomistic Model: Molecular Systems
Energy Decomposition Analysis

The molecular systems used for the energy decomposition analysis (EDA) are the two-

layer molecular rings, as illustrated in Figure 3.3. Using the EDA based on the absolutely

localized molecular orbitals (ALMO) scheme67,68, as implemented in Q-Chem113, the total

intermolecular interaction energy (EInt) is decomposed into physically meaningful components,

as shown below.

EInt = EElec +EPauli +EDisp +EPol +ECT, (A5)

EvdW = EPauli +EDisp, (A6)

where the electrostatics component (EElec) represents the classical Coulombic interaction between

the total charge distributions of the interacting molecular fragments, Pauli repulsion (EPauli) is

associated with the Pauli exclusion principle of electrons and corresponds to the energy penalty

from the antisymmetry requirement for the wavefunctions, dispersion (EDisp) describes the

attractive interaction between the fragments resulting from correlated fluctuations of electron

density, polarization (EPol) refers to the distortion of the electron density distribution due to the

existence of electrostatic potential from other molecules, and charge transfer (ECT, often referred

to as donor-acceptor interactions) arises from the attractive interaction due to orbital overlapping

and mixing across different molecular fragments. In addition, similar to the idea mentioned in

Ref. 69, we combined EPauli (short-range repulsion) and EDisp (long-range attraction) into a “van

der Waals” interaction (EvdW).

All ALMO-EDA calculations were carried out at the level of theory of PBE0-D3(BJ)/6-
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31G*.114–116 EDA scans were performed along x (zig-zag) and y (armchair) for each system of

interest, from 0 to 10 Å at a step-size of 1 Å, to study the evolution of the energy components

under displacements away from the AA stacking. The EDA helps us analyze the evolution and

the nature of intermolecular interaction and identify the driving forces80,117 among the stacking

patterns.

Density-based Excitonic Analysis

To further quantify the excited-state properties, density-based descriptors for the exciton

analysis were adopted, as outlined in Ref. 90. A brief description is provided below.

The distance between the centroids of the electron and hole, dh!e, which characterizes

the extent of charge transfer (CT) in the system, is calculated as

dh!e = |h~xe �~xhiexc|= |h~xeiexc �h~xhiexc| , (A7)

where the position of the centroids of the electron and hole of the exciton are calculated as the

expectation values of the position operator x̂.

The exciton size dexc, which is defined as the root-mean-square separation between the

instantaneous hole and electron positions, is evaluated using

dexc =
q

h|~xh �~xe|2iexc. (A8)

In terms of the spatial extension of the electron and hole around their respective centers

of charge, se and sh, they are quantified as the square root of the corresponding variance, using

se =
q
h~x2

eiexc �h~xei2
exc, (A9)

and

sh =
q
h~x2

hiexc �h~xhi2
exc. (A10)
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Furthermore, the covariance between the joint electron and hole positions is defined as

COV(rh,re) = h~xh ·~xeiexc �h~xhiexc · h~xeiexc. (A11)

With that, the normalized electron–hole correlation coefficient Reh is defined as the

covariance normalized by the electron and hole sizes.

Reh =
COV(rh,re)

shse
(A12)

This quantity describes the interdependent spatial distribution and movement of the

electron–hole pair. Therefore, a positive value of Reh indicates a joint motion of the electron and

hole, indicating the formation of bound excitons, while a negative value implies that the electron

and hole are repelling each other. Reh = 0 suggests no linear correlation between their motions.

The density-based excitonic analysis is carried out by calculating the charge density

differences between the ground and excited states of the 2D monolayer –H, –CN, and BN[1,2]

systems, evaluated using Q-Chem, at the level of theory of wB97X-D/6-31G*.118 The charge

density analysis provides insights into the degree of charge distribution and separation upon

excitation119.

The Coarse-grained Holstein Hamiltonian Model

A model three-dimensional (3D) p-stack is shown in Figure 3.7a. A single 2D COF

layer lies in the xy-plane, with the stacking axis oriented along z. Each repeat unit is identified

by the coordinate (m,n,o), indicating the mth and nth unit in the oth layer. As demonstrated

in previous studies on excitons and polarons, individual chains can be effectively described

using a coarse-grained approximation: an electron on a given repeat unit or chromophore is

treated as an additional electron occupying its local LUMO. Neighboring LUMOs of adjacent

repeat units within the 2D COF layer are coupled via the electron transfer integrals, tintra�x

and tintra�y. In a p-stack composed of such layers, wavefunction overlap also occurs between
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LUMOs of neighboring units on adjacent layers. The resulting interlayer electronic coupling is

described by the interlayer electron transfer integral, tinter�z. Together, these couplings enable

three-dimensional delocalization of the electron. The Holstein Hamiltonian used to model single

electrons in disordered p-stacks of 3D COFs is given by

Htotal =
N�1

Â
m=1

N

Â
n=1

N

Â
o=1

tintra�x{d+
m+1,n,odm,n,o +h.c}+

N

Â
m=1

N�1

Â
n=1

N

Â
o=1

tintra�y{d+
m,n+1,odm,n,o +h.c}

+
N

Â
m=1

N

Â
n=1

N�1

Â
o=1

tinter�z{d+
m,n,o+1dm,n,o +h.c}+

N

Â
m=1

N

Â
n=1

N

Â
o=1

Dm,n,od+
m,n,odm,n,o

(A13)

where the first three terms in Htotal represent the kinetic energy of the electron along

the x, y (intralayer), and z (interlayer) directions. The operators d+
m,n,o and dm,n,o respectively

create and annihilate an electron on the mth,nth,oth unit in the 3D COF framework. The final

term takes into account spatially uncorrelated energetic site disorder, which arises due to in- and

out-of-plane fluctuations in the torsional angles, chemical defects in the framework, presence

of inhomogeneous electric fields, etc. Random fluctuations in the electron’s site energy, Dm,n,o,

when the electron is located on the (m,n,o) unit are shown in the final term. The deviations,

Dm,n,o, are randomly selected from a Gaussian distribution with standard deviation s :

P(Dm,n,o) = (2ps2)
�1/2 exp(�Dm,n,o

2/2s2) (A14)

The 3D coherence function describing electron delocalization is given by,

CP(r)⌘
*
hYG|Â

R
d†

RdR+r |YGi
+

C

(A15)

Here, R = (m,n,o) is a dimensionless position vector. When r=0 the coherence reduces

to unity, CP[(0,0,0)] = 1, since Â
R

d†
RdR is the operator for the total number of electrons, which is
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taken to be one. The total number of coherently connected repeat units over which the electron

is delocalized is given by

Ncoh = Â
r
|CP(r)| (A16)

The Holstein Hamiltonian incorporates 3D electron delocalization via both intra- and

interlayer electronic couplings, governed by electron-transfer integrals and spatially uncorrelated

(“short-range”) site-energy fluctuations arising from electronic disorder. For our simulations,

we assume a 3D rectangular lattice comprising 8⇥8 (i.e., 64) coupled chromophores per 2D

layer, with 12 such layers stacked to form the complete 3D structure, as illustrated in Figure 3.7.

The general trends observed regarding the impact of stacking on Nlayers persist even when a

hexagonal lattice is considered instead of a rectangular one. In our modeling, we assume the

presence of free unbound electrons that can delocalize within the disordered COF structures.

Figure 3.7. A schematic representation of a 3D p-stack system used in the coarse-grained model.

The intra- and inter-layer electron transfer integral t values used in the Holstein Hamil-

tonian for the –H and BN[1,2] systems, under AA or slipped-stacked stacking configurations,

respectively, are estimated using the simple tight-binding picture.120–122 Specifically, the t values

are estimated using W = 2zt, where W is the bandwidth of the corresponding CB as shown in

the electronic band structures (see Figure 4 in the main text), z is the number of neighboring
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sites, as included in Table 3.1. z = 3 for intra- and z = 2 for interlayer direction were applied,

respectively. The folding of band structures along the stacking direction was taken into account

for the calculations.

Table 3.1. The intra- and inter-layer electron transfer integral t values (in eV) for the –H and
BN[1,2] systems, under AA or slipped-stacked stacking configurations, respectively.

System Stacking tintra tinter

–H AA 0.07788333 0.23395000
Slipped 0.01131667 0.02785000

BN[1,2] AA 0.00091667 0.25455000
Slipped 0.00046667 0.01980000
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Appendix B: Supporting Data

(c) BN[0,3] Linker
Node

(b) BN[3,3](a) BN[0,0]

Figure 3.8. Geometry structures of (a) BN[0,0], (b) BN[3,3], and (c) BN[0,3] (left) with the
schematic illustration of the corresponding honeycomb-kagome lattices (right). BN[0,0] and
BN[3,3] share the same lattice symmetry as the –R (where R = H, CN, F, or OH) systems. The
unit cell boundaries are indicated by the dashed lines. Color codes: pink for H, black for C, blue
for N, red for O, green for B.
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Figure 3.9. PES contours of fractional interlayer displacements from 0 to 0.5 of a double-layer
unit cell for the –H system. The black star represents the minimum in the PES contour, at (0.067,
0.033). The minor difference between this minimum and that at (0.067, 0.029) as shown in
Figure 3.2 is due to the sampling spacing, which is relatively negligible. The energy of the
AA-stacked structure is used as the zero reference.
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(b) —CN (0.108, 0.043)(a) —H (0.067, 0.029)

(d) —OH (0.042, 0.072)(c) —F (0.059, 0.015)

PES scan on periodic D-A COFs
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Figure 3.10. PES contours of fractional interlayer displacements of a double-layer unit cell for
(a) –H, (b) –CN, (c) –F, and (d) –OH. The black stars represent the minima in the PES contours,
with the corresponding displacements given in the parentheses on top of each PES contour. For
each system, the energy of the AA-stacked structure is used as the zero reference.
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(a) —H (b) —CN

(d) —OH(c) —F

Slipped structures 
Minimum

x

y

Old: out of box

Figure 3.11. Top view of the geometry structures of the –R systems under the slipped stackings
which correspond to the minima in the PES contours in Figure 3.10. The colors of the atoms
are as follows: pink for H, black for C, blue for N, red for O, and orange for F. The unit cell
boundaries are indicated by the dashed lines.
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(b) BN[3,3] (0.034, 0.058)(a) BN[0,0] (0.059, 0.015)

(d) BN[0,3] (0.034, 0.058)(c) BN[1,2] (0.034, 0.058)

NEW PES scan on periodic D-A COFs, for B-N systems
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BB = BN[0,0], NN = BN[3,3]

Figure 3.12. PES contours of fractional interlayer displacements of a double-layer unit cell for
(a) BN[0,0], (b) BN[3,3], (c) BN[1,2], and (d) BN[0,3]. The black stars represent the minima in
the PES contours, with the corresponding displacements given in the parentheses on top of each
PES contour. For each system, the energy of the corresponding AA-stacked structure is used as
the zero reference.
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Slipped structures 
(0.067, 0.067)

(a) —H (b) BN[0,0] (c) BN[3,3]

(d) BN[1,2] (e) BN[0,3]

x

y

Figure 3.13. Top view of the geometry structures of the –H and BN systems under the slipped
stackings which correspond to fractional displacements of (0.034, 0.058). The colors of the
atoms are as follows: pink for H, black for C, blue for N, red for O, and green for B. The unit
cell boundaries are indicated by the dashed lines.
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Table 3.2. Lattice parameters a, b, and the interlayer distance d of the studies systems, including
the –R systems (–H, –CN, –F, and –OH) and BN systems (BN[0,0], BN[3,3], BN[1,2], and
BN[0,3]). The d of the –R systems at the slipped stacking which correspond to the minima in
the PES contours in Figure 3.10 are also optimized via single-point energy scans.

System a/Å b/Å d/Å (AA / Slipped at PES minimum)
–H 30.07 30.07 3.67 / 3.39

–CN 30.06 30.06 3.69 / 3.32
–F 30.08 30.09 3.63 / 3.39

–OH 30.05 30.07 3.65 / 3.39
System a/Å b/Å d/Å (AA / Slipped at (0.034, 0.058))

–H 30.07 30.07 3.67 / 3.67
BN[0,0] 30.61 30.60 3.63 / 3.63
BN[3,3] 30.56 30.55 3.63 / 3.63
BN[1,2] 30.34 30.34 3.63 / 3.63
BN[0,3] 30.36 30.35 3.63 / 3.63
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EDA for D-A rings: across systems, along x (zig-zag)

(a) (b)

(c) (d) (e)

(f) (g)

Figure 3.14. Comparisons of the evolutions of (a) EInt, (b) EvdW, (c) EElec, (d) EPauli, (e) EDisp,
(f) EPol, and (g) ECT along x (zig-zag) for –R systems where R = H, CN, F, or OH.
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EDA for D-A rings: across systems, along y (armchair)

(a) (b)

(c) (d) (e)

(f) (g)

Figure 3.15. Comparisons of the evolutions of (a) EInt, (b) EvdW, (c) EElec, (d) EPauli, (e) EDisp,
(f) EPol, and (g) ECT along y (armchair) for –R systems where R = H, CN, F, or OH.
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EDA for D-A rings: across systems, along x (zig-zag)

(a) (b)

(c) (d) (e)

(f) (g)

Figure 3.16. Comparisons of the evolutions of (a) EInt, (b) EvdW, (c) EElec, (d) EPauli, (e) EDisp,
(f) EPol, and (g) ECT along x (zig-zag) among –H and the BN systems.

96



EDA for D-A rings: across systems, along y (armchair)

(a) (b)

(c) (d) (e)

(f) (g)

Figure 3.17. Comparisons of the evolutions of (a) EInt, (b) EvdW, (c) EElec, (d) EPauli, (e) EDisp,
(f) EPol, and (g) ECT along y (armchair) among –H and the BN systems.
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(a) —F (AA)

(c) —OH (AA)

(b) —F (slipped)

(d) —OH (slipped)

PBE

Old_OH: out of box

Γ Γ

Figure 3.18. PBE-D3(BJ)-evaluated band structures for –F and –OH. (a), and (c) correspond
to the results under AA stackings, while (b), and (d) are from the slipped stackings which
correspond to the minima in the PES contours in Figure 3.10.
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(a) —H (AA)

(c) —CN (AA)

(b) —H (slipped)

(d) —CN (slipped)

(e) —F (AA)

(g) —OH (AA)

(f) —F (slipped)

(h) —OH (slipped)

HSE06

Old_OH: out of box

Γ Γ

Figure 3.19. HSE06-D3(BJ)-evaluated band structures for –R (where R = H, CN, F, or OH). (a),
(c), (e), and (g) correspond to the results under AA stackings, while (b), (d), (f), and (h) are from
the slipped stackings which correspond to the minima in the PES contours in Figure 3.10.
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Table 3.3. PBE-D3(BJ) evaluated bandgaps (direct) and effective masses of the D-A COFs under
AA stacking, including –H, –CN, –F, and –OH.

System bandgap/eV m⇤/m0 G!M G!K G!Z

–H 0.725 m⇤
e 0.359 0.362 1.297

m⇤
h -66.179 -37.328 -1.347

–CN 0.777 m⇤
e 0.352 0.354 1.349

m⇤
h -63.339 -102.231 -1.419

–F 0.669 m⇤
e 0.351 0.354 1.268

m⇤
h -103.878 -114.043 -1.317

–OH 0.643 m⇤
e 0.354 0.358 1.276

m⇤
h -29.754 -52.503 -1.357

Table 3.4. HSE06-D3(BJ) evaluated bandgaps (direct) and effective masses of the D-A COFs
under AA stacking, including –H, –CN, –F, and –OH.

System bandgap/eV m⇤/m0 G!M G!K G!Z

–H 1.344 m⇤
e 0.351 0.350 1.177

m⇤
h -55.997 -30.329 -1.233

–CN 1.408 m⇤
e 0.341 0.341 1.224

m⇤
h -56.031 -84.452 -1.303

–F 1.291 m⇤
e 0.341 0.341 1.151

m⇤
h -90.893 -138.481 -1.212

–OH 1.258 m⇤
e 0.343 0.345 1.157

m⇤
h -23.142 -45.177 -1.251

Table 3.5. PBE-D3(BJ) evaluated indirect (up) and direct (bottom) bandgaps and effective masses
of the D-A COFs under the slipped stacking whose energy is minimal in the PES contours (as
indicated by the star in Figure 3.10), including –H, –CN, –F, and –OH.

System bandgap/eV m⇤/m0 G!M G!K G!Z

–H 1.263 m⇤
e - - 3.921

1.320 m⇤
h - -2.641 -

–CN 1.339 m⇤
e - - 12.103

1.340 m⇤
h -0.455 -0.850 -3.006

–F 1.322 m⇤
e - - 3.333

1.374 m⇤
h - -1.216 -

–OH 1.186 m⇤
e - - 5.052

1.248 m⇤
h -3.398 -2.691 -1.643
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Table 3.6. HSE06-D3(BJ) evaluated indirect (up) and direct (bottom) bandgaps and effective
masses of the D-A COFs under the slipped stacking whose energy is minimal in the PES contours
(as indicated by the star in Figure 3.10), including –H, –CN, –F, and –OH.

System bandgap/eV m⇤/m0 G!M G!K G!Z

–H 1.925 m⇤
e - - 4.730

1.987 m⇤
h - -3.141 -

–CN 2.029 m⇤
e - - 12.779

2.029 m⇤
h -0.436 -0.745 -2.564

–F 2.011 m⇤
e - - 4.680

2.066 m⇤
h - -0.933 -

–OH 1.841 m⇤
e - - 4.415

1.906 m⇤
h -3.226 -2.779 -1.418
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(a) —H
CB VB1 VB2

CB VB1 VB2
(b) —CN

(c) —F
CB VB1 VB2

CB VB1 VB2
(d) —OH

Figure 3.20. Partial charge density at the CBM and VBMs (at G, with isosurface level of 0.0003
e Å�3), respectively, for the AA-stacked systems of (a) –H, (b) –CN, (c) –F, and (d) –OH. The
VBMs of these systems are doubly degenerate, thus here labeled as VB1 and VB2.
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(a) —R

Old-2bands

(b) —H and BN

Figure 3.21. Similarity matrix among the AA-stacked (a) –R, and (b) –H and BN systems
calculated using 2 frontier bands.

(b) AA (c) Slipped at (0.034, 0.058)

(a) —H (slipped at (0.034, 0.058))

(a) AA (b) Slipped

Figure 3.22. Similarity matrix among the (a) AA-stacked (using 5 frontier bands), and (b)
slipped (corresponding to the minima in the PES contours in Figure 3.10; calculated using 2
frontier bands) –R systems.
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PBE band structures of bi-substitution
(b) —2CN(a) —H

(e) —2OH(d) —2Cl

(c) —2F

R

Γ Γ Γ Γ

Γ Γ Γ Γ

Γ Γ

R = H, CN, 
F, Cl, or OH

(f) Geometry structure

Figure 3.23. PBE-D3(BJ)-evaluated band structures for (a) –H, and systems with bi-substitution
on each of the benzene rings on the linkers: (b) –2CN, (c) –2F, (d) –2Cl, and (e) –2OH. The
corresponding geometry structure is illustrated in (f) where R = H, CN, F, Cl, or OH.

Similarity matrix: on PBE band structures; bi-substitution

RSC Adv., 2022, 12, 12283–12291; Nat. Commun., 2022, 13, 2357

• Again, very high similarity scores across the board 
• Hard to drastically change the band structures of 

AA stacking with small functional group 
functionalizations, if the symmetry is not broken; 
dominated by the backbone

(a) 2 bands (b) 5 bands

Figure 3.24. Similarity matrix for the –H and the bi-substituted systems, using (a) 2 or (b) 5
frontier bands. The geometry structure is shown in Figure 3.23f.
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(a) BN[0,0] (AA)

(c) BN[3,3] (AA)

(b) BN[0,0] (slipped)

(d) BN[3,3] (slipped)

(e) BN[0,3] (AA) (f) BN[0,3] (slipped)

PBE

(d) BN[3,3](slipped)

Figure 3.25. PBE-D3(BJ)-evaluated band structures for BN[0,0] (a, b), BN[3,3] (c, d), and
BN[0,3] (e, f). (a), (c), and (e) correspond to the results under AA stackings, while (b), (d), and
(f) are from the slipped stacking, which correspond to fractional displacements of (0.034, 0.058).
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Table 3.7. PBE-D3(BJ) evaluated bandgaps (direct) and effective masses of the D-A COFs under
AA stacking, including –H and the BN systems.

System bandgap/eV m⇤/m0 G!M G!K G!Z

–H 0.725 m⇤
e 0.359 0.362 1.297

m⇤
h -66.179 -37.328 -1.347

BN[0,0] 0.885 m⇤
e 0.572 0.570 0.886

m⇤
h -200.691 -93.673 -1.328

BN[3,3] 1.445 m⇤
e 1.177 1.194 1.208

m⇤
h -201.373 -187.991 -1.429

BN[1,2] 0.747 m⇤
e 7.371 8.474 1.206

m⇤
h -119.159 -112.156 -1.326

BN[0,3] 0.050 m⇤
e 11.901 13.412 1.219

m⇤
h inf -380.905 -1.300
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Table 3.8. PBE-D3(BJ) evaluated bandgaps (direct) and effective masses of the D-A COFs under
the slipped stacking which correspond to fractional displacements of (0.034, 0.058), including
–H and the BN systems.

System bandgap/eV m⇤/m0 G!M G!K G!Z

–H 1.400 m⇤
e 0.424 0.512 299.503

m⇤
h -1.093 -1.336 -3.810

BN[0,0] 1.673 m⇤
e 0.617 0.685 6.945

m⇤
h -2.158 -8.006 -3.727

BN[3,3] 2.180 m⇤
e 1.428 1.910 305.714

m⇤
h -1.412 -3.363 -4.947

BN[1,2] 1.559 m⇤
e 13.240 17.654 43.591

m⇤
h -119.159 -86.666 -6.127

BN[0,3] 0.401 m⇤
e 20.698 26.824 76.588

m⇤
h -32.458 -65.673 -3.301
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(a) BN[1,2]
CB VB VB-1

(b) BN[0,0]

(d) BN[0,3]

(c) BN[3,3]

CB

CB VB1 VB2

CB VB1 VB2

VB1 VB2

Figure 3.26. Partial charge density at the CBM and VBMs (at G, with isosurface level of 0.0003
e Å�3), respectively, for the AA-stacked systems of (a) BN[1,2], (b) BN[0,0], (c) BN[3,3], and
(d) BN[0,3]. The VBMs for BN[0,0], BN[3,3], and BN[0,3] are doubly degenerate, thus here
labeled as VB1 and VB2. Since the BN[1,2] system has only one VBM, for comparison, the
partial charge density for its VB-1 is also provided. The dark blue part in the CBs corresponds to
the interface between neighboring unit cells.
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(b) AA (c) Slipped at (0.034, 0.058)

(a) —H (slipped at (0.034, 0.058))

(a) AA (b) Slipped

Figure 3.27. (a) Band structure of the –H system (slipped at (0.034, 0.058)) and the similarity
matrices among the (b) AA-stacked (using 5 frontier bands), and (c) slipped (at (0.034, 0.058);
calculated using 2 frontier bands) –H and BN systems.
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Table 3.9. The estimated ionization potential (IP), electron affinity (EA), fundamental gap (Eg),
and the exciton binding energy (Eb) (all in eV) for the representative monolayer systems of –H,
–CN, and BN[1,2].

System IP EA Eg Eb
–H 5.265 2.392 2.873 0.718

–CN 5.856 3.011 2.844 0.711
BN[1,2] 5.509 1.798 3.712 0.928
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Chapter 4

Thermodynamics of Alkali Metal Ion Up-
take From Aqueous Solution in MOF-808

4.1 Introduction

Conventional metal extraction primarily relies on solid ores and salt lake brines, which are

geographically unevenly distributed and finite in supply.1 Moreover, these extraction processes

are typically energy-intensive and inefficient, generating significant solid and liquid waste

and contributing to environmental contamination.2 In contrast, seawater presents a vast and

underutilized source of valuable metals, including lithium, cobalt, nickel, uranium, gold, and

rare earth elements.3,4 Given the abundance of these resources, seawater offers a promising

alternative for metal extraction.

Among valuable metals, lithium has gained increasing attention due to its critical role in

energy storage technologies. The growing demand for electric vehicles and mobile electronic

devices has recently led to a sharp increase in industrial lithium consumption.1,5,6 Although

extracting lithium from seawater is promising, its concentration is extremely low – approximately

0.1–0.2 ppm (0.01–0.03 mM).7 Thus, developing highly efficient sorbent materials capable of

selectively capturing Li+ from seawater is crucial for enabling efficient and sustainable lithium

extraction.

Metal-organic frameworks (MOFs) have emerged as promising materials for selective

ion transport,8–13 separation,14–19 and uptake.20–25 Composed of metal ions or clusters, known
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as secondary building units (SBUs), coordinated with organic linkers, MOFs form diverse

structures by adopting different topologies.26,27 Their high surface area, along with exceptional

compositional and structural tunability, has enabled applications in gas adsorption, separation,

and storage, as well as sensing, drug delivery, fuel cells, supercapacitors, and catalysis.28–30

Given their intrinsic properties, MOFs present a compelling opportunity for selective uptake of

metal ions, such as Li+, from seawater.

Ion selectivity in porous materials is primarily governed by the thermodynamic balance

between ion hydration in bulk water and ion uptake within the material, where ions may undergo

partial or complete dehydration. In solution, ion–water interactions influence both enthalpy

– through the competition between ion–water and water–water interactions – and entropy, as

ion hydration may disrupt the surrounding hydrogen-bond network.31 The magnitude of these

effects is determined by the ion’s intrinsic properties, such as size and charge density. However,

upon entering the porous material, enthalpic contributions are further shaped by ion–host and

water–host interactions, which collectively govern the stabilization of the ion within the confined

environment.32

Along the ion uptake pathway, an energy penalty or exclusion effect typically regulates

ion transport into porous materials. The primary rejection mechanisms include steric (size-based)

exclusion and Donnan (charge-based) exclusion.33–35 For example, steric exclusion prevents

larger ions, such as K+, from entering narrow pores that can accommodate only smaller ions like

Li+. Similarly, Donnan exclusion occurs when the porous material carries a net charge, repelling

ions of the same charge while attracting counterions.

More recently, ion dehydration has been identified as a significant factor contributing to

the overall energy barrier for ion transport.36–39 Ions with stronger hydration shells, such as Li+,

require greater energy to shed water molecules, which is necessary for entry into small confined

spaces within porous materials, leading to slower uptake rates compared to less hydrated ions like

K+.36,38,40,41 Along ion permeation pathways, specific binding sites within the porous material

may help offset dehydration energy costs through stabilizing ion–host interactions, facilitating ion
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retention and transport.14,15,42–44 Thus, selectivity arises from the balance between dehydration

energy costs and specific ion–host interactions, ultimately favoring the uptake of some ions over

others.39 Similar mechanisms govern ion selectivity in biological ion channels.39,45–47

A detailed understanding of the driving forces and molecular-level mechanisms governing

metal ion uptake from dilute aqueous solutions in MOFs remains largely unexplored, primarily

due to the complexity of their confined porous environments. Additionally, disentangling the

effects of local hydration structures along ion permeation pathways from the subtle interplay

of ion–water and ion–framework interactions presents a significant challenge. In this study,

we focus on pristine MOF-808, a prototypical MOF known for its hydrothermal stability,48 to

investigate the driving forces underlying alkali metal ion (Li+, Na+, and K+) uptake and to

examine the molecular mechanisms that govern ion and water transport within the framework.

The fundamental insights gained from our simulations offer valuable guidance for designing

MOFs with enhanced selectivity for metal ion extraction from dilute solutions.

4.2 Results and Discussion

Pristine MOF-808 consists of zirconium (Zr) oxide SBUs coordinated by 1,3,5-benzenetri-

carboxylate (BTC) linkers.48 As shown in Figure 4.1, for pristine MOF-808, the inorganic SBUs

are bonded to six organic BTC linkers, while each of the linkers is bonded with three SBUs.

In addition, each SBU is also coordinated with six formate groups. As a result, the framework

features large adamantane-shaped pores (LPs, diameter ⇠18.4 Å) and small tetrahedral-shaped

pores (SPs, diameter ⇠4.8 Å), as illustrated in Figure 4.1.48–50 For each of the tetrahedral-shaped

SPs, four inorganic SBUs are located at the vertices, with four organic BTC linkers positioned in

the faces of the tetrahedron. We note that the LPs are interconnected to each other, while the SPs

are well separated, with narrow windows formed between the nearby BTC linkers connecting

each SP and the neighboring LPs. In this study, we focused on pristine MOF-808 as a prototypical

system to elucidate the fundamental thermodynamic and molecular-level mechanisms governing

126



Paesani Lab Group MeetingSuman Saha 20
Figure 4.1. Schematic illustration of the structure of MOF-808. The large adamantane-shaped
pores (LPs) and small tetrahedral-shaped pores (SPs) are indicated by the orange and yellow
balls, respectively. Color code: C, black; O, red; Zr, cyan. Hydrogen atoms are omitted for
clarity.

ion uptake. However, it is well established that MOF-808 can exhibit structural defects, such as

missing formate ligands or BTC linkers. Introducing such defects offers a promising strategy

to modulate the ion uptake capacity and selectivity of MOF-808. These structural changes

result in coordinatively unsaturated Zr sites within the SBUs, which can substantially alter

both water–framework and ion–framework interactions. Consequently, defect engineering may

significantly affect not only the thermodynamics but also the kinetics of ion transport and uptake

in MOF-808, offering promising directions that will be explored in future studies.

To systematically investigate the thermodynamics of hydrated alkali metal ions in MOF-

808, the first step is to determine whether these ions preferentially reside within the framework’s

LPs or SPs, compared to remaining fully hydrated in bulk water. Additionally, exploring the

free-energy landscapes governing the transport of ions and water molecules between an LP
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and an SP through the narrow connecting window is crucial for understanding the kinetic and

thermodynamic barriers involved. Finally, analyzing the local hydration structures of ions upon

uptake into MOF-808 provides key insights into the molecular-level interactions that dictate their

stability within the framework.

4.2.1 Thermodynamics of Ion Uptake: From Bulk Water to MOF-808

To evaluate the thermodynamic stability of alkali metal ions within the MOF-808 frame-

work relative to bulk water, we performed hydration free-energy calculations for ions located

in different pore environments. Recognizing that the change in free energy (DG) is a state

function, we employed the thermodynamic cycle (a) illustrated in Figure 4.2 to determine the

free-energy change associated with transferring an ion from bulk water to an LP (DGion
Bulk!LP)

of MOF-808. It is important to note that the effect of confinement on ion hydration is highly

system-dependent. Factors such as pore size, surface chemistry, and ion–host and water–host

interactions can enhance or weaken hydration under confinement.51–53 Our results reveal that all

alkali metal ions considered in this study (Li+, Na+, and K+) exhibit comparable DGion
Bulk!LP

values of ⇠-4.1 kcal/mol (details in Table 4.7 in the Appendix). This negative value indicates a

relative thermodynamic preference for the ions to reside within the LPs of MOF-808 compared to

bulk water. We note that these results are derived from simulations performed under conditions

corresponding to an ion uptake of approximately 0.046 mmol/g (details available in Appendix B),

closely matching recent experimental measurements for Li+ uptake in MOF-808.54 A systematic

decomposition of the free-energy changes for each step of the thermodynamic cycle for all ions

is reported in Table 4.7 in the Appendix.

The structural and dynamic differences in water organization surrounding the ions in

bulk water versus the confined environment of an LP provide insight into their thermodynamic

stability. Alkali metal ions such as Li+, Na+, and K+ are known to interact differently with

bulk water due to their varying sizes and charge densities. Understanding how these behaviors

change under confinement is therefore essential for designing porous materials with enhanced
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Figure 4.2. Thermodynamic cycles illustrating ion hydration in different environments. Cycle
(a) shows that the free-energy change for transferring an ion from bulk water to a large pore
(LP) of MOF-808 is given by DGion

Bulk!LP = DGion (LP)
hydr �DGion (Bulk)

hydr . Cycle (b) shows the free-
energy change for transferring an ion from a large pore (LP) to a small pore (SP) is given
by DGion

LP!SP = DGion (SP)
hydr � DGion (LP)

hydr . In all panels, species (either the ion or framework
components) shown in gray do not interact with their surrounding environment.

ion uptake and selectivity. Given its relevance for selective extraction from dilute solutions, the

following analyses focus on Li+, while results for Na+ and K+, which show similar changes from

bulk to confined environments, are presented in Figure 4.10 and Figure 4.11 in the Appendix,

respectively. The radial distribution functions (RDFs) between Li+ and water oxygen atoms

(Figure 4.3a) reveal a more pronounced first peak under confinement, indicating a tighter first

hydration shell within the LP compared to bulk water. This suggests a higher probability of

water molecules residing in close proximity to Li+ inside the LP of MOF-808. Notably, the

position of the first peak remains unchanged across both environments, implying that confinement

primarily influences the local structuring of water around Li+ without significantly altering the

average ion–water distance. These structural differences influence water dynamics, as reflected

in the significantly longer residence time of water molecules around Li+ in the LP of MOF-808

compared to bulk water (Figure 4.3b). Moreover, water dynamics are significantly slower under

confinement, as indicated by the slower decay of the orientational correlation function (C2(t)) for
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water molecules in the LP of MOF-808 compared to bulk water (Figure 4.3c). This slowdown is

primarily due to water molecules near the pore surface, where interactions with the framework

restrict molecular motion, consistent with previous findings.55 While the hydration structures

and dynamics around Li+, Na+, and K+ remain distinct under confinement, we found that the

magnitude of change from bulk water to the LP environment is comparable for all three ions. This

observation is consistent with the similar values of DGion
Bulk!LP across the series, underscoring the

dominant influence of confinement effects. Further differences arise in the spatial arrangement

of water molecules, as captured by the tetrahedral order parameter (qtet) distributions in both

environments (Figure 4.3d). Within an LP of MOF-808, the qtet distribution exhibits two distinct

peaks: the peak at q ⇠ 0.75, similar to the main peak in bulk water, corresponds to water

molecules near the center of the LP, where they retain a tetrahedral-like arrangement akin to

that in bulk water. In contrast, the peak at q ⇠ 0.50 corresponds to water molecules near the

framework, where interactions with the surface disrupt the hydrogen-bond network, leading to a

more disordered local structure compared to bulk water.

To determine the driving forces underlying the thermodynamic preference of alkali

metal ions for the LPs of MOF-808 compared to bulk water, additional hydration free-energy

calculations were performed. In particular, to disentangle the contributions of ion–water interac-

tions from those of ion–framework interactions, all direct interactions between the ions and the

framework (both van der Waals and electrostatic) were explicitly removed in these calculations.

Notably, the hydration free energies remain virtually unchanged (Table 4.7) compared to cases

where all ion–framework interactions are present, indicating that MOF-808 does not provide

strong binding sites for alkali metal ions. This finding, consistent with previously reported or-

dered water structures in confined environments,55,56 confirms that the observed thermodynamic

preference of alkali metal ions within the LP arises primarily from the unique water organization

and structural ordering induced by confinement, rather than direct ion–framework interactions.

Using the thermodynamic cycle (b) illustrated in Figure 4.2, we then calculated the

free-energy change associated with ion transfer from an LP to an SP (DGLP!SP). To account
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Figure 4.3. Structural and dynamical properties of water molecules with Li+ ion in bulk
water (Bulk) and confined within the LP of MOF-808 (MOF). (a) Radial distribution function
describing the spatial correlation between Li+ and water oxygen atoms; (b) Time evolution of
the number of water molecules that remain in the first hydration shell, considering those initially
present at time zero; (c) Water orientational correlation function; (d) Probability distribution of
the tetrahedral order parameter. See Appendix A for additional details on the calculations of
these properties.

for variations in local environments, we examined multiple scenarios differing in both the

number of water molecules present within the SP and the extent of ion hydration, i.e., the

coordination number of ions with surrounding water molecules (specific details are reported

Table 4.7 in the Appendix). In the following analyses, we focus on two representative cases: the

completely dehydrated SP and the most thermodynamically stable hydrated SP. As shown in

Figure 4.4a, distinct trends emerge in DGLP!SP for ions transferring from a fully hydrated LP to

a dehydrated SP. The observed trend – Li+ < Na+ < K+ – indicates that K+ exhibits the greatest

thermodynamic stability within a dehydrated SP, likely due to the closer match between the ionic

radius of K+ and the size of the SP, thereby promoting stronger ion–framework interactions
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Figure 4.4. (a) Free-energy change (DGLP!SP) for the transfer of a single Li+, Na+, and K+ ion
from an LP to an SP. (b) Decomposition of DGLP!SP into enthalpic (DHLP!SP) and entropic
(TDSLP!SP) contributions for both dehydrated and hydrated SP. (c) Potential of mean force
(PMF) profiles for ion–water and water–water interactions in the LP calculated using Li-Ow,
Na-Ow, K-Ow and Ow-Ow distances as collective variables, respectively. Here, Ow refers to the
oxygen atoms of any water molecule. (d) Time evolution of the oxygen and hydrogen distances
of a water molecules within an SP containing a Li+ relative to a carbon atom of a BTC benzene
ring.

compared to Li+ and Na+. These findings suggest that designing MOF pore structures with

dimensions that more closely match the size of Li+ could enhance both the uptake capacity and

selectivity for Li+ over larger ions. In contrast, within a hydrated SP, the trend is effectively

reversed – Li+ > Na+ ⇡ K+ – indicating that Li+ is the most thermodynamically stable in this

environment. This stability arises from its strong hydration shell and the favorable ion–water

interactions facilitated by the confined space of the SP.

To further elucidate these trends, DGLP!SP was decomposed into enthalpic (DH) and
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entropic (T DS) contributions, following the procedure detailed in Appendix A. As shown in

Figure 4.4b, for a dehydrated SP, the process is primarily enthalpically driven, with K+ exhibiting

the most negative enthalpy change. This stabilization arises from the favorable size of K+ relative

to the dehydrated SP, which enables optimal interactions with the benzene rings of the BTC

linker while allowing the ion to remain centrally positioned within the pore—a point further

explored in the following section. For a hydrated SP, although the enthalpic trend remains

similar, the entropic contribution becomes more pronounced, ultimately reversing the free-energy

trend as shown in Figure 4.4a.

The transfer of an ion from an LP to an SP is generally accompanied by a decrease in

entropy (DS) from the perspective of the ion, as its translational mobility is reduced within the

confined environment of the SP. This effect is evident from the diffusion coefficients of ions

in different environments, as reported in Table 4.10. To better understand the overall entropic

trend, we examined the behavior of each ion within a dehydrated SP. The observed decrease

in DS from Li+ to Na+ to K+ (Figure 4.4b) can be attributed to each ion’s ability to structure

surrounding water molecules within the LP. The potential of mean force (PMF) profiles shown in

Figure 4.4c, constructed using ion–water distances as collective variables, reveal that the energy

barriers for removing a water molecule from the ion’s first hydration shell follow the order Li+

> Na+ > K+. This trend is further supported by the analysis of water residence times in the first

shell, which shows that water molecules remain longest in the hydration shell of Li+, followed

by Na+ and then K+ (Table 4.9). For an ion confined within an SP, removing a water molecule

from the first hydration shell of K+ requires less energy than for Na+ or Li+, highlighting the

weaker ion–water interaction for the larger ion.57,58 As a result, Li+ exhibits the most ordered

first hydration shell, followed by Na+ and K+. When an ion transitions from a fully hydrated

LP to a dehydrated SP, this structured hydration environment is disrupted, leading to an entropy

increase for water molecules remaining in the LP. This disruption creates a subtle competition

between the entropy gain of water molecules and the entropy loss of the ion itself. For Li+, these

two effects nearly cancel each other out, resulting in DS ⇡ 0. In contrast, for Na+ and K+, the
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loss of ion entropy becomes increasingly dominant, leading to progressively more negative DS

values, as illustrated in Figure 4.4b.

In contrast, the transfer of each alkali metal ion from a fully hydrated LP to a fully

hydrated SP is associated with a positive shift in T DS, as shown in Figure 4.4b. This entropic

gain can be attributed to the rotational degrees of freedom of water molecules confined within the

SP. Figure 4.4d shows the time evolution of distances between water oxygen and hydrogen atoms

relative to a reference atom in the SBU for Li+. Analogous plots for Na+ and K+ are provided

in Figure 4.13 in the Appendix. These results demonstrate that while water molecules maintain

relatively fixed spatial positions within the SP, they retain rotational freedom, contributing to

an increase in rotational entropy, which is absent in a dehydrated SP. This gain in rotational

entropy leads to a comparable positive shift in T DS for both Li+ and Na+, each of which

accommodates four water molecules within a hydrated SP. The smaller shift observed for K+,

which accommodates only three water molecules in its most stable hydrated structure (Table 4.7),

further supports this interpretation, highlighting the role of hydration shell size in modulating

entropic contributions.

4.2.2 Thermodynamics of Ion Uptake: From Large to Small Pores

Beyond hydration free-energy calculations, which determine the relative preference of

alkali metal ions for different environments (i.e., bulk water and MOF-808 confinement within

LPs and SPs), we investigated the free-energy profiles associated with the transport of water

molecules and alkali metal ions from an LP to an SP. The activation behavior of single-ion

transport through confined pores is primarily dictated by ion dehydration and closely follows

hydration energy trends.37,38,40,41 However, a detailed molecular-level understanding of the

mechanisms governing this process remains incomplete. To address this gap in the case of

MOF-808, we employed enhanced sampling simulations to compute the free-energy changes

experienced by water molecules and alkali metal ions along a chosen collective coordinate (x ),

offering mechanistic insights into the transport pathways and energy barriers involved (further
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details are provided in Section 9 in the Appendix).

Although porous materials immersed in aqueous environments typically reach equilib-

rium with water occupying their pores, this assumes that water infiltration is both thermody-

namically favorable and kinetically accessible. In MOF-808, the LPs (diameter ⇠18.4 Å) are

sufficiently open to allow rapid hydration, and our study assumes that these LPs are fully hy-

drated. However, the SPs (diameter ⇠4.8 Å) are connected to the LPs via narrow windows (⇠4 Å

wide, see Table 4.12), which can impose significant steric and energetic barriers, particularly for

water molecules. Moreover, under confinement, the thermodynamic preference for ion and water

uptake may differ drastically between hydrated and dehydrated environments. To explore these

effects, we investigated the free-energy profiles for the stepwise transfer of water molecules and

alkali metal ions from a fully hydrated LP into a fully dehydrated SP. This approach allowed us

to systematically probe the differences in thermodynamic and kinetic barriers during early-stage

pore filling, prior to the establishment of equilibrium.

Given the large excess of water molecules in dilute aqueous solutions, we first evaluated

the PMF for a single water molecule entering a dehydrated SP from a fully hydrated LP. As

shown in Figure 4.5 (and further supported by Figure 4.15 and Figure 4.16 in the Appendix),

the PMF profile indicates a slight thermodynamic preference for a water molecule to enter a

dehydrated SP from a fully hydrated LP, with DGLP!SP being marginally negative. However,

this process is hindered by a high energy barrier – exceeding 26 kcal/mol – located near the

window along the path connecting an LP and an SP, indicating that the transfer is kinetically slow.

This barrier arises from a combination of steric hindrance and dehydration effects, as the narrow

pore window restricts water transport. Further analyses demonstrate that the insertion of a second

water molecule into an SP already occupied by a water molecule becomes thermodynamically

unfavorable (Figure 4.15 and Figure 4.16), due to the inability of the second water molecule to

have optimal interactions with both the first water molecule and the benzene rings of the BTC

linkers. It should be noted that, as shown in Figure 4.15 and Figure 4.16, the PMFs for the

transfer of water molecules from an LP to an SP, which were obtained from simulations of a
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Figure 4.5. Potential of mean force (PMF) for a water molecule transferring from a hydrated LP
(negative x ) to a dehydrated SP (positive x ). Statistical errors were calculated as 95% confidence
intervals and are shown as a colored shaded area. See Appendix A for additional details.

single alkali metal ion in MOF-808 performed with the TIP4P-Ew water model59 and associated

models for ions in water,60 are independent of the presence of the ion, the type of the ion, and

the presence of a counterion. Importantly, Figure 4.16 demonstrates that these PMFs are also in

qualitative agreement with those obtained from simulations performed with the more realistic

MB-pol61–65 data-driven many-body potential.

Since the first water molecule encounters a significant free-energy barrier when entering

a dehydrated SP, we subsequently investigated the PMFs associated with transferring a single

Li+, Na+, or K+ ion from a fully hydrated LP into a dehydrated SP. These simulations build on

previous findings that ions permeate through porous materials independently.66 By comparing

the free-energy landscapes of water and ion transfer into dehydrated SPs, we assess which

species is more kinetically and thermodynamically favored during the initial stages of uptake.

To complement this analysis, we also monitored changes in the coordination number (CN) of

each ion, enabling us to quantify the extent of ion dehydration along the transport pathway — a

process that remains challenging to characterize experimentally.

As shown in Figure 4.6, the PMFs indicate that the transfer of an alkali metal ion into
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a dehydrated SP is generally favorable. However, distinct differences are apparent in the PMF

profiles for Li+, Na+, and K+. Specifically, the PMF for Li+ displays the highest energy

barrier and the steepest profile, followed by Na+ and then K+, indicating progressively easier ion

transfer as the ionic radius increases. Additionally, due to its smaller ionic size, Li+ preferentially

localizes near the vertices of the tetrahedral SP, corresponding to two distinct free-energy wells

along the PMF (x ⇡ 1 Å and x ⇡ 5 Å, respectively). In contrast, the larger Na+ and K+ ions

exhibit a single free-energy minimum near the center of the tetrahedral SP (x ⇡ 3 Å), reflecting

their size matching with the SP dimensions. The free-energy well for Na+ is notably broader

than that for K+, suggesting increased rattling of Na+ within the dehydrated SP, consistent with

the RDF analysis presented in Figure 4.12 in the Appendix.

In all cases, the free-energy barriers are located near the window along the path connect-

ing an LP to an SP, consistent with observations for ion transport through model pores.37,38,40,67

As highlighted by the gray-shaded region in Figure 4.6a, these energy barriers arise before

dehydration of the first hydration shell. This early onset of barriers may result from the reorien-

tation or partial loss of outer hydration shells, as suggested in previous studies.40 We note that

the energy barriers associated with entry into the SP are largely due to the dehydration energy

penalty and potentially the structural constraint of opening the narrow window through which

ions pass. In contrast to the three-stage model of ion transport proposed in Ref. 66 – comprising

dehydration, stabilization, and diffusion – our analyses of ion transfer from a hydrated LP to

a dehydrated SP of MOF-808 show no clear separation between dehydration and stabilization

stages. Instead, these processes appear convoluted and overlapping. First, as shown in Figure 6,

the PMF begins to decrease while dehydration is still ongoing, indicating that ion–framework

interactions begin to stabilize the ion even before full dehydration. These interactions arise

from favorable electrostatic interactions between the ions and the negatively charged aromatic

carbon atoms of the BTC linkers near the window. Second, although the ions undergo complete

dehydration (CN = 0), the associated free-energy barriers are significantly lower than their

corresponding dehydration energies, which range from approximately 70 kcal/mol for K+ to
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Figure 4.6. Potentials of mean force (PMFs) (solid lines, left y-axis) and corresponding coordi-
nation numbers (CNs) (filled circles, right y-axis) for a single Li+ (a), Na+ (b), and K+ (c) ion
transferring from a hydrated LP (negative x ) to a dehydrated SP (positive x ). Statistical errors
were calculated as 95% confidence intervals and are shown as colored shaded areas. The regions
of first-shell dehydration are shown as gray-shaded areas.
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120 kcal/mol for Li+.41,68,69 This finding indicates that ion–framework interactions play an

important role in stabilizing the ion during dehydration. The computed free-energy barriers

for Na+ and K+ are consistent with previous studies (7–10 kcal/mol).41,66 However, earlier

investigations did not characterize the corresponding hydration states. It should also be noted

that both energy barriers and hydration states depend on the specific ion type and the nature of

the porous material. After full dehydration, the PMF continues to decrease, indicating further

stabilization due to ion–framework interactions. Specifically, as shown by the RDF results in the

middle column of Figure 4.12, Li+, due to its small ionic size, is able to position near the vertices

of the tetrahedral SP, where it is stabilized by electrostatic interactions with the oxygen atoms of

the SBUs and carboxylate groups of the BTC linkers. In contrast, Na+ and K+ tend to localize

near the center of the SP, where stabilization is primarily mediated by cation–p interactions with

the aromatic carbon atoms of the BTC linkers. While further investigations into the influence of

formate ligands and structural defects on ion transport would be highly valuable, we note that the

formate ligands are not directly positioned along the transport pathway considered in this study,

suggesting that their effects would be primarily indirect. Consistent with previous studies,41 the

energy barriers for ion transfer from a hydrated LP to a dehydrated SP in MOF-808 follow the

order: Li+ > Na+ > K+, reflecting the trend in ion size and hydration strength. In contrast, the

barriers for ion exit from a dehydrated SP follow the reverse order: Li+ (15.9 kcal/mol) < Na+

(32.3 kcal/mol) < K+ (52.8 kcal/mol), providing further evidence that K+ experiences stronger

stabilization within a dehydrated SP due to favorable interactions with the SP, compared to being

fully hydrated in the LP.

Based on the analysis of DGLP!SP, the propensity of an ion to enter a dehydrated SP

from a hydrated LP follows the order Li+ < Na+ < K+. These results are consistent with

findings for ion-exchange membranes, which show that ions with lower hydration free energies

are adsorbed more readily.41 In MOF-808, this trend arises from the interplay between ion–water

and ion–framework interactions, which are influenced by the ion’s size and corresponding charge

density. As shown in Table 4.12 in the Appendix, the uptake of a single Li+, Na+, or K+ ion
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in a dehydrated SP does not appreciably change its size. The same trends and similar PMF

features were observed with the more realistic MB-pol61–65 and MB-nrg57,58,70–73 data-driven

many-body potentials for water and alkali metal ions (Figure 4.17 in Appendix B), though with

consistently higher energy barriers for entering a dehydrated SP. It has been established that

these differences are due to the inability of empirical force fields like TIP4P-Ew59 and associated

ion–water60 models to quantitatively capture many-body effects in water74 as well as alkali

metal ion hydration.57,58,70–73 Overall, our simulations indicate that Li+, Na+, and K+ ions face

relatively low free-energy barriers when transitioning from a hydrated LP to a dehydrated SP –

significantly lower than those predicted for water molecules – suggesting that ion uptake into a

dehydrated SP occurs at a higher rate than water uptake. Moreover, the more negative DGLP!SP

values for ions compared to water molecules suggest a stronger thermodynamic driving force for

ion entry into a dehydrated SP.

Building on the process where a single ion transfers from a hydrated LP into a dehydrated

SP, we next examined the PMF associated with a water molecule entering an SP that already

contains one ion. As shown in Figure 4.7, the presence of the ion enhances the thermodynamic

driving force for water uptake, making it more favorable for a water molecule to enter compared

to the case of a dehydrated SP (Figure 4.5). Two key trends emerge when comparing Li+, Na+,

and K+. First, the free-energy barriers for water entry into the SP are similar for Li+ and Na+

(⇠24 kcal/mol) but rise significantly for K+ (32.7 kcal/mol). This suggests that accommodating

K+ imposes greater structural constraints within the SP due to its larger ionic size, making it more

challenging to open the window between the LP and SP compared to the smaller alkali metal

ions. This trend reflects the influence of ion–framework interactions within the SP environment

and mirrors the barrier pattern observed in Figure 4.6 for ion exit from the SP. Second, the

free-energy barriers for water molecules to exit the SP systematically decrease from Li+ to Na+

to K+. This trend arises from the combined effects of water–ion interactions within the SP and

the increasing size of the confined ion, which modulates the structural stability and hydration

dynamics of the surrounding water molecules.
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Figure 4.7. Potentials of mean force (PMFs) (solid lines, left y-axis) for a water molecule
transferring from a hydrated LP (negative x ) to a dehydrated SP (positive x ) containing a single
Li+ (a), Na+ (b), and K+ (c) ion. Statistical errors were calculated as 95% confidence intervals
and are shown as colored shaded areas. Also shown are the ion’s coordination numbers (CNs)
(filled circles, right y-axis) within the SP. The gray dashed lines indicate the positions of the
corresponding PMF maxima.
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Our simulations predict that the propensity of a water molecule to enter an SP already

containing a single ion follows the order Li+ > Na+ > K+. This trend is primarily governed by

ion–water interactions and the confined environment within the SP. As shown in Figure 4.7, the

peak of each PMF curve (marked by the gray dashed line) consistently aligns with the hydration

state of the alkali metal ion inside the SP. Once hydration occurs, the free energy decreases,

suggesting stabilization driven by water–framework and water–ion interactions. Despite this

stabilization, the free-energy barriers for water entry into an ion-occupied SP remain high,

exceeding 23 kcal/mol. Consistent with the analyses reported in Figures 4.5 and 4.6, the same

trends and similar features are observed in analogous PMFs calculated from simulations carried

out with the more realistic MB-pol61–65 and MB-nrg57,58,70–73 data-driven many-body potentials

for water and alkali metal ions, respectively (Figure 4.18 in Appendix B). However, the MB-pol

and MB-nrg potentials systematically predict higher energy barriers for water entry into the SP,

likely due to a more quantitative description of many-body interactions.74

4.3 Conclusions

Through free-energy calculations and enhanced sampling simulations, we have provided

a detailed molecular-level characterization of alkali metal ion uptake in MOF-808 from dilute

aqueous solutions. Our findings indicate that while the large pores of MOF-808 provide a

similarly favorable environment for different ions, the small pores exhibit distinct thermodynamic

and kinetic properties that influence ion selectivity. Specifically, dehydrated ions are stable within

the small pores. Further hydration – although thermodynamically favorable – requires water

molecules to overcome significant energy barriers to transfer from the large to the small pores.

Based on systematic thermodynamic analyses, all the alkali metal ions considered in this

study are predicted to face lower energy barriers for entering the small pores of MOF-808 than

water molecules, indicating that ion uptake occurs at a higher rate than water uptake. Among

these ions, Li+ faces the highest energy barrier due to its strong hydration shell, whereas K+
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shows the greatest thermodynamic propensity for uptake into the small pores in its dehydrated

state. However, within hydrated small pores, Li+ becomes the most thermodynamically stable

among the alkali metal ions studied, illustrating a strong interplay between hydration structure

and confinement effects. Specifically, when the SP is dehydrated, uptake is driven by size

compatibility and ion–framework interactions, favoring larger ions such as K+. In contrast, in the

hydrated SP, strong ion–water interactions and enhanced rotational entropy of water molecules

favor Li+ uptake. This reversal in thermodynamic preference underscores the importance of the

local hydration environment in modulating confinement effects.

The insights gained from this study underscore the critical role of ion dehydration, ion–

water interactions, and ion–framework interactions in governing ion uptake mechanisms in

MOFs. These findings provide fundamental guidance for the design and optimization of MOFs

with enhanced selectivity for metal ion extraction from seawater. Future studies should explore

tailored functionalization strategies, such as modifying pore chemistry to introduce selective

binding sites or optimizing pore size to enhance confinement effects for target ions, such as

Li+. Several experimental efforts have demonstrated that incorporating functional groups, such

as carboxyl or amino groups, into MOF linkers can significantly enhance uptake capacity for

multivalent ions.24,43 More recently, high Li+ uptake with notable Li+/Mg2+ selectivity has

been achieved by integrating ion-specific adsorption motifs into MOFs with suitably narrow

pore windows.54 Additionally, incorporating many-body effects into computational models of

water–framework and ion–framework interactions could further refine the description of ion

behavior in MOFs at the molecular level.
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Appendix A: Supplementary Methods

Models and Molecular Dynamics Simulations
Force Field for MOF-808

The flexible force field used for MOF-808 in this study is based on our previous work.75

The corresponding structures for the SBU and the benzene-1,3,5-tricarboxylate (BTC) organic

linker, along with the atom types adopted in the force field, are shown in Figure 4.8. The oxygen

atoms in the carboxylate groups in the BTC linkers belong to “o1” type. It is noteworthy to

mention that multiple reference angles for the O–Zr–O angles (if present) among the same specific

atom types are taken into account during the re-fitting process using the genetic algorithm,76,77

considering the specific bonding pattern of Zr and O in the SBU. Further details can be found

below in Table 4.3.

A complete list of force field parameters developed for MOF-808 in this work is reported

in Tables 4.1–4.5.

(a) (b)

Figure 4.8. Structural illustration of the MOF-808 (a) SBU and (b) benzene-1,3,5-tricarboxylate
(BTC) organic linker with specific atom types used for force field parameters indicated. Color
scheme: Zr = green, O = red, C = brown, H = white. Figures are adapted from Ref. 75.
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Non-bonded Interactions

The interactions between MOF-808 and guest species (i.e., water and ions), as well as

among the guest species, were described by Coulomb and van der Waals interactions, with the

latter represented by Lennard-Jones (LJ) potentials. The water molecules are described by the

TIP4P-Ew model,59 while the LJ parameters for the metal ions are obtained from those optimized

for the TIP4P-Ew water model, as reported in Ref. 60. The cross LJ terms were calculated using

the Lorentz–Berthelot mixing rules.78

We also performed simulations using the more realistic MB-pol61–65 as well as the

MB-nrg57,58,70–73 data-driven many-body potentials for water and alkali metal ions, respectively,

as implemented in MBX.79,80 To describe the framework–water interactions in these simulations,

we used the effective LJ parameters for the oxygen and hydrogen atoms recommended in Ref. 79:

sO=3.26393 Å, eO=0.26948 kcal/mol, sH=2.68354 Å, and eH=3.7⇥10�10 kcal/mol. The effec-

tive LJ parameters for the alkali metal ions were obtained from fits to ion–dimer scans calculated

using corresponding MB-nrg potentials: sLi=1.70872 Å, eLi=0.04945 kcal/mol, sNa=2.25973 Å,

eNa=0.16504 kcal/mol, sK=2.96667 Å, and eK=0.40727 kcal/mol. To use a relatively large time

step of 1 fs for the simulations with the MB-pol and MB-nrg potentials, the water molecules

were kept fixed at average geometry (r(O–H)=0.98823 Å, q (H–O–H)=105.50896�) obtained

from path-integral molecular dynamics (PIMD) simulations carried out for bulk water in the

isothermal-isobaric (NPT : constant number of particles, pressure, and temperature) at 298 K

and 1 atm.63.
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Table 4.1. Partial charge and Lennard-Jones parameters.

Atom name Atom type Charge e (kcal · mol�1) s /2 (Å)
Zr Zr 1.565694 0.069000 1.391500
c c 0.143236 0.086000 1.700000

c2 c2 0.262510 0.086000 1.700000
ca1 ca -0.066223 0.086000 1.700000
ca2 ca -0.127265 0.086000 1.700000
ha ha 0.061341 0.015000 1.300000
ho ho 0.335613 0.000000 0.000000
h h 0.247635 0.015000 1.210700

o1 o1 -0.389495 0.210000 1.480000
o2 o2 -0.260281 0.210000 1.480000
oh oh -0.703638 0.210000 1.480000
o o -0.813039 0.210000 1.480000

Table 4.2. Bond potentials: U(r) = 1
2Ki j(r� r0)2.

Bond type Ki j (kcal · mol�1 · Å�2) r0 (Å)
Zr-o1 151.029 2.428
Zr-o2 151.029 2.428
Zr-oh 150.014 2.328
Zr-o 152.172 2.328

oh-ho 742.800 0.973
c-ca 691.800 1.491
c2-h 639.400 1.105
c-o1 1275.000 1.218
c2-o2 1275.000 1.218
ca-ca 922.200 1.398
ca-ha 691.600 1.086
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Table 4.3. Angle bending potentials: U(q) = 1
2Kjik(q �q0)2.

Angle type K jik (kcal · mol�1 · rad�2) q0 (�)
Zr-o1-c 101.29 123.42

Zr-o2-c2 101.29 123.42
Zr-oh-ho 127.70 95.23
Zr-oh-Zr 112.70 109.52
Zr-o-Zr 103.20 93.90

o1-Zr-o1 104.81 67.06
o2-Zr-o2 104.81 67.06

o1-Zn-o2, 60� < q < 85� 104.81 67.06
o1-Zn-o2, 105� < q < 125� 107.85 115.33

o1-Zr-o, 67� < q < 95� 106.53 67.29
o1-Zr-o, 130� < q < 155� 103.32 134.72
o2-Zr-o, 67� < q < 95� 106.53 67.29

o2-Zr-o, 130� < q < 155� 103.32 134.72
o1-Zr-oh, 67� < q < 95� 101.25 74.98

o1-Zr-oh, 130� < q < 155� 100.20 130.04
o2-Zr-oh, 67� < q < 95� 101.25 74.98

o2-Zr-oh, 130� < q < 155� 100.20 130.04
o-Zr-oh 100.17 57.33

oh-Zr-oh 100.82 92.91
o-Zr-o 103.18 102.02
c-ca-ca 128.60 120.30
ca-c-o1 137.40 122.60
h-c2-o2 107.40 123.65
ca-ca-ca 133.20 120.00
ca-ca-ha 96.40 119.90
o1-c-o1 155.80 130.20

o2-c2-o2 155.80 130.25
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Table 4.4. Dihedral angle potentials: U(f) = Ki jkl [1+ cos(Nf �c)].

Dihedral type Ki jkl (kcal · mol�1) c (�) N
Zr-o2-c2-h 0.0000 0.00 2
Zr-o1-c-ca 0.0000 0.00 2
Zr-o1-c-o1 0.0000 0.00 2

Zr-o2-c2-o2 0.0000 0.00 2
Zr-o-Zr-oh 0.0000 0.00 2
Zr-o-Zr-o 0.0000 0.00 2
Zr-oh-Zr-o 0.0000 0.00 2

Zr-oh-Zr-oh 0.0000 0.00 2
o1-Zr-o1-c 0.0000 0.00 2

o1-Zr-o2-c2 0.0000 0.00 2
o1-Zr-oh-ho 0.0000 0.00 2
o2-Zr-o2-c2 0.0000 0.00 2
o2-Zr-o1-c 0.0000 0.00 2

o2-Zr-oh-ho 0.0000 0.00 2
o1-Zr-o-Zr 0.0000 0.00 2
o2-Zr-o-Zr 0.0000 0.00 2

o1-Zr-oh-Zr 0.0000 0.00 2
o2-Zr-oh-Zr 0.0000 0.00 2
o-Zr-oh-ho 0.0000 0.00 2
oh-Zr-oh-ho 0.0000 0.00 2

o-Zr-o1-c 0.0000 0.00 2
o-Zr-o2-c2 0.0000 0.00 2
oh-Zr-o1-c 0.0000 0.00 2

oh-Zr-o2-c2 0.0000 0.00 2
c-ca-ca-ca 3.6250 180.00 2
c-ca-ca-ha 3.6250 180.00 2
ca-ca-ca-ca 3.6250 180.00 2
ca-ca-ca-ha 3.6250 180.00 2
o1-c-ca-ca 1.0000 180.00 2
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Table 4.5. Improper dihedral angle potentials: U(f) = Ki jkl [1+ cos(Nf �c)].

Dihedral type Ki jkl (kcal · mol�1) c (�) N
c-ca-o1-o1 1.1000 180.00 2
ca-c-ca-ca 1.1000 180.00 2

ca-ca-ca-ha 1.1000 180.00 2

Molecular Dynamics Simulations

All molecular dynamics (MD) simulations were performed using the Large-scale Atomic/

Molecular Massively Parallel Simulator (LAMMPS) package82, which was interfaced with the

MBX C++ library79,80 for simulations with the MB-pol61–65 and MB-nrg57,58,70–73 potentials.

MOF-808 was simulated in periodic boundary conditions, considering a 1 ⇥ 1 ⇥ 1

unit cell. The lattice parameters are listed in Table. 4.6. All properties were calculated from

MD simulations performed in the NPT ensemble at 298 K and 1 atm. The temperature was

controlled via Nosé–Hoover thermostat chains83 (length of 4) with a characteristic time of 0.1

ps, while the pressure was controlled via Nosé–Hoover thermostat chains on barostat (length

of 3) with a characteristic time of 1 ps. The equations of motion were propagated according

to the velocity-Verlet algorithm, using a time step of 1 fs.84,85. In the simulations with the

TIP4P-Ew water model59 and associated models for ions in water,60 the non-bonded interactions

were treated using a cutoff distance of 12 Å and 10 Å for the LJ and Coulomb interactions,

Table 4.6. Comparison of experimental (measured at 100.15 K) and simulated lattice parameters
with 95% confidence interval (NPT at 100.15 K).

Experiment48,81 Simulation
a (Å) 35.0764(10) 35.0803 ± 0.0001
b (Å) 35.0764(10) 35.0803 ± 0.0001
c (Å) 35.0764(10) 35.0803 ± 0.0001
a (�) 90 90
b (�) 90 90
g (�) 90 90
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respectively. The long-range Coulomb interactions were treated by the particle-particle-particle

mesh method,86 as implemented in LAMMPS. In the simulations with the MB-pol and MB-nrg

potentials, the LJ and Coulomb cutoffs were both set to 9 Å, with the long-range interactions

treated by the particle mesh Ewald method87 as implemented in MBX.79,80.

To determine the number of water molecules in the MOF-808 pores under equilibrium

conditions, we calculated the volume of the MOF-808 available to water (31,110.21 Å3) using

the Materials Studio package.88,89 Assuming the same density as in bulk water (0.997 g/cm3),

we estimated that ⇠1,040 water molecules are present in a unit cell of MOF-808.

The initial configurations of both water molecules and ions inside the MOF-808 model

were generated using PACKMOL.90,91 For each system, the positions of the water molecules

and ions were further randomized via a three-step process, using the TIP4P-Ew model. The

process includes sequential NPT simulations at 1000 K (20 ps), 500 K (20 ps), and 298 K (100

ps). Simulations with the MB-pol and MB-nrg potentials were started from the corresponding

equilibrated configurations obtained from simulations with the TIP4P-Ew water model and

associated models for ions in water, followed by further equilibration in the NPT ensemble for

100 ps. The potentials of mean force (PMFs) were calculated from 1-2 ns-long NPT simulations

thereafter, with the length of trajectories dependent on the requirement to achieve desired

convergence on PMF curves.

Hydration Free Energies

All hydration free-energy calculations were performed using the free-energy perturbation

(FEP) package of LAMMPS,82 patched with PLUMED.92 The fix adapt/fep and compute

fep commands in LAMMPS were used to calculate the hydration free energies using the finite

difference thermodynamic integration (FDTI) method.93 The FDTI method combines the FEP94

and thermodynamic integration (TI)95 methods. A brief description of the FDTI method is

provided below.

Consider the change in Helmholtz free energy (A) as a function of an order parameter l ,
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where l = 0 corresponds to state A and l = 1 corresponds to state B. The change in free-energy

can be expressed as:

DAA!B =
Z 1

0

✓
∂A
∂l

◆
dl (A1)

For a small perturbation d , this equation can be rewritten as:

DAA!B =
1
d

Z 1

0
(A(l +d )�A(l ))dl =

1
d

Z 1

0
DAl!l+d dl (A2)

From FEP, it is known that:

DAA!B =� 1
b

ln
D

e�b (UB�UA)
E

A
(A3)

where h. . .il represents the ensemble average over l . Combining the above equations

leads to:

DAA!B =� 1
bd

Z 1

0
ln
D

e�b [U(l+d )�U(l )]
E

l
dl (A4)

For the NPT ensemble, this equation can be rewritten as96:

DGA!B =� 1
bd

Z 1

0

ln
D

V · e�b [U(l+d )�U(l )]
E

l
hV il

dl (A5)

Numerical integration is performed to obtain the DG. The value of d was set to 0.002 and the l

values were chosen based on the simulation step, as described below.

VdW-Recharge Method

The alchemical transformation was performed in two steps97–99: vdW: van der Waals

interactions were changed, followed by recharge: Coulomb interactions were changed. For the

vdW step, 11 l points (0.0, 0.1, 0.2, ..., 1.0) were used, and for the recharge step, 6 l points
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(0.0, 0.2, 0.4, ..., 1.0) were used. To avoid endpoint catastrophe100, softcore potentials101 were

employed.
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Figure 4.9. Comparison of the change in Gibbs free y of hydration (DDGsolv), taking the
DGbulk

solv as a reference, for different ions (Li+, Na+, and K+) in various pore environments. The
environments include large (LP) and small (SP) pores with different numbers of water molecules
(nH2O) along with coordination numbers CN = 1, 2, 3, and 4. Error bars represent the 95%
confidence interval.

Coordination Number

In order to model various environments for a single ion within a small pore, the definition

of the collective variable was implemented using the COORDINATIONNUMBER in PLUMED,92

following the method described in Ref. 102. The coordination number, CN, was calculated using

the following equation:

CN =
1�

⇣
r+0.22

r0

⌘22

1�
⇣

r+0.22
r0

⌘88 (A6)

Where r0 is derived from the radial distribution function (RDF) and represents the first hydration

shell boundary (r0 = 2.70 Å for Li+, r0 = 3.18 Å for Na+, and r0 = 3.53 Å for K+), a harmonic

potential was applied to maintain a specific coordination number.
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Table 4.7. Hydration free energies (kcal/mol) of various cations in different environments. The
environments include bulk water as well as large (LP) and small (SP) pores. Hydration free
energies calculated in bulk water are consistent with the values reported in Ref. 60. For the SP
environment, the hydration free energies are provided for different numbers of water molecules
(nH2O) and coordination numbers (CN). The bold numbers are considered as the most stable
environments for dehydrated (nH2O = 0) and hydrated (nH2O > 0) SP.

Environment Li+ Na+ K+

Bulk Environment

Bulk Water -113.61 ± 0.09 -88.73 ± 0.08 -70.82 ± 0.06

Large Pore (LP)

LP -117.70 ± 0.50 -92.90 ± 0.30 -75.00 ± 0.27
LP (no ion-MOF interaction) -118.06 ± 0.17 -92.95 ± 0.23 -74.92 ± 0.12

Small Pore (SP)

nH2O = 0 -118.12 ± 0.14 -110.35 ± 0.05 -109.03 ± 0.06
nH2O = 1 -138.08 ± 0.24 -124.54 ± 0.11 -111.67 ± 0.11
nH2O = 2 -146.03 ± 0.15 -123.93 ± 0.17 -112.31 ± 0.11

SP (nH2O = 3)
CN = 1 -145.27 ± 0.16 -123.99 ± 0.13 -115.87 ± 0.05
CN = 2 -155.40 ± 0.21 -128.35 ± 0.09 -117.68 ± 0.08
CN = 3 -165.33 ± 0.28 -132.09 ± 0.09 -117.38 ± 0.09

SP (nH2O = 4)
CN = 1 -145.67 ± 0.12 -123.43 ± 0.12 -99.81 ± 0.13
CN = 2 -156.21 ± 0.24 -124.83 ± 0.17 -103.46 ± 0.17
CN = 3 -166.27 ± 0.26 -134.31 ± 0.21 -104.86 ± 0.09
CN = 4 -170.17 ± 0.10 -133.77 ± 0.14 -103.53 ± 0.09

Residence Time

The residence time calculations were performed following the method introduced in

Ref 103. Briefly, a function Pj(tn, t; t⇤) was defined to describe the behavior of individual water

molecules (indexed by j) in relation to a center ion. This function is binary, taking the value 1 if

the water molecule j resides within the desired coordination shell of the ion at both time steps tn

and t + tn, and does not leave that coordination shell for any continuous period longer than t⇤

during the intervening time. Otherwise, Pj(tn, t; t⇤) is 0.

The number of water molecules that initially lie within the desired coordination shell and
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remain in the same shell after time t was then calculated as

Nwat(t) =
1
Nt

Nt

Â
n=1

Â
j

Pj(tn, t; t⇤) (A7)

Here, Nt is the number of time steps considered. It follows that Nwat(0) corresponds to the average

number of water molecules (Navg
wat ) in the hydration shell. The parameter t⇤ was introduced to

account for water molecules that might temporarily leave the desired coordination shell and

return without fully entering the bulk solvent. The parameter t⇤ is obtained from the average

interchange time of the water molecules in the desired hydration shell. The t⇤ values used in

these simulations are listed in Table 4.8.

The function Nwat(t) exhibits a similar behavior for the three alkali metal ions considered

in this study, with an exponential decay at long time:

Nwat(t)⇡ Navg
wat exp(�t/tion) (A8)

The quantity tion represents a correlation time, quantifying the persistence of the desired coordi-

nation shell surrounding the ion. It serves as a straightforward definition of the residence time

for water molecules within a given shell. The tion values for Li+, Na+, and K+ are listed in

Table 4.9, while Nwat(t) is shown in Figure 4.2b of the main text for Li+, and in Figures 4.11b

and 4.12b for Na+ and K+, respectively.

Table 4.8. Calculated t⇤ values for various ions for first hydration shell in bulk water.

Ion t⇤ (ps)

Li+ 1.3
Na+ 0.4
K+ 0.2
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Table 4.9. Residence time for water molecules in the first hydration shells of Li+, Na+, and K+

in bulk water and MOF-808.

Bulk Water MOF

Ion tion (ps) Navg
wat tion (ps) Navg

wat

Li+ 115 3.7 206 4.0
Na+ 63 5.6 99 5.8
K+ 12 6.2 53 5.6

Orientational Correlation Function

The orientational correlation functions, C2(t), was calculated from long MD trajectories

(10 ns) using the following equation104:

C2(t) = hP2 [~u(0) ·~u(t)]i (A9)

Here,~u is a unit vector along an OH bond of a water molecule, P2(x) = 1
2(3x2 �1) is the second-

order Legendre polynomial, and h...i denotes an ensemble average over all OH bonds at time

t. This equation quantifies the time-dependent correlation of OH bond orientations within the

water system.

Tetrahedral Order Parameter

The tetrahedral order parameter, denoted as qtet, was computed following the method out-

lined in Ref 105. This parameter quantifies the degree of tetrahedrality in the local arrangement

of water molecules and is defined as:

qtet = 1� 3
8

3

Â
j=1

4

Â
k= j+1

✓
cosqi jk +

1
3

◆2
, (A10)

Here, qi jk represents the angle formed between the oxygen atom of a central water molecule,

designated by index i, and the oxygen atoms of two neighboring water molecules, identified by

indices j and k. Only neighboring water molecules within a distance of 3.5 Å from the central
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molecule were considered.

Radial Distribution Function

The radial distribution functions (RDFs) describing spatial correlations between the Li+,

Na+, and K+ ions and the surrounding water molecules reveal distinct structural arrangements

in the LP, dehydrated SP, and hydrated SP environments (Figure 4.13).

In the LP, a dominant peak is observed for all three alkali metal ions with the water

oxygen atoms (Ow), indicating that the ions are likely to be located within a solvated environment.

For K+, a strong peak is also observed with the aromatic carbon (Ca) of the BTC benzene ring,

suggesting that K+ is frequently located near the framework.

In the dehydrated SP, dominant peaks are observed for Li+ with the oxygen (O) atoms of

the SBUs, indicating that Li+ is likely located near the vertices of the tetrahedral SP. Na+ and

K+ exhibit broader peaks with Ca, indicating that they are more delocalized near the center of

the SP. In addition, the dominant peak is sharper in the RDF of K+ than of Na+, suggesting

that K+ is more confined in the dehydrated SP, in agreement with the PMF analyses shown in

Figure 5b-c of the main text.

In the hydrated SP, the peaks at a relatively short distances in the ion–water RDFs of all

three alkali metal ions confirm the presence of water molecules within the SP. The Li+–Ca RDF

exhibits a sharp peak, indicating that Li+ is likely found at the center of the SP. Na+ and K+

exhibit multiple peaks with the Ca atoms, indicating the presence of several preferred positions

within the SP, including near the benzene rings of the BTC linker, the carboxylate groups, and

the central region of pore.

Diffusion Coefficients

The diffusion coefficient (D) was calculated using the mean squared displacement (MSD)

according to Einstein’s relation:

hr2(t)i= 6Dt, (A11)
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where hr2(t)i is the MSD and t is time. The MSD for each ion was computed from a long

MD trajectory (10 ns), which was divided into multiple 400 ps-long intervals to calculate the

corresponding average value of the diffusion coefficient and associated statistical uncertainty.

The D values for each alkali metal ion inside MOF-808 are listed in Table 4.10.

Table 4.10. Diffusion coefficients of ions in different environments

Diffusion Coefficient
(⇥1010 m2/s) LP Dehydrated SP Hydrated SP

Li+ 2.9 ± 0.3 0.025 ± 0.003 0.017 ± 0.004
Na+ 3.24 ± 0.04 0.020 ± 0.003 0.003 ± 0.001
K+ 3.1 ± 0.9 0.017 ± 0.003 0.0157 ± 0.0013

Enthalpy and Entropy Analyses

The enthalpy change (DH) is related to the internal energy change (DU) by the following

equation:

DH = DU +PDV, (A12)

where P is pressure and DV is the change in volume. In our simulations, the pressure was

held constant at 1 atm. The observed fluctuations in volume were on the order of 10-100 Å3.

Considering the conversion factor 1 atm·Å3 = 1.46 x 10�5 kcal/mol, the contribution of the PDV

term to DH is negligible. Therefore, for all systems studied, we approximated DH by DU . The

internal energy change, DU , was calculated directly from long MD trajectories, employing block

averaging to estimate statistical uncertainties.

Knowing DG (obtained from the free-energy calculations) and approximating DH by DU ,

the entropic contribution (T DS) to the free energy were evaluated using the following equation:

DG = DH �T DS, (A13)
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where T = 298 K. This allows for a decomposition of the free energy into its enthalpic and

entropic components, as included in Table 4.11.

Table 4.11. Change in different thermodynamic quantities (DG, DH and T DS) for the ions going
from LP to (de)hydrated SP.

Dehydrated SP Hydrated SP
Ion DHLP!SP DGLP!SP T DSLP!SP DHLP!SP DGLP!SP T DSLP!SP

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Li+ 0. ± 6. -0.4 ± 0.5 0. ± 6. -10.5 ± 2.3 -52.5 ± 0.5 42.0 ± 2.4
Na+ -46. ± 5. -17.4 ± 0.3 -28. ± 5. -35.9 ± 3.6 -41.4 ± 0.4 5.5 ± 3.6
K+ -63.9 ± 2.5 -34.03 ± 0.28 -29.9 ± 2.5 -46.0 ± 2.8 -42.7 ± 0.3 -3.3 ± 2.8

Enhanced Sampling Simulations

The potentials of mean force (PMFs) were calculated using the umbrella sampling

method (as implemented in PLUMED92) and analyzed with the weighted histogram analysis

method (WHAM).106,107 The reaction coordinate or collective variable, x , was chosen to be the

projection of the center of mass (COM) of the water molecules and the position of the alkali

metal ions, respectively, along the vector connecting the large (LP) and the small pore (SP)

through the window (W, as shown in Figure 4.10a. As shown in Figures 4.10b and 4.10c, the

configurations with negative x values (from -7 to 0) correspond to the path of water molecules or

ions going to the W from the large pore (LP), while those with positive x values (from 0 to 5)

are moving through the W into the center of SP. Since the LPs are interconnected in MOF-808,

an upper wall bias potential was applied at 2.5 Åto ensure that the dehydration process of water

molecules and alkali metal ions was accurately simulated as they moved into the SP through

the narrow W. Specifically, this bias was applied to the extension of the projection component

perpendicular to the vector in the negative x region (i.e., when the water molecules or metal ions

were still outside the SP), as illustrated in Figure 4.10. When the water molecules or metal ions

are inside the SP, there is no restraint on the extension component.
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Since the SP is tetrahedral-shaped (see Figure 4.10), and the W is along the edges of the

tetrahedral pore, the PMFs are ideally symmetric at the center (x ⇠ 3 Å) of the SP, as shown in

Figure 4.15. However, we note that the PMFs for a second water molecule entering an SP already

containing one water molecule are not symmetry around x ⇠ 3 Å, as shown in the second row of

Figure 4.15 and Figure 4.16. This is because the equilibration process is kinetically very slow

when the second water molecule in the SP moves into the region where x > 3 Å. However, the

region where x < 3 Å is expected to be well converged and equilibrated.
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(b)

(c)

Figure 4.10. (a) Truncated structure of the target SP (only BTC linkers are shown for clarity)
where the carbon atoms that are highlighted in yellow and green are used to define the position of
the W, while those in blue and green are used to define the center of the target SP. (b) Truncated
geometry of the local structure with water molecules and one of the studied alkali metal ions
(Li+, Na+, or K+) near the W, with the SP being empty. Extended framework atoms and other
water molecules in the unit cell are omitted for clarity. Color code: white: H; red: O; black: C;
purple: alkali metal ion; cyan: Zr. (c) Schematic illustration of the chosen reaction coordinate x
for the PMF. x is chosen to be the projection of the COM of water molecules and the position of
the ions, respectively, along the vector connecting the W and the SP. The shaded area depicts the
forbidden region with an upper wall bias potential applied when the target water molecule or
alkali metal ion is out in the LP. The orange dashed lines provide a visual idea of the umbrella
sampling process along the chosen x .
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Appendix B: Supporting Data

(a) (b)

(c) (d)

Figure 4.11. Structural and dynamical properties of water molecules with Na+ ion in bulk
water (Bulk) and confined within the LP of MOF-808 (MOF). (a) Radial distribution function
describing the spatial correlation between Na+ and water oxygen atoms; (b) Time evolution of
the number of water molecules that remain in the first hydration shell, considering those initially
present at time zero; (c) Water orientational correlation function; (d) Probability distribution of
the tetrahedral order parameter.
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(a) (b)

(c) (d)

Figure 4.12. Structural and dynamical properties of water molecules with K+ ion in bulk
water (Bulk) and confined within the LP of MOF-808 (MOF). (a) Radial distribution function
describing the spatial correlation between K+ and water oxygen atoms; (b) Time evolution of
the number of water molecules that remain in the first hydration shell, considering those initially
present at time zero; (c) Water orientational correlation function; (d) Probability distribution of
the tetrahedral order parameter.
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LP Dehydrated SP Hydrated SP

Li+

Na+

K+

×15

×9

Figure 4.13. Radial distribution functions (RDFs), g(r), for Li+, Na+, and K+ interactions with
different MOF atoms under varying environments: Large Pore (LP, left column), Dehydrated
small pore (Dehydrated SP, middle column), and hydrated small pore (hydrated SP, right column).
Each row corresponds to a specific ion, highlighting their spatial distribution relative to the
MOF coordination sites and water molecules under these different confinement conditions.
Representative snapshots from the trajectories are provided for the dominant peaks in the RDFs,
as shown in the insets. The shaded volumes near the ions in the insets of the second and third
columns (green for Li+, cyan for Na+, and purple for K+) represent the trajectory-averaged
accessible volumes for these ions in the dehydrated and hydrated SP, respectively.
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Na+ K+

Figure 4.14. Time evolution of the oxygen and hydrogen distances (d) of the water molecules
within an SP containing a Na+ (left) and K+ (right) relative to a carbon atom of a BTC benzene
ring.

(a)

(b)

(c)

(d)

(e)

(f)

1Li+ in LP 1Na+ in LP 1K+ in LP

Δ!!"→$" = -1.6 ± 0.8

26.5 ± 0.9

Δ!!"→$" = -2.2 ± 0.6

26.2 ± 0.8

Δ!!"→$" = -1.0 ± 0.7

27.1 ± 0.9

Δ!!"→$" = 5.5 ± 1.3

24.7 ± 1.0

Δ!!"→$" = 4.5 ± 0.7

23.6 ± 0.6

Δ!!"→$" = 4.7 ± 0.6

24.0 ± 0.7

US_water

!!!" = 0

!!!" = 1

ξ ξ ξ

ξ ξ ξ

Figure 4.15. Potentials of mean force (PMFs) for water molecules transferring from a hydrated
LP (negative x ) to a dehydrated SP (positive x ). Statistical errors were calculated as 95%
confidence intervals and are shown as a colored shaded area. The first row ((a), (c), and (e))
corresponds to the results for a first water molecule entering a dehydrated SP (nH2O = 0), while
the second row ((b), (d), and (f)) corresponds to a second water molecule entering a hydrated SP
with one water molecule inside (nH2O = 1). The first column ((a) and (b)) is calculated from the
system where there is one Li+, in addition to 1040 water molecules, while the second ((c) and
(d)) and third ((e) and (f)) columns are from systems with one Na+ and one K+, respectively, in
addition to 1040 water molecules.
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(a)

(b)

(c)

(d)

(e)

(f)

1Li+ and 1 Br- in LP No ions No ions (MB-pol)

Δ!!"→$" = -1.8 ± 0.8

26.3 ± 0.8

Δ!!"→$" = 1.7 ± 1.7

29.3 ± 1.1

Δ!!"→$" = 
-3.6 ± 2.6

29.4 ± 2.7

Δ!!"→$" = 4.5 ± 0.9

23.8 ± 0.9

Δ!!"→$" = 5.8 ± 1.0

25.0 ± 1.9

Δ!!"→$" = 9.0 ± 1.8

26.2 ± 1.3

US_water

!!!" = 0

!!!" = 1

ξ ξ ξ

ξ ξ ξ

Figure 4.16. Potentials of mean force (PMFs) for water molecules transferring from a hydrated
LP (negative x ) to a dehydrated SP (positive x ). Statistical errors were calculated as 95%
confidence intervals and are shown as a colored shaded area. The first row ((a), (c), and (e))
corresponds to the results for a first water molecule entering a dehydrated SP (nH2O = 0), while
the second row ((b), (d), and (f)) corresponds to a second water molecule entering a hydrated
SP with one water molecule inside (nH2O = 1). The first column ((a) and (b)) is from the system
where there is one cation Li+ and one counterion Br�, in addition to 1040 water molecules,
while the second ((c) and (d)) and third ((e) and (f)) columns are from the system with 1040
water molecules inside but with no ions, with the third column calculated using the rigid MB-pol
model.
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Rigid MB-pol
US_ion

(a)

(b)

(c)

Δ!!"→$" = -2.4 ± 1.3

12.3 ± 1.3

Δ!!"→$" = -22.6 ± 1.0

11.3 ± 1.2

Δ!!"→$" = -49.8 ± 1.0

9.0 ± 1.3

(a)

(b)

(c)

Δ!!"→$" = -2.4 ± 1.3

12.3 ± 1.3

Δ!!"→$" = -22.6 ± 1.0

11.3 ± 1.2

Δ!!"→$" = -49.8 ± 1.0
9.0 ± 1.3

ξ

Figure 4.17. Potentials of mean force (PMFs) (solid lines, left y-axis) and corresponding
coordination numbers (CNs) (filled circles, right y-axis) for a single Li+ (a), Na+ (b), and K+

(c) ion transferring from a hydrated LP (negative x ) to a dehydrated SP (positive x ). Statistical
errors were calculated as 95% confidence intervals and are shown as colored shaded areas. The
regions of first-shell dehydration are shown as gray-shaded areas. These results are calculated
using the rigid MB-pol model.
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Rigid MB-pol
US_water (ion in SP)

(a)

(b)

(c)

Δ!!"→$" = -25.5 ± 1.5

28.0 ± 1.8

Δ!!"→$" = -22.9 ± 1.4

27.9 ± 2.0

Δ!!"→$" = -1.8 ± 2.6

38.5 ± 2.6

(a)

(b)

(c)

Δ!!"→$" = -25.5 ± 1.5

28.0 ± 1.8

Δ!!"→$" = -22.9 ± 1.4

27.9 ± 2.0

Δ!!"→$" = -1.8 ± 2.6

38.5 ± 2.6

ξ

Figure 4.18. Potentials of mean force (PMFs) (solid lines, left y-axis) for a water molecule
transferring from a hydrated LP (negative x ) to a dehydrated SP (positive x ) containing a single
Li+ (a), Na+ (b), and K+ (c) ion. Statistical errors were calculated as 95% confidence intervals
and are shown as colored shaded areas. Also shown are the ion’s coordination numbers (CNs)
(filled circles, right y-axis) within the SP. The gray dashed lines indicate the positions of the
corresponding PMF maxima. These results are calculated using the rigid MB-pol model.
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In Table 4.12, we report the results for the relaxed size of an SP, which is defined as the

average distance between the atoms used to determine the COM for the SP (atoms in blue and

green as in Figure 4.10a) and the COM itself. Also reported In Table 4.12, is the size of the W,

which is defined as the average distance between the atoms pairs (top two atoms in yellow, two

atoms in green, and bottom two atoms in yellow, as shown in Figure 4.10a) used to determined

the position of W.

Table 4.12. The relaxed sizes of the target SP and W (in parentheses), with sample standard
deviation, in Å.

Empty SP 1 Li+ in SP 1 Na+ in SP 1 K+ in SP

TIP4P-Ew 3.56±0.04 (3.86±0.08) 3.54±0.05 (3.84±0.10) 3.45±0.05 (3.75±0.08) 3.46±0.04 (3.72±0.08)
Rigid MB-pol 3.55±0.05 (3.84±0.10) 3.54±0.05 (3.83±0.10) 3.45±0.04 (3.73±0.09) 3.46±0.04 (3.73±0.09)
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Chapter 5

Conclusion

The rising demand for clean and renewable energy technologies and sustainable resource

recovery has amplified the need for rationally designed materials with tunable and improved

properties. Among such candidates, reticular materials such as covalent organic frameworks

(COFs) and metal–organic frameworks (MOFs) have garnered significant attention due to their

modular architectures, high porosity, and chemical tunability. COFs are particularly promising for

applications in organic electronics and photocatalysis, while MOFs offer promising potential in

selective ion uptake and environmental remediation. However, an electronic-level understanding

of how subtle variations in composition and structure influence functional behavior in COFs

remains largely underdeveloped, as well as the detailed mechanisms underlying the ion transport

and uptake processes in MOFs. This dissertation aims to address these knowledge gaps through

a series of computational investigations into the composition–structure–property relationships

that govern the electronic, photophysical, as well as ion uptake characteristics and behaviors in

these reticular materials.

In this dissertation, we have advanced a deeper electronic-level understanding of how

compositional and structural features, such as chemical functionalization, interlayer stacking,

and lattice symmetry, tune the electronic, transport, photophysical properties of two-dimensional

(2D) COFs, and molecular-level insights on the thermodynamics of ion uptake behaviors in

MOFs.
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Our investigations into 2D layered donor–acceptor COFs using density functional theory

and multiparticle Holstein formalism reveal that interlayer stacking arrangements profoundly

affect charge delocalization and transport behavior. Specifically, the eclipsed stacking configura-

tion enables anisotropic charge transport with potential metallicity along the stacking direction,

whereas staggered configurations display more localized charge character, with staggered II

offering unipolar transport properties favorable for single-carrier devices. These findings suggest

that band dispersion induced by interlayer interactions can be leveraged to engineer 2D COFs

with directionally tuned conductivity, particularly in low-band-gap systems.

Complementing these results, our second study demonstrates that chemical functionaliza-

tion, stacking slipping, and symmetry breaking in COFs modulate their composition–structure–

property relationships in a highly nontrivial manner. While van der Waals interactions dictate the

general preference for slipped stacking, variations in electrostatic interactions lead to nuanced

differences in the extent of slipping, and in turn, in the charge transport and photoelectronic

properties. Notably, breaking lattice symmetry via heterocyclic or asymmetric functional groups

in the backbone emerges as an effective strategy to tune COFs’ electronic and photophysical

behavior. These insights provide practical guidelines for the rational design of photocatalytically

active COFs.

To further understand the microscopic ion uptake process in MOFs, we employed free-

energy calculations, molecular dynamics, and enhanced sampling techniques to unravel the

mechanisms governing alkali metal ion uptake in MOF-808 from dilute aqueous environments.

Our results highlight the dominant role of pore confinement, hydration shell structures and envi-

ronments, and ion–framework interactions in determining ion uptake and selectivity. We observe

a dynamic interplay between dehydration penalties and spatial confinement, with different ions

exhibiting contrasting preferences in dehydrated vs. hydrated environments. These findings

establish a foundation for tuning pore chemistry and confinement to achieve improved selective

ion capture, particularly for critical metals such as lithium, from seawater.

Together, these studies offer a unified computational framework to decode complex
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composition–structure–property relationships in reticular materials such as COFs and MOFs,

and guide the targeted design and development of COFs and MOFs for improved electronic,

photocatalytic, and ion uptake applications.
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