
Simulation of interlayer coupling for electroactive

covalent organic framework design

Tanner M. Leo,†,∥ Megan Robbins,‡,∥ Alana Sullivan,†,∥ Henry Thornes,‡ Garrett

Fitzsimmons,† Alyssa Goodey,¶ and Tim Kowalczyk∗,§

†Advanced Materials Science & Engineering Center, Western Washington University,

Bellingham, WA 98225, USA

‡Department of Chemistry and Advanced Materials Science & Engineering Center,

Western Washington University, Bellingham, WA 98225, USA

¶Department of Chemistry and Institute for Energy Studies, Western Washington

University, Bellingham, WA 98225, USA

§Department of Chemistry, Advanced Materials Science & Engineering Center, and

Institute for Energy Studies, Western Washington University, Bellingham, WA 98225, USA

∥These authors contributed equally to this work.

E-mail: Tim.Kowalczyk@wwu.edu

1



Abstract

Porous, stacked two-dimensional covalent organic frameworks (2D COFs) bearing

semiconducting linkers can support directional charge transfer across adjacent layers

of the COF. To better inform current and possible future design rules for enhancing

electron and hole transport in such materials, an understanding of how linker selection

and functionalization affects interlayer electronic couplings is essential. We report elec-

tronic structure simulation and analysis of electronic couplings across adjacent linker

units as well as to encapsulated species in functionalized electroactive 2D COFs. The

detailed dependence of these electronic couplings on interlayer interactions are exam-

ined through scans along key interlayer degrees of freedom and through configurational

sampling from equilibrium molecular dynamics on semiempirical potential energy sur-

faces. Beyond affirming the sensitivity of the electronic coupling to interlayer distance

and orientation, these studies offer guidance toward linker functionalization strategies

for enhancing charge carrier transport in electroactive 2D COFs.

1 Introduction

The molecular design space afforded by the discovery and development of covalent organic

frameworks (COFs) is large and continues to expand rapidly.1–3 While porosity drives the

majority of scientific, industrial, and commercial interest in COFs,4,5 the ability to embed

and encapsulate photophysically or electrochemically active species in 2D COFs has led to

the development of a variety of photoactive and electroactive COFs.6,7 There is significant

interest in their potential applications in sustainable energy including solar cells,8 photo-

switchable conductivity,9 and electro- and photocatalysis,10–13 as well as in small-molecule

sensing.14 A number of recent works have elucidated design principles for photoactive and

electroactive COFs, including as electrocatalysts,15,16 as photocatalysts,17,18 as electrochemi-

luminescent materials19 and as electrode materials in Li-ion cells.20 Side-chain engineering

and post-synthetic functionalization can be used to increase the crystallinity of 2D-COFs21
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and to tune their photophysical properties.22–24

The rapid expansion of synthetic strategies for the construction and functionalization of

COFs25,26 allows for a closer feedback loop between synthesis, characterization, and modeling

in the design and development COFs with targeted properties.27,28 As the computational ma-

terials science community expands its efforts in high-throughput virtual screening of COFs

and related reticular structures for optimizing targeted physical and chemical properties,29–33

it will become increasingly important for computational models to capture finer details of

dynamical COF structure and electronic interactions that, while crucial for materials perfor-

mance, are often overlooked due to the computational cost associated with quantum chemical

modeling of such large systems.

A primary focus for theoretical modeling of electroactive COFs, as with other organic

semiconductors,34,35 is charge carrier mobility analysis.36,37 While band-like transport within

or across layers is observed experimentally38,39 and predicted theoretically40 in certain COFs,

a charge hopping model is a suitable starting point when the charge carrier is relatively

localized to one layer. Such hopping models are rooted in the Marcus theory of electron

transfer, an approach that requires knowledge – typically from quantum chemical calculations

– of the driving force ∆G (if the initial and final state are nondegenerate), the reorganization

energy λ, and the electronic coupling V which together determine the charge transfer (CT)

rate,

kCT =
2π

ℏ

V 2

√
4πλkBT

exp

[

−(λ+∆G)2

4λkBT

]

While all of these properties are crucial to proper first-principles modeling of the mobility,

the electronic couplings stand out due to their high sensitivity to interlayer proximity and

orientation. They are also arguably more difficult to compute because they are a transition

property, i.e. a property of both the initial and final electronic states involved in the process.

Approaches for the evaluation of these electronic couplings include the generalized Mulliken-

Hush method,41–43 multi-state density functional theory (DFT) and constrained DFT-based

configuration interaction (CDFT-CI),44–46 transition density-based approaches,47 and the
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dimer projection method.48

In this work, we address three distinct but thematically interrelated questions about how

linker functionalization in COFs influences their electroactivity through a combination of

semi-empirical molecular dynamics (MD) and density functional theory (DFT) calculations.

First, we ask how functionalization of planar 2D COFs by small functional groups with an

asymmetrically out-of-plane component affects interlayer stacking in the COF and, there-

fore, interlayer electronic couplings for electron and hole mobility in the material. Second,

we examine how the arrangement of linker functionalization from one layer to the next influ-

ences orientational sensitivity of the electronic coupling. Finally, we consider how electronic

coupling between a COF and an encapsulated species is influenced by interlayer stacking in

the COF. We conclude with some unifying observations and reflections on their implications

for electroactive COF design.

2 Computational Details

All COF structures in this study were prepared through modification of existing optimized

COF models as follows; abbreviated names for each system are introduced in Sec. 3 but

adopted here in advance for brevity. The MTP-COF model was constructed via functional-

ization of a pentacene-based COF model previously prepared by us,49 while the TBP-COF

model was constructed from a closely related structure reported recently.38 Modeling of

PD-COF layers was only performed on fragments, so crystal structures of the full COF

unit cells were not required. The PCBM@TT-COF model was developed by combining a

geometry-optimized structure of an isolated PCBM molecule with the reported powder X-ray

diffraction (PXRD)-derived structure of TT-COF.50 For MTP-COF and TBP-COF, initial

structures and unit cells were optimized in DFTB with the matsci Slater-Koster parameter

set51,52 under periodic boundary conditions, including reoptimization of lattice vectors. All

DFTB calculations reported in this work were performed with the DFTB+ package53 v.20
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or higher. For PCBM@TT-COF, the large size of the encapsulated PCBM would require

more TT-COF layers than we could include in the CDFT-CI electronic coupling analysis.

Therefore, we generated single-, double-, and triple-layer TT-COF models without periodic

boundary conditions and embedded the PCBM at the center of the structure for analysis of

electronic couplings as a function of displacement along the pore axis.

For thermal configurational sampling of MTP-COF and TBP-COF, electronic couplings

for electron transfer, hole transfer, and charge transfer excitation were evaluated at 250

snapshots extracted from DFTB MD. Production MD was performed on pre-equilibrated

structures in the NVT ensemble at T = 300 K with configurations sampled every 20 timesteps

(every 10 fs). For each snapshot, a pair of adjacent linker fragments, together with their

boronate ester linkages, were extracted from the full COF structure and hydrogen-capped.

A constrained geometry optimization at the PBE/3-21G level54 allowed for relaxation of the

introduced hydrogens’ positions while holding the rest of the extracted structures frozen.

Electronic couplings between the layers were then computed using the constrained DFT

configuration interaction (CDFT-CI) approach45,46 at the PBE/6-311G* level.

Electronic couplings for the PD-COF fragments were computed at fixed, constrained ge-

ometries as described in Sec. 3.2 using CDFT-CI at the B3LYP/6-311G* level.55 PCBM@TT-

COF couplings were also computed with the B3LYP functional, but the large system size

necessitated use of a more minimalistic 3-21G basis set. All DFT calculations reported in

this work were performed with the Q-Chem 5.0 package.56

3 Results and Discussion

3.1 Interlayer stacking analysis of nonplanar linkers

Functionalization of 2D COFs with nonplanar linkers offers a degree of control over interlayer

spacing and orientation. However, the precise impact of a chosen functional group on the

interlayer stacking, and therefore on the electronic coupling across layers, is complicated by
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an important but secondary role. Specifically, the less bulky −SCH3 groups on MTP can

adopt a staggered orientation across the shorter in-plane axis of the pentacene core in MTP

(cf. the 3D model of MTP-COF in Fig. 1) that is unavailable to TBP-COF due to steric

crowding of tert-butyl groups across layers. As a result, centroid distances in MTP-COF are

roughly 1 Å shorter on average than those of TBP-COF. This shorter distance corresponds to

larger electronic couplings on average for electron transfer in MTP-COF than in TBP-COF;

in contrast, the more closely packed MTP-COF layers show smaller electronic couplings for

hole transfer than TBP-COF. This difference reflects an apparent asymmetry between the

coupling strengths for electron and hole transfer between MTP units, with the couplings for

hole transfer being markedly smaller on average than for electron transfer.

While our interpretation focuses on the effect of linker functionalization, our calculations

cannot exclude the possibility that differences in topology and pore size between the hexag-

onal MTP-COF and the square TBP-COF also contribute to the observed differences in

electronic coupling distributions. A complete disambiguation of these potentially compet-

ing factors is beyond the scope of this study but could be accomplished through analogous

simulations of COFs in which only the topology or only the linker functionalization is varied.

Altogether, the electronic coupling distributions of these two COFs with nonplanar

sidechain-functionalized linkers show that interlayer steric interactions can affect couplings

for electron and hole transfer via modulation of both the interlayer spacing and the distri-

bution of interplanar angles observed at room temperature. The lower barrier to interplanar

angle rotation for MTP-COF results in more frequent excursions to large interplanar angles,

which can enhance the electronic couplings, but also results in greater variability in the

coupling relative to more rigid frameworks like TBP-COF.

3.2 Parallel and antiparallel interlayer stacking

Asymmetric COF linkers introduce an additional degree of freedom in the 3D stacking of

COFs by virtue of how they preferentially orient from one layer to the next. Frey et al. re-
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Fig. 6. For the P orientation, both couplings are strongest when the linkers are closest to

being co-planar, i.e. at small θ and small χ. This finding contrasts with the enhancement of

electronic coupling for electron and hole transfer in certain acene crystals with a herringbone

packing arrangement60 but is consistent with enhancement of the couplings through stronger

π-π interaction across the layers. The couplings show the expected exponential decrease with

increasing interlayer separation.

Couplings for the AP orientation display a similar decrease with increasing interlayer

separation, but the orientation dependence is less straightforward than what we observe for

the P orientation. Fig. 6(c) and (g) show an increase in the coupling for electron and hole

transfer, respectively, along θ out to a second local maximum near 35◦ for hole transfer and

beyond 40◦ for electron transfer. Along χ, a rise in the coupling at larger angles is also

visible (Fig. 6(h) and, to a lesser extent, Fig. 6(d)), though it is muted compared to the rise

observed along θ. Overall, the strongest couplings for electron and hole transfer are achieved

in the P orientation at small θ and χ, while the AP orientation exhibits greater tunability

of the coupling with respect to distortions along θ and χ.

In photoactive COFs, photoexcitation can be harnessed to drive charge separation across

layers of the COF.49,65,66 Following the generation of separated charges, the stability of the

free charge carriers is subject to the strength of electronic coupling for charge recombination

in the COF. In Fig. 7, we show the dependence of electronic couplings for charge recombi-

nation across the PD layers on interlayer orientation. The major distinction between the

orientation dependence of these couplings and those observed for electron and hole transfer

is the clear increase of this coupling with distortion along both θ and χ for the P orienta-

tion. The physical picture that emerges from this analysis is one in which recombination

of mobile charge carriers occurs more readily when the P oriented photoactive COF linkers

are tilted with respect to one another, whereas electron and hole transfer are more facile

when the linker planes are closer to parallel. The picture is less clear when the linkers are

in the AP orientation, but all three charge transfer processes appear to possess stronger
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In the PCBM@TT-COF system, PCBM acts as an electron acceptor after photoexcitation

of a TT chromophore in TT-COF. Although several electronic couplings connecting different

electronic states play a role in the photophysical pathways available to this system, for

simplicity we narrow our focus to the electronic coupling for electron transfer from TT-COF

to PCBM. We prepared and DFTB-optimized geometries of single-, double-, and triple-layer

TT-COF stacks with a single encapsulated PCBM acceptor. We then systematically varied

the location of the PCBM along the axis of the pore and evaluated the electronic coupling

for electron transfer to PCBM at each position.

Given the high computational cost for obtaining CDFT-CI electronic couplings for a

complex of this size, we restrict our analysis to PCBM displacement along the pore axis.

Other degrees of freedom such as dependence on distance from PCBM to the pore wall and

on interlayer orientation of TT units in the TT-COF wall are also of interest; we aspire to

return to them once the semiempirical approach that we are developing for these couplings

is implemented and benchmarked. Although we must also resort to a smaller double-zeta

basis set for PBCM@TT-COF, we anticipate that trends in the coupling’s dependence on

geometric parameters will be less sensitive to basis set size and to the degree of exact exchange

in the density functional69 than the absolute magnitude of the coupling itself.

The dependence of the coupling for electron transfer from TT-COF to PCBM on the

location of PCBM along the pore axis is shown in Fig. 8 for the single-, double-, and triple-

layer TT-COF stacks. The number of TT layers is clearly consequential for the predicted

magnitude of the coupling. From this observation, we infer that COF layers beyond the

layer closest to the encapsulated species directly impact the strength of the coupling. This

dependence can be attributed in part to delocalization of the mobile charge over multiple

TT units. Furthermore, the single- and double-layer models exhibit a sloped dependence of

the coupling on displacement along the pore axis (best-fit lines in Fig. 8), unlike the triple-

layer model for which the electronic coupling is effectively flat along this degree of freedom.

The smaller couplings at high vertical displacements that we observe for the triple-layer
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or antiparallel stacks across COF layers can deliver qualitative differences in the dependence

of the electronic couplings on interlayer orientation. Finally, the electronic coupling between

an electron-donating COF and an encapsulated fullerene acceptor is relatively insensitive

to the acceptor’s position along the pore axis, but the full triple COF layer encapsulation

is necessary to observe this insensitivity in our computational model of the process. These

observations, and the methodology we employed to make them, can assist in the articulation

of more detailed design rules that should inform development of the next generation of

electroactive 2D COFs.

This study builds on our previous findings about the importance of room-temperature

configurational sampling of COF orientations49 by providing examples of how specific orien-

tational features can module electronic couplings in ways that meaningfully affect materials

performance. As virtual screening of combinatorially enumerated candidate COF mate-

rials becomes more accessible over time, the computational cost of CDFT-CI and other

DFT-based means of evaluating electronic couplings for extended COF structures presents

a roadblock to meaningful integration of this key information into virtual screenings. Semi-

empirical electronic structure methods, such as the DFTB approach used for MD sampling

in this work, can be modified to accommodate electronic and spin constraints and thereby

obtain electronic couplings for electron/hole transfer and charge separation/recombination

much more efficiently than via Kohn-Sham DFT.70,71 Robust semiempirical evaluation of

these electronic couplings would allow for integration of orientation-dependent electronic

coupling information into computational screenings and accelerate the development of high-

performance COFs for semiconducting, electrochemical, photophysical, and photochemical

applications, all of which have a role to play in accelerating the sustinable energy transition.
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5 Supplementary Material

See Supplementary Material for characterizations of diabatic wavefunction quality for elec-

tronic couplings and for reference geometries of COF structures discussed in this work.
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