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Abstract

We employ the Holstein model for polarons to investigate the relationship among
defects, topology, Coulomb trapping, and polaron delocalization in covalent organic
frameworks (COFs). We find that intra-sheet topological connectivity and m-column
density can override disorder-induced deep traps and significantly enhance polaron mi-
gration by several orders of magnitude in good agreement with recent experimental
observations. The combination of percolation networks and micropores makes trigonal
COF's ideally suited for charge transport followed by kagome/tetragonal, and hexago-
nal structures. By comparing the polaron spectral signatures and coherence numbers
of large 3D frameworks having a maximum of 180 coupled chromophores, we show
that controlling nanoscale defects and the location of the counter anion is critical for
the design of new COF-based materials yielding higher mobilities. Our analysis es-
tablishes design strategies for enhanced conductivity in COFs which can be readily
generalized to other classes of conductive materials such as metal-organic frameworks

and perovskites.
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Since their inception in 2016, 12 sp?-carbon conjugated covalent organic frameworks (COFs)
have witnessed a rapid surge in research interest, mainly driven by potential applications
of these materials in optoelectronics, spintronics, chemical sensors, solar cells, and energy
storage.® 4 Most of these applications require a fundamental understanding of the underly-
ing charge transport physics and structure-property-composition relationship for the design
and processing of new materials. Due to their high crystallinity, two-dimensional (2D) 7-
electronic communication, and topological networks, sp? carbon-conjugated COFs provide
more efficient migration of both electrons and holes than COFs based on other linkages. '
Unraveling how the complex interplay between electron-phonon coupling, defects, topology,
and Coulomb trapping impacts nanoscale coherence and bulk mobility /conductivity remains
elusive. ' Topology-dependent exciton and hole migration was recently investigated thanks
to the designed synthesis of sp? carbon-conjugated COFs with different topologies which were
found to display high hole mobility.>® Despite the specific topological connectivity in a given
COF has been shown, experimentally, to play a key role in determining the intrinsic charge
transport properties of the framework, the number of theoretical studies aimed at charac-
terizing the effects of the conjugated networks on polaron delocalization and photophysics
of COFs is limited.

The infrared absorption spectrum of polarons in 2D COFs displays two distinct peaks,
A and B.1"1® Theoretically, the red shift of peak B and the increase in the A/B peak ra-
tio was associated with enhanced polaron coherence.!” Upon chemical doping with iodine,
it was found that the absorption spectrum of TANG-COF, a (aza)triangulene-based COF,
displays a blue-shifted peak B (at ~1 eV), and a low-energy peak A centered at ~0.15 eV.1®
The absorption spectrum of TANG-COF was also investigated theoretically using a Holstein
model based on vibrationally dressed polarons on a three-dimensional (3D) tetragonal COF
lattice.'” The simulated spectrum was found to accurately reproduce the experimental posi-
tions and relative intensities of both peaks A and B. Importantly, the theoretical model was

able to explain the origin of both peaks, demonstrating that the peaks A and B arise from the



inter-framework and intra-framework components of the simulated spectrum, respectively.
In this study, we analyze the properties of “hole” polarons, which give rise to the two
distinct spectral signatures in the infrared absorption spectra of 2D COF's, and elucidate the
associated charge transport mechanisms. To this end, we extend the Holstein model repre-
sented in a multiparticle basis set,'™!” to enable the description of 2D COF structures with
different topologies. Our model correctly represents the most important physical processes
describing polarons, such as electronic coupling, vibronic coupling, and defects on equal foot-
ing, without invoking the Born-Oppenheimer approximation.!”2%2% More importantly, our
model provides direct correlations between spectral signatures and nanoscale coherence as
detailed in the Supporting Information. Knowing the coherence distribution in COF's is key
to identifying the factors that limit charge transport in these materials - be them defects,
Coulomb binding, or topological connectivity - which is the primary goal of this study.
Figure 1b shows the simulated infrared absorption spectrum for a hole in a single-layered
defect-free tetragonal COF structure. In the absence of defects, the absorption spectrum
responsible for the delocalized polaron is unstable and strongly dependent on the size of the
crystalline domain. The simulated spectrum in Figure 1b continues to redshift and grow in

intensity with increasing domain size and expanding polaron coherence. As demonstrated
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both experimentally and theoretically, charge transport in organic materials is
determined by the localization of electronic states induced by lattice disorder and is not
limited by electron-phonon coupling. Hence, for a defect-free COF layer, the role played by a
specific connectivity becomes irrelevant since the hole can readily take any available pathway
and delocalize over the entire framework. The situation is quite different, and more realistic,
in the presence of short-range site disorder, since, in this case, the hole coherence is effectively
determined by the degree of disorder. Intrinsic energetic disorder in organic materials arises
from random fluctuations in the hole energies and can be modeled efficiently by considering

a Gaussian distribution of site energies having standard deviation o as discussed in the

Supporting Information.¥3%33 Polaron coherence stabilizes with increasing site disorder as
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Figure 1: (a) A model 5x5 COF layer. (b) Simulated hole absorption spectrum for COF
layers of various sizes (Figure S7) with no disorder (¢ = 0 eV) and (c) with o = 0.3 eV. All
parameters defining the Hamiltonians used in these calculations are given in the Supporting
Information.

the holes get trapped and the spectrum starts to converge. For a disorder width (o) of 0.3
eV in a tetragonal lattice, the spectrum is converged for a domain size having 21 coupled
units such that the total polaron wavefunction/cloud is approximately spread over 6.7 units
along the COF layer(Figure 1c).

We begin our analysis by comparing the simulated (unpolarized) infrared absorption
spectrum and corresponding coherence lengths for a “free” hole (i.e., unbound to an anion)
in a disordered single-layered COF having tetragonal, kagome, and trigonal topologies. We
use domain sizes large enough to obtain spectral convergence and solely focus on the effect
of intra-sheet connectivity on the extent of polaron coherence. Since the nearest neighbours
(n.n.) across all topologies are equidistant and set to unity, we can use the same values of n.n.
electronic couplings calculated for prototypical COF structures in Ref. 34. We set 0 = 0.3 eV,
since in our previous studies we found that the best agreement with the experimental spectra
was obtained using 0.25 eV < o < 0.35 eV.!'"2122 A5 shown in Figure 2a, the absorption
spectrum calculated for a trigonal topology converges to a red-shifted peak B (0.26 eV) and a
greater A /B peak ratio compared to the corresponding spectra calculated for tetragonal (0.31
eV) and hexagonal (0.55 eV) topologies. A trigonal framework facilitates enhanced polaron
delocalization by taking advantage of better in-plane connectivity and, consequently, requires

a larger domain size for the spectrum to converge compared to the other two lattice topologies
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Figure 2: (a, b) Simulated hole absorption spectrum for various COF topologies. (c¢) Rep-
resentation of site energy fluctuations due to static site disorder. (d) Calculated coherence
numbers for hexagonal and trigonal topologies for domains shown in Figure S1.

(Figure S1). The effect of connectivity can be readily appreciated by comparing the schematic
disorder configurations in Fig. 2c. In contrast to configuration 1, where the hole on site 3
gets trapped on moving one unit on either side, configuration 2 displays one energetically
accessible pathway for the hole to delocalize, which thus prevents the hole from becoming
trapped. Similarly, a hole in a trigonal lattice having six connecting pathways has a much
higher probability to find a neighboring site with a favorable electronic site energy compared
to a hole on a hexagonal lattice which has only three available pathways at any given point
of time and hence can delocalize farther. In order to further illustrate this hypothesis,
in Figure 2b, we compare the spectral signatures and the coherence lengths of hexagonal
and dual-pore kagome structures calculated for large domains. While smaller domains do
not have much of an advantage (Figure S2), extended kagome structures, which display
four connecting pathways, enable larger polaron coherence and display a red-shifted peak B

compared to hexagonal lattices. This analysis thus shows that topological connectivity helps



circumvent trap sites and enhances polaron migration by providing alternate “defect-guided”
percolation pathways.

2D-polymers can efficiently combine in-plane and out-of-plane m-electronic communica-
tion. As demonstrated schematically in Figures S3, switching the electronic coupling on
along the COF layer results in an increase in columnar hole movement. In this context, trig-
onal topologies have an additional advantage due to the presence of higher m-column density
compared to other topologies. In Figure 2d, we compare the coherence lengths for single-
and multi-layered trigonal and hexagonal topologies as a function of increasing domain size.
The trend in the oscillator strength is also reflected in the corresponding coherence num-
bers, with the intra-framework coherence calculated for the trigonal topology converging to
a value that is 2.5 times larger than the value calculated for the hexagonal topology. We
find that the total polaron coherence in a trigonal COF having four stacked layers is ~
3.5-4 times larger than for a hexagonal COF with four layers (Figure 2d). In our analysis,
the coherence numbers are compared for single crystalline domains. However, in real COF
samples, the presence of multiple isolated domains can result in a substantial increase in
hole mobility. Our predicted enhancement is indeed plausible, since the HBC-COF, which
has a trigonal topology, exhibits significantly higher hole mobility compared to other struc-
tures.? We emphasize that the higher hole mobility observed in trigonal HBC-COF is not a
straightforward consequence of enhanced m-electronic communication, rather it results from
the interplay between electronic coupling and the presence of intrinsic defects. The hole mo-
bility is certainly dependent on the magnitude of coupling between n.n; however, topology
optimization alone can enhance hole delocalization. Our results suggest that research efforts

should therefore be directed at increasing the number of electronically coupled pathways,
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e.g., by bridge functionalization, cross linking polymers,3? selection of superatoms,’ or
exploring new molecular knots.? It should be noted that, a recent investigation of topology-
dependent exciton migration found similar trends in spectral signatures as those obtained

here using our theoretical model.® However, exciton absorption for COF aggregates can be



complicated since the nature of stacking (H vs. J aggregates) alone determines spectral
shifts. 442 The effects of H- and J-type stacking will be the subject of a future study. There
are, however, no H- or J-type polarons.*’

Next, we investigate how the presence of the dopant counter-anion impacts polaron delo-
calization. Introduction of the counter anion induces additional localization besides that due
to the presence of defects. Interestingly, as demonstrated below, the competition between
these two localization mechanisms determines the extent of polaron coherence and the factors
affecting charge transport. While iodine doping was shown to result in a large increase in
conductivity,'®*3 the values reported so far for known COFs are still low for most practical
device applications. In order to better understand the cause behind the low conductivity, we
simplify the problem by first considering a linear chain hosting a single hole with a point-
charge anion placed alongside the chain at a distance dapion from the chain center (Figure
S5). At large danion values (> 2.0 nm), the polaron coherence length is solely determined by
the localizing effects of disorder since, in this case, the effect of Coulomb binding is negligible.
However, the electrostatic interactions start to dominate with decreasing d.nio, values and
finally override disorder-induced effects at reduced hole-anion separation (dapion < 0.4 nm).

In our subsequent analysis, we consider two cases. In the first case, we keep the chain
length fixed and investigate the coherence lengths as a function of increasing disorder width
(0). Positioning the anion at a distance of 0.35 nm from the midpoint of a disorder-free
chain containing nine repeat units, results in the formation of a deep Coulomb well (Figure
SHa). Strong Coulomb binding modifies the energy landscape by isolating the unit closest
to it. The formation of a deep Coulomb well completely compensates the effect of disorder,
i.e., increasing the disorder width has negligible impact on the coherence lengths. This is
reflected in the coherence number which remains constant at ~ 1.5 units with increasing o.
Figure S5c, however, shows that larger disorder widths can broaden the density of states
and allow sites with sufficiently low energy to act as bridges for the hole to jump from one

Coulomb well to another. In the second case, we investigate the variation of the coherence
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Figure 3: (a) Schematic illustration showing the two counter anion positions relative to the
framework considered in our analyses. (b, ¢, d) Comparisons between simulated (dashed)
and experimental (solid) IR spectra for iodine-doped TANG-COF. (e) Calculated coherence
numbers for the two anion positions as a function of topology and domain sizes shown in
Figure S8.

length as a function of increasing chain length. By setting ¢ = 0 and keeping d..;on fixed
from the chain midpoint, we find that increasing the chain length does not have any effect on
the polaron coherence numbers due to the formation of a electrostatically localized charge
carrier in the Coulomb well. These model systems are quite general and can be readily
extended to 2D COF structures hosting “through-bond” (intra-framework) and “through-
space” (intra-framework) electronic interactions.

In a previous study, we were able to reproduce the measured spectrum of iodine doped
TANG-COF by positioning the counter anion inside the pore of an oxidized tetragonal
COF lattice, at a distance of 0.35-0.45 nm from the framework backbone!” Since the 2D
version of TANG-COF results in a hexagonal arrangement,'® we report here simulations for
this structure as well as other topologies. Additional insights into the structure-property

relationship along with all simulation details are presented in the Supporting Information.



Figures 3b,c show that the agreement with the experimental data is only marginally improved
when employing hexagonal and kagome topologies compared to the results presented in Ref.
17 for the tetragonal topology. However, using identical parameters, the trigonal topology
displays a red-shifted peak B (Figure 3d). By changing the location of the counter-anion
relative to the COF backbone and slightly modifying the eletronic coupling parameters,
Figure S6d shows that it is possible to achieve better agreement with experiment. However,
TANG-COF does not have a trigonal arrangement and, although our theoretical results for
this topology are quantitatively different from those obtained for the other topologies, the
overall conclusions remain unchanged.

More relevant for this study, in Figure 3e, we compare the coherence lengths calculated
as a function of topology and domain size for the two counter anion positions shown in
Figure 3a (Figure S8). Due to strong Coulomb binding across all topologies, the coherence
lengths barely change when the counter anion is placed inside the pore in close proximity to
the framework, which nullifies the effect of intra-sheet connectivity. Furthermore, Figure 3e
also shows that the presence of larger domains does not provide any specific advantage as
the coherence lengths remain unchanged. The effect of topology becomes more prominent
in the case of moderate to weak Coulomb binding, where the polarons can take advantage
of the 3D topological connectivity. This is demonstrated in Figure 3e where the coherence
lengths not only steadily increase as a function of topology but also display a larger degree
of delocalization with increasing domain sizes, which in turn is dependent on the magnitude
of n.n. transfer integrals. In the presence of dopants, a single-layered trigonal COF displays
~ 2.4-fold increase in coherence relative to the hexagonal topology. We believe that these
results are particularly important in the context of recent experimental efforts aimed at

4450 or larger domains.?1%2 While such

synthesizing COF's with a high degree of crystallinity
efforts are certainly important for achieving higher hole mobility, our analyses demonstrate
that, independently of the degree of crystallinity and/or domain sizes, if the counter anions

residing inside the COF pores trap the free charge carriers, the conductivity of COFs will
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always be lower!®435398 than that measured for doped conjugated polymers.25%%60 Our
results thus suggest that it would be important to explore the potential use of other dopants
and doping techniques in order to achieve higher conductivities in COF films. 25:61,62

To summarize, we have provided fundamental insights into the charge transport mecha-
nisms in COFs. Our analyses demonstrate that the intrinsic hole mobility in COFs can be
significantly enhanced by engineering topological connectivity and nanoscale defects. Our
results for doped COF films indicate that controlling the precise location of the counter
anion relative to the framework is crucial for enhancing the conductivity of these materials,
playing a more important role than achieving higher degrees of crystallinity. We believe that

our findings provide important design principles for the development of novel optoelectronic

COF-based devices, such as topology-optimized solar cells and light-emitting diodes.
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