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Abstract

Photoactive organic and hybrid organic-inorganic materials, such as conjugated polymers,

covalent organic frameworks (COFs), metal-organic frameworks (MOFs), and layered per-

ovskites, display intriguing photophysical signatures upon interaction with light. Elucidating

structure-photophysics-property relationships across a broad range of functional materials is

nontrivial and requires our fundamental understanding of the intricate interplay among ex-

citons (electron-hole pair), polarons (charges), bipolarons, phonons (vibrations), inter-layer

stacking interactions, and different forms of structural and conformational defects. In parallel

with electronic structure modeling and data-driven science that are actively pursued to success-

fully accelerate materials discovery, an accurate, computationally inexpensive, and physically-

motivated theoretical model, which consistently makes quantitative connections with concep-

tually complicated experimental observations, is equally important. Within this context, the

first part of this Perspective highlights a unified theoretical framework in which the electronic

coupling as well as the local coupling between the electronic and nuclear degrees of free-

dom can be efficiently described for a wide range of quasiparticles with similarly structured

Holstein-style Hamiltonians. The second part of this Perspective discusses excitonic and po-

laronic photophysical signatures in polymers, COFs, MOFs, and perovskites, and makes a

unique attempt to bridge the gap between different research fields using a common theoretical

construct - the Multiparticle Holstein Formalism. We envision that the synergistic integration

of state-of-the-art computational approaches with the Multiparticle Holstein Formalism will

help identify and establish new, transformative design strategies that will guide the synthe-

sis and characterization of next-generation energy materials optimized for a broad range of

optoelectronic, spintronic, and photonic applications.
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Introduction

A fundamental understanding of excited-state phenomena and the elementary mechanisms that

govern photophysical and charge transport processes of multifunctional materials is crucial for new

scientific breakthroughs and future technological innovations. Fueled by the discovery of polymer-

based light emitting diodes (OLEDs),1,2 organic materials continue to find increasing commercial

value, with a broad range of applications in photovoltaics,3–8 organic spintronics,9–12 field ef-

fect transistors,13–16 wearable technology,16–19 flexible displays,20–23 photolithography,24,25 and

chemosensors and bioprobes.4,26,27

In addition to traditional one-dimensional semiconducting polymers, the discovery of 2D co-

valent organic frameworks (COFs) in 200528 has sparked renewed interest in organic electronics.

COFs represent an emerging class of porous organic materials that offer a range of unique advan-

tages compared to traditional polymeric materials, such as morphological precision and positional

control of diverse functional building blocks.28–45 Tremendous efforts are currently focused on

taking advantage of the structural diversity, crystallinity, and porosity of various COF structures

for potential cutting-edge applications in biomedicine and bioimaging,46–50 drug and gene deliv-

ery,51–54 gas and energy storage,55–58 photocatalysis,59,60 and ion conduction.61,62 Despite the

presence of intrinsic porosity, which hinders the efficient movement of charges, COFs have also

found applications as semiconducting materials.63–72 Energy and charge migration in COFs hap-

pen through the efficient transport of excitons and polarons, respectively, either along the frame-

work backbone (i.e., through bond) or between the π-stacked layers (i.e., through space).

While the facile synthesis of organic materials makes optoelectronic devices inexpensive com-

pared to their inorganic counterparts, structural and conformational disorder often leads to poor

conductivity and low mobility.73–77 Despite being environmental friendly, organic thermoelectric

materials also suffer from low conductivity, Seebeck coefficient, and power factor.78 The flexibility

of self-assembling organic and inorganic building units to form hybrid organic-inorganic frame-

works offers the possibility to combine unique photophysical and electronic properties that are

absent in either of the individual building blocks.78–80 Combining the high conductivity of the in-
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organic component with stronger light-matter interactions and higher quantum efficiency of the or-

ganic components was proven to be an effective approach which resulted in much improved electri-

cal, optical, and transport properties.80–84 Over the last decade, hybrid organic-inorganic materials,

such as metal-organic frameworks (MOFs) and layered perovskites, have received widespread in-

terest for potential applications in various fields of chemistry and materials science.85–93 Although

MOFs are generally considered as insulating materials, recent studies have reported promising

results on the synthesis of intrinsically conducting MOFs.94–97 The field of layered perovskites

has exploded in the last decade, and two-dimensional (2D) perovskites have emerged as promis-

ing candidates for next generation solar cells owing to record power conversion efficiencies which

vastly outperform the efficiencies achieved by organic based materials.98–102

The design and synthesis of new materials presents a formidable challenge since chemical

manipulation and framework diversity, in principle, allow for myriads of possible structural com-

binations that enable the fine tuning of optical, electronic, and transport properties. From an experi-

mental viewpoint, establishing efficient synthetic routes for synthesizing novel electronic materials

tailored for specific applications remains the main obstacle.

To overcome some of the challenges, computational predictions of new multifunctional mate-

rials has been bolstered primarily due to the development of new algorithms and the availability of

supercomputers which readily enable the treatment of large number of molecules within a reason-

able time frame. Various computational and theoretical approaches, ranging from Quantum Monte

Carlo (QMC) to molecular dynamics (MD) simulations and Density Functional Theory (DFT)

have been utilized to gain new insights into the complicated electronic structure of organic and

hybrid materials.103 For example, DFT in combination with tight-binding modeling has been ex-

tensively employed to investigate the nature of flat bands,104 electronic structure,105,106 structural

defects,107 effects of doping,108 and interlayer stacking interactions109 in 2D COFs.

Skillful exploration of data through data-mining and big data approaches as well as electronic

structure modeling have greatly benefited the fields of MOFs and perovskites.103,110–119 Machine

learning and high throughput techniques have been routinely employed to screen the chemical
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space of hybrid materials with the goal of proposing new MOF and perovskite structures that are

suitable for different applications, including but not limited to catalysis,120–123 gas storage and sep-

aration,124 and optoelectronics.125–128 While materials modeling based on data-driven approaches

has achieved some remarkable success in predicting electronic properties (e.g., band gaps, charge

densities, electronic couplings, oscillator strengths, etc.), the development of a rigorous theoretical

framework that can use the calculated properties to make direct and quantitative connections with

state-of-the-art experimental observations will further help accelerate materials discovery.

Within this context, the majority of optoelectronic, charge transport and storage, and photonics

applications involve the fundamental photophysical process of absorption and emission of light.

Excited state processes of technologically relevant organic and hybrid materials such as poly-

mers, COFs, MOFs, and perovskites are mainly governed by the quantum mechanical behavior of

mobile quasiparticles, such as Frenkel, charge-transfer, and Wannier-Mott excitons, polarons and

bipolarons, trions, and the interaction of these quasiparticles with intra- and inter-molecular vibra-

tional modes.129–144 These vibronic effects, which arise from the coupling of electronic transitions

with the nuclear vibrational motion, play a central role in determining the photophysical response

of organic145,145–147 and hybrid materials148–154 as well as excited state dynamics in chemical and

biological systems.155–161,161–163 It is therefore not surprising that any progress in the design of

novel materials warrants a robust theoretical methodology that can provide an in-depth understand-

ing of how the complicated interplay between photons, excitons, polarons, bipolarons, phonons,

and spins influences the photoinduced excited state processes of a wide range of materials.

Despite significant recent progress, two main challenges still persist which involve a quantita-

tive understanding of how electron-phonon coupling and defects influence the electronic, optical,

and transport properties of functional electronic materials. Although, excited state properties of

materials can be modeled using linear-response time-dependent density functional theory (LR-

TDDFT) or the Bethe–Salpeter equation (BSE),164 the presence of a large number of atoms in 2D

materials makes the application of LR-TDDF and BSE computationally very demanding (however,

recent advances look very promising165,166). Moreover, electron-phonon coupling and different
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forms of electronic and conformational defects play fundamental roles in determining the photo-

physical response and, consequently, the transport properties of most organic and hybrid materials.

Although, LR-TDDFT/BSE approaches have been successfully employed to investigate the pho-

tophysical response of MOFs,167–171 COFs,141,172–174 and perovskites,130,142,175–182 to the best of

our knowledge, none of the existing methodologies simultaneously take into account aggregation,

electronic coupling, strong electron-phonon coupling, and crystalline disorder on equal footing.

An exact treatment of electron-phonon coupling is a pressing challenge since the Hilbert space

for most quantum systems grows exponentially with increasing system size and number of molecules.

Overcoming this computational complexity involves the inevitable approximation of sacrificing the

quantum description of the nuclei, which reduces to treating the nuclear motion adiabatically by

employing the Born-Oppenheimer approximation (BOA). First-principles calculations based on

the BOA such as finite differences and density functional perturbation theory have been used to

interpret optical properties, charge transport, and defects in semiconductors.183 However, this per-

spective highlights photophysical processes in which the nuclear vibrational kinetic energies are

not negligible and undergo rapid nuclear reorganization, which therefore necessitates the explicit

inclusion of nuclear quantum effects and, consequently, invalidates the BOA. In this regard, it

should be noted that excellent non-adiabatic approaches, including mixed quantum-classical de-

scriptions, have been successfully employed to investigate the photophysical processes and excited

state dynamics of various systems.184–189

Coarse-graining is another efficient strategy to quantitatively describe electron-phonon cou-

pling in large, non-rigid “vibronic” systems. Since the pioneering work by Drude,190,191 Sommer-

field,,192 Hubbard,193 Heisenberg,194 Holstein195,196 among others, coarse-grained tight-binding

model Hamiltonians have been successfully employed to investigate the electronic, optical, and

transport properties of materials.104–106,197–201 The major approximation typically employed in

tight-binding modeling involves simplifying the complicated many-body electronic system to an

one-electron or single orbital model. In Holstein-based approaches, another major simplification

is the harmonic oscillator approximation which considers the nuclear displacements as coupled
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quantum harmonic oscillators. Such simplifications are however not sufficient for practical appli-

cations, since the exact diagonalization becomes computationally intractable for large “vibronic”

systems, which is the focus of this perspective. For example, the Holstein model can be exactly

solved only for a few sites. Besides various approaches proposed in the literature to address this

problem, including hierarchial equations of motion,202–205 one potential solution is to specifically

choose an accurate basis set for the diagonalization of the Holstein Hamiltonian. In this context, the

multiparticle basis set, pioneered by Philpott,206 developed and glorified by Spano,146,147,207–209

and employed by others210–215 has proved to be an excellent choice for diagonalizing the Holstein

Hamiltonian. Multiparticle modeling of the Holstein Hamiltonian quickly becomes computation-

ally expensive with increasing dimensions of the material unit cell, which is particularly relevant

in the case of porous frameworks such as COFs and MOFs. In this context, taking advantage of

sparse matrix techniques and MPI parallelization on multinode clusters, we have shown that it is

possible to extend the application of multiparticle modeling to large “vibronic” 3D systems, with

no loss of accuracy.216,217

The theoretical model, henceforth referred to as the Multiparticle Holstein Formalism (MHF),

is based on a coarse-grained Holstein-style Hamiltonian in which electronic coupling, electron-

phonon coupling, electrostatic interactions, and different forms of long- and short-range defects are

treated on equal footing without invoking the BOA. The key advantage of the MHF is the nonadia-

batic treatment of the electron-phonon coupling which allows for a fully quantum-mechanical treat-

ment of both the kinetic and potential energies of the nuclei, thus bypassing the BOA. As described

in Section 2, the MHF enables a unified and robust formulation that successfully describes vibron-

ically dressed quasiparticles in molecules and materials. The MHF has been very successful in

accounting for the spectral properties of molecular aggregates and crystals,145,147,207,210,211,218,219

conjugated polymers,220–232 COFs,216,217 and layered perovskites,233 both in the mid-infrared

(MIR) and UV-vis spectral regions. The ability to perform quantum calculations at the cost of

classical simulations opens the door to MHF modeling of a wide range of 2D electronic materials

for future advancements.
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The article is organized as follows: In Section 2 we briefly discuss the MHF and show that

the electronic coupling as well as the local coupling between electronic and nuclear degrees of

freedom for various quasiparticles can be efficiently described with similarly structured Holstein-

style Hamiltonians that can be diagonalized using a multiparticle basis set. Section 3 highlights the

photophysical signatures of Frenkel, charge-transfer, and Wannier-Mott excitons in organic (poly-

mers and COFs) and hybrid (MOFs and perovskites) materials. The role of “excitonic polarons”,

i.e., excitons dressed with intramolecular vibrations is also discussed. Special emphasis is placed

on understanding how several factors, such as the nature of aggregation, packing arrangement,

particle size, relative humidity, and defects determine the UV-vis to near-IR spectral response of

donor-acceptor (D-A) COFs. The exciton fine structure observed in layered perovskites, which

is a topic of considerable speculation,152,234–236 is also discussed. Section 4 focuses on the MIR

photophysical response of polarons and the correlations between MIR signatures and polaron co-

herence lengths. The similarity in the spectral response of polarons in polymers, COFs, MOFs,

and perovksites is highlighted, and some of the factors affecting charge transport are reviewed. It

is a daunting task to provide a comprehensive review that includes all relevant references on pho-

tophysical processes observed in organic and hybrid materials and this perspective only focuses on

select photophysical signatures that are intriguing from the point of view of the MHF. Although

previous reviews and perspectives have separately focused on optoelectronic processes in organic

and hybrid materials,144,237–242 to the best of our knowledge, no prior studies have attempted to

provide an interpretation of the photophysical signatures of both organic and hybrid materials using

a common theoretical platform - the MHF.

Theoretical Framework

Upon electronic excitation, local electron-phonon coupling is associated with significant nuclear

relaxation along one or more intramolecular vibrational coordinates. The creation of neutral ex-

citations (e.g., excitons) or charged excitations (e.g., polarons) in conjugated organic molecules,
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Figure 1: (a) Simplified view of various forms of neutral and charged excitations. (b) Nuclear
potential well corresponding to the aromatic to quinoidal stretching mode, Q, in the ground and
excited electronic states for each isolated molecular unit. ωvib refers to the vibrational energy and
the nuclear relaxation energy is denoted by λ 2ωvib.(c) Schematic showing one-particle states, i.e.,
vibronic excitations (top panel) and two particle states, i.e., vibronic/vibrational exciton pair.

which is present in MOFs, COFs, and perovskites, is accompanied by significant nuclear relax-

ation, the bulk of which occurs along the aromatic to quinoidal stretching vibrational mode having

a frequency that lies in the range between 0.16 eV-0.18 eV.147,207,219 This local nuclear relaxation

energy plays a central role in the photophysical and transport properties, examples of which will

be discussed later in the context of COFs, MOFs, and perovskites. In what follows, in our coarse-

grained approach, a simple schematic of a linear assembly of coupled chromophores (or units) that

can host various types of neutral and charged excitations is shown in Fig. 1a.

Frenkel Exciton

In the subspace containing a local Frenkel excitation (see Fig. 1a), where the nth repeat unit in the

lattice denoted by |n〉 hosts an electron-hole pair (i.e., a Frenkel exciton), the Hamiltonian (with h̄

= 1) can be divided into electronic and vibronic contributions,

HFE = HFE−el +HFE−vib (1)
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with the purely electronic part of the Hamiltonian given by

HFE−el = ω0−0 ∑
n
|n〉〈n|+∑

m,n
Jm,n{|m〉〈n|+ |n〉〈m|} (2)

and the vibrational energies and vibronic coupling are given by

HFE−vib = ωvib ∑
n

b+n bn +λωvib ∑
n
(b+n +bn +λ )|n〉〈n| (3)

In Eq. 2, the first term represents the energy of the Frenkel exciton. Exciton transport between

neighboring sites |n〉 and |m〉 is governed by long-range intermolecular Coulomb coupling as well

as a short-range superexchange contribution which mainly arises due to wavefunction overlap be-

tween the adjacent chromophores. The coupling values are generally derived from atomic transi-

tion charge densities and can be calculated using TDDFT methods.243–246 Upon electronic excita-

tion, Frenkel excitons in π-conjugated organic molecules couple very strongly to the aromatic to

quinoidal vibrational mode, ωvib, with frequency in the range between 1200-1500 cm−1. The two

terms in Eq. 3 account for the vibronic coupling where the operators b+n (bn) create (annihilate) a

vibrational quantum of energy on the nth unit in the ground state (S0) of the corresponding potential

energy well. The strength of the electron-phonon coupling is governed by the Huang-Rhys (HR)

factor, λ 2, and the nuclear relaxation energy upon vertical Franck-Condon excitation is given by

λ 2ωvib. λ 2 is a dimensioless quantity that determines the relative displacement of the minima of

the ground and excited potential well along the intramolecular vibrational coordinate. In the case

of excitons in conjugated polymers, the value of λ 2 generally lies between 1 and 2.231

Charge-Transfer Exciton

In closely packed structures, such as polymers, COFs, and MOFs, where the inter-chain/inter-

framework π-stacking distances generally lie in the range between 0.30 nm and 0.40 nm, there

exists significant π-orbital overlap between the HOMO and LUMO of neighboring π-conjugated

units. In these scenarios, local Frenkel excitations dissociate into charge-transfer states, with the
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electrons and the holes residing on neighboring units, as shown in Fig. 1a. As a consequence,

considering only long-range intermolecular Coulomb coupling is not sufficient to accurately de-

scribe the underlying physics of the system, and short-range superexchange contributions arising

from wavefunction overlap need to be considered. Similar to Frenkel exciton, the appropriate

vibronically-coupled charge-transfer Hamiltonian (with h̄ = 1) can be similarly divided into elec-

tronic and vibronic contributions,

HCT = HCT−el +HCT−vib (4)

with the purely electronic part given by

HCT−el = ∑
n

∑
s=−1,1

{te
n,n+s|n〉〈n,n+ s|+h.c.}

+ ∑
n

∑
s=−1,1

(th
n,n+s|n〉〈n+ s,n|+h.c.}

+ ∑
n

∑
s=−1,1

ECT
n,n+s|n,n+ s〉〈n,n+ s| (5)

and the vibrational contribution given by

HCT−vib = ωvib ∑
n,s=−1,1

{λ+(b+n +bn +λ+)

+ λ−(b+n+s +bn+s +λ−)}|n,n+ s〉〈n,n+ s| (6)

where the charge-transfer excitations are limited to nearest neighbors. The charge-separated state

is denoted by |n,n+ s〉, with sites |n〉 and |n+ s〉 hosting a cation and an anion, respectively. In

Eq.5, the first two terms account for nearest-neighbor hopping of the electron and the hole, respec-

tively, and ECT defines the energy of the charge-separated state. In addition to the ground-state

nuclear potential, there exist three excited-state nuclear potentials corresponding to the fragment’s

electronic states representing a Frenkel-like excitation, a cation, and an anion, respectively. As

shown in Fig. 1b, all potentials are assumed to have identical curvature but are generally shifted
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relative to the ground state potential based on the value of HR factors. For Frenkel-like excitations,

the HR factor is defined as λ 2, while the HR factors for the cations and anions are λ 2
+ and λ 2

−,

respectively, as shown in Eq. 6. λ 2
+ωvib and λ 2

−ωvib determine the cationic and anionic nuclear

relaxation energies respectively. Both vibronic coupling and charge-transfer mediated interactions

strongly influence the photophysical and transport properties of the organic molecules, which are

the primary building blocks of COFs and are also present in hybrid materials as discussed in Sec-

tions 3 and 4.

Polaron

Analogous to the case in Frenkel excitons, Eq. 1 can also be efficiently used to describe polarons.

Unlike in the case of excitons, where the nth unit in Eq. 2 denotes an electron-hole pair, the nth

unit in Eq. 2 for polarons indicates a charge as shown in Fig. 1a. In addition, differently from

excitons, in the case of polarons, charge transport between sites |n〉 and |m〉 is mainly governed by

the charge resonance integral, tm,n, which can be evaluated by electronic structure methods.247,248

Finally, while the exciton model retains the local HOMO and LUMO for each site |n〉, only the

local HOMO for each repeat unit, |n〉, is retained in the case of polarons, as shown in Fig. 1a. For

both excitons and polarons, the first term in Eq. 2 determines the energy of the excited state of the

isolated unit which hosts the exciton/polaron relative to the ground state which contains no excitons

or polarons. In the case of excitons, ω0−0 in Eq. 2 refers to the adiabatic energy required to create

an electron-hole, while in the case of polarons, ω0−0 refers to the ionization energy required to

create the hole. However, just like in the exciton model, creation of polarons is also accompanied

by significant nuclear relaxation along the dominant aromatic-quinoidal stretching coordinate. The

value of λ 2 in the case of polarons is approximately half of the exciton value.249

Bipolaron

The basis set expressing the Hamiltonian in Eq. 1 consisted of single excitons or single polarons.

The Hamiltonian in Eq. 1 can be readily extended to include two excitations, i.e., bipolarons which
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would need additional terms such as electrostatic Coulomb repulsion between the two polarons.

Neglecting the contribution from the spin component, the Hamiltonian for bipolarons can be simi-

larly divided into electronic and vibronic components as250

HBP = HBP−el +HBP−vib (7)

Here, the electronic part of the bipolaron Hamiltonian in the subspace containing two holes is given

by

HBP−el = th ∑
m,n

(n>m)

′{|m,n〉〈m,n+1|+ |m,n〉〈m+1,n|+h.c.}

+
√

2th ∑
m
{|m,m〉〈m,m+1|+ |m,m〉〈m−1,m|+h.c.}

+ ∑
m,n

(n≥m)

Vm,n |m,n〉〈m,n| (8)

where the first term takes into account the hopping of the polarons, which remain separated on

distinct sites (indicated by the prime), and the second term accounts for the transport of the hole

when both the holes occupy the same site in the lattice. The last term in Eq. 8 considers the

electrostatic Coulomb repulsion between the two holes. To account for coupling of both the holes

to the aromatic-to-quinoidal vibrational mode, the vibronic contribution of the Hamiltonian (with

h̄ = 1) is given by

HBP−vib = ωvib ∑
n

b+n bn

+ ωvibλ ∑
m,n
n>m

{(b+n +bn +λ )+(b+m +bm +λ )}|m,n〉〈m,n|

+ ωvibλ ∑
n
{(b+n +bn +λ )}|n,n〉〈n,n| (9)

The Hamiltonian in Eq. 9 can be similarly extended to treat biexcitons, which have important

applications in nonlinear optics.
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Multiparticle Basis Set

A multiparticle basis set, pioneered by Philpott,206 can be used to efficiently describe quasiparticles

using Holstein-style Hamiltonians. In the multiparticle basis set, each basis function contains

information about the location of the vibronically excited chromophore as well as additional purely

vibrationally excited molecules.

A single-particle basis state which can either be a single hole or a single exciton as shown in

Fig. 1a is denoted as |n, ṽ〉 to indicate that the hole or the exciton resides on the nth unit with ṽ

vibrational quanta in the shifted (S+) potential well (Fig. 1c). All the remaining units are in their

vibrationless ground states, which implies that the units have filled HOMOs with no vibrations

in the S0 well. In a two-particle basis state, denoted as |n, ṽ;n′v′〉, the nth unit is ionized with ṽ

vibrational quanta in the S+ potential well, while the unit at n′ is electronically neutral, with v′ > 0

vibrational quanta in the unshifted S0 potential well. All the remaining units are in their vibration-

less ground states. Three, four, and higher particle states with three or more monomer excitations

(electronic plus vibrational) can also be included. However, the basis set grows exponentially with

increasing number of units. Fortunately, for most practical applications, accurate solutions can be

obtained by truncating the multiparticle basis set to contain only one and two particle states. The

total number of vibrations, vmax, is capped to a maximum of 4 which is sufficient to obtain con-

verged absorption and emission spectra.219,251 Within the two particle approximation, eigenstates

of Eq. 1 can be expanded in the local basis as,

|ψα〉= ∑
n

∑
ṽ=0,1,..

cα
n,ṽ|n, ṽ〉+ ∑

n,ṽ=0,1,..
∑

n′,ṽ′=1,2,..

cα

n,ṽ;n′,v′|n, ṽ;n′v′〉 (10)

Similarly, for diagonalizing the bipolaron Hamiltonian in Eq. 7, the α th bipolaron state can be
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expressed as an expansion in the multiparticle basis set according to

|Ψα〉 = ∑
m

∑
ṽm=0,1,...

c(α)
m,ṽm
|m,m, ṽm〉

+ ∑
m,n

(n>m)

∑
ṽm,ṽn

c(α)
m,n,ṽm,ṽn

|m,n, ṽm, ṽn〉

+ ∑
m

∑
ṽm

∑
l(6=m)

∑
vl=1,2,...

c(α)
m,ṽm;l,vl

|m,m, ṽm; l,vl〉

+ ∑
m,n

(n>m)

∑
ṽm,ṽn

∑
l(6=m,n)

∑
vl=1,2,...

c(α)
m,n,ṽm,ṽn;l,vl

|m,n, ṽm, ṽn; l,vl〉

+ .... (11)

Here, |m,m, ṽm〉 is the one particle state, since both the holes are located on the same site, m, with

ṽm (> 0) vibrational quanta in the shifted potential well. |m,n, ṽm, ṽn〉 is the two particle state since

the holes occupy sites m and n with ṽm and ṽn vibrational quanta in the excited shifted potential

well. Accordingly, the |m,n, ṽm, ṽn; l,vl〉 is the three particle state. Four and higher particle states

can also be described accordingly. In a similar fashion, eigenstates of the Frenkel-Holstein charge-

transfer Hamiltonian in Eq. 4 which composes of vibronically coupled Frenkel and charge transfer

excitons, can be expanded in a multiparticle local basis as

|Ψα〉 = ∑
n

∑
ṽ=0,1,..

cα
n,ṽ|n, ṽ〉+ ∑

n,ṽ=0,1,..
∑

n′,ṽ′=1,2,..

cα

n,ṽ;n′,v′|n, ṽ;n′v′〉

+ ∑
n

∑
v+=0,1,..

∑
s=±1,±2,...

∑
v−=0,1,..

dα

n,v+;s,v−|n,v
+;n+ s,v−〉 (12)

where the first two terms in Eq. 12 represent one and two particle Frenkel excitons similar to that

in Eq. 10. The last term in Eq. 12, |n,v+;n+ s,v−〉, denotes two particle charge separated state in

which site |n〉 which hosts a cation has v+ vibrational quanta in the shifted, excited potential well

while site |n+ s〉 which hosts an anion has v− vibrational quanta in the shifted excited potential

well.

The multiparticle basis set can be extended to describe multiple excitations such as biexcitons,
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trions, tripolarons, which are topics of ongoing investigation. It should be noted that the multipar-

ticle basis set is, however, not a convenient basis set in the regime of strong electronic coupling

since it requires the inclusion of higher particle states. In such cases, the exciton-phonon basis set,

which has been successfully employed in earlier studies,213,252–254 is a more appropriate basis set.

Defects

Inhomogeneous polarizing environments such as structural and lattice imperfections, that is ubiq-

uitous in most organic and hybrid materials, can localize quasiparticles (i.e., electrons and holes)

in deep traps. Different forms of common inhomogenities in materials can arise from variations

in nearest-neighbor π-stacking distances and torsional angles within the functional groups of the

molecular building blocks. Static defects in materials can be efficiently described by considering

random distribution of Gaussian site energy fluctuations having a standard deviation σ .255 The

presence of defects in most materials have a profound effect on the spectral signatures and charge

transport properties of organic and hybrid materials, and can be taken into account phenomenolog-

ically by incorporating diagonal and off-diagonal disorder in the model. The effective Hamiltonian

describing defects can be written as

Hde f ects = ∑
n

∆n|n〉〈n|+∑
m,n

∆Jm,n(|m〉〈n|+ |n〉〈m|) (13)

where ∆n is obtained by selecting the energy fluctuations from a Gaussian distribution with stan-

dard deviation σ ,

p(∆n) =
1√
2π

σ exp
−∆2

n
2σ2 (14)

Similarly, ∆Jm,n refers to random deviations in the electronic couplings which arises due to random

changes in the separation between neighboring units. As detailed in Refs. 220 and 251, the degree

of disorder can be spatially correlated with the two extreme limits being long-range (i.e., infinite

spatial correlation) and short-range (i.e., no spatial correlation). In the limit of short-range disor-

der, for every disorder configuration, every unit in the lattice is assigned a random energy from a
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Gaussian distribution having standard deviation σ (Eq. 14). In the opposite extreme of long-range

disorder, within each disorder configuration, all the units in the lattice are assigned identical energy

detunings. Knapp have further shown that the long- and short-range disorder can be distinguished

by tuning the spatial correlation length (l0).256

Absorption

Since Sections 3 and 4 primarily discuss excitonic and polaronic photophysical signatures in or-

ganic and hybrid materials, we briefly discuss the absorption in the far to mid-IR and UV-vis

spectral region. For both Frenkel excitons (FE), and polarons (p), the absorption spectrum corre-

sponding to an ensemble of disordered lattice sites is generally expressed as

AFE(P)(ω)≡

〈
∑

i
f FE(P)
i WLS[h̄ω− (Ei−EFE(P))

G )]

〉
C

(15)

where the bracket 〈. . .〉C represents an average over an ensemble of disorder configurations, and

the oscillator strength, f FE(P)
i , is given by

f FE(P)
i = (Ei−EFE(P)

G )| 〈ψi|M̂FE(P)
∣∣GFE(P)

〉
|2 (16)

Here,
∣∣GFE(P)

〉
is the ground-state wavefunction of both polarons and excitons with energy EG,

and the sum extends over all one-exciton or one-polaron eigenstates, |ψi〉, with energies, Ei, found

through the diagonalization of the total Hamiltonian in Eq. 1. In the case of Frenkel excitons,

the transition is from a ground state which contains no excitons to a state which contains single

excitons. In the case of polarons, the transition instead takes place from a ground state, which

already contains a hole, to an excited state which contains a hole. Therefore, the ground state in

the case of a polaron is the lowest eigenstate of the Hamiltonian in Eq. 1. Hence, Frenkel excitons

absorb in the UV-vis, while polarons absorb in the mid-IR spectral region. Elaborate discussion

regarding the optical properties of excitons and polarons within the MHF can be found in Ref. 251.
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Multiparticle Holstein formalism

While excitons and polarons have received considerable attention, a detailed characterization of

trion dynamics is important since trions play a central role in determining the luminescence prop-

erties of organic and inorganic semiconductors. Trions are bound three-body states that consist

of two holes and an electron, and offer the unique possibility of manipulating the charge, spin,

and excitation of organic and hybrid materials. Similar to the case in charge-transfer excitons, the

multiparticle basis set used to analyze the Holstein Hamiltonian can be readily extended to include

the three charged units, i.e., trion states, (Fig. 1a) with a variable distribution of local vibrational

quanta. The MHF is not limited to the local coupling between between the electronic and the

intramolecular vibrational mode as discussed in this section so far. A combined Holstein-Pierls

approach analyzed using a basis set similar to the multiparticle basis set incorporates local and

non local coupling to both the intra- and inter-molecular vibrational modes.257 This extension of

the basis set to include the intermolecular vibrational mode, albeit only for a dimer, has success-

fully reproduced the measured absorption and emission spectrum of covalently linked dimers of

bis(perylene diimide).258,259

Photophysics of Excitons

Excitons in Organic Materials

Several research groups have successfully employed the strategy of aligning donor (D) and ac-

ceptor (A) building blocks in order to modulate the optical, magnetic, and transport properties

of various COF structures. Since providing a comprehensive analysis of the optical properties of

D-A COFs is not the goal of this section, we only focus on selected photophysical signatures in

the UV-vis energy region and emphasize direct correlations between the spectral features and po-

tential applications including photothermal activity, electrochromism, light harvesting, framework

stability, nature of aggregation, and energy and charge transport. Within this context, an impor-
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tant research question can thus be raised: Is it possible to unravel the complex interplay among

electronic coupling, vibronic coupling, electrostatic interactions, and different forms of defects

through the interpretation of well defined spectral signatures? More specifically, can distinct spec-

tral signatures be identified that can be used as efficient screening protocols for synthesizing new

COF-based structures for desired applications?

Effect of Aggregation: Theoretical investigations of the correlations between the nature of

aggregation (H- vs. J-aggregation) in COFs and the UV-vis spectral response remains largely

unexplored. Distinct optical signatures for H- and J-aggregation, based on the Frenkel exciton

theory,260,261 which involves the point dipole approximation of Coulomb coupling, was first in-

troduced by Kasha.262–266 In the case of H-aggregation where the transition dipole moments be-

tween the adjacent chromophores maintain a “side-by-side” arrangement, Coulomb coupling is

positive and results in a blue shift of the main absorption peak compared to the absorption of the

monomeric unit. In J-aggregates, the dipoles in the adjacent chromophores maintain a “head-to-

tail” arrangement that leads to a negative Coulomb coupling and, consequently, a red shift of the

main absorption band compared to the monomer.262,264 Highly crystalline solid-state J-aggregate

imine-linked COFs, which not only enable prolonged lifetime of singlet excitons but also facilitate

exciton delocalization and stabilization of the excited species, have been synthesized by the Bein

group.267 The incorporation of porphyrin and thienothiophene units as molecular building blocks

result in the formation of J-aggregate stacks having unprecedented COF domain sizes (up to 100

nm). H-aggregate COFs exhibiting high charge mobility have also been reported.268

While 2D COFs are usually described as eclipsed layered structures, experimental and compu-

tational studies have provided convincing evidence that the layers are slightly offset from one an-

other.269–276 Moreover, relatively broad peaks in the powder X-ray diffraction patterns do not rule

out the possibility of small offsets in the inter-layer stacking arrangement.277 Apart from the usual

Kasha signatures that predict aggregation-induced spectral shifts between Coulombically coupled

chromophores, additional vibronic signatures that can be used to differentiate between H- and J-

aggregates were introduced by Spano.146 In particular it was shown that the ratio of the first two
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vibronic peaks referred to as A1 (0-0) and A2 (0-1) decreases with increasing exciton bandwidth for

H-aggregates but increases for J- aggregates.146 Kasha’s rule for optical spectroscopy assumes that

the electron overlap between light absorbing neighboring chromophores must be small.264 While

long-range intermolecular Coulomb coupling predicts aggregation-induced blue and red shifts for

H- and J- aggregates, respectively, such a scheme breaks down in closely π-stacked systems, due

to significant wavefunction overlap and the emergence of short-range intermolecular charge trans-

fer (ICT) between the neighboring chromophores.145,219 In these scenarios, mereley relying on the

spectral shifts may be misleading, and the nature of aggregation can be reliably predicted from

the evolution of the vibronic signatures in the absorption and emission spectral lineshapes in the

UV-vis energy region.

Theoretical simulations based on the MHF that explicitly includes short-range ICT have shown

that the simultaneous presence and competition between long-range Coulomb coupling and short-

range superexchange contributions result in a rich array of possible aggregate types (H-H, H-J,

J-H, and J-J aggregates) with contrasting photophysical signatures and transport properties.145

For instance, constructive and destructive interference between long- and short-range coupling

determines exciton mobilty as well as exciton splitting (i.e., the rate at which excitons dissociate

into charges). H-J aggregation has been extensively investigated in the case of conjugated polymer

films and molecular aggregates.278–286

The experimental realization of H- and J-aggregation in COFs was observed in COF-5 that

exhibits large exciton diffusion lengths.140 While a red shift was observed in the absorption spec-

trum of COF-5, which indicates J-type aggregation, the change in vibronic ratios in the emission

spectrum suggested a H-type coupling.140 Such H- and J-aggregation signatures in COFs have

been previously reported in literature, but have been rarely discussed in detail. For example,

perfectly stacked COF structures were synthesized by the Jiang group by mixing pthalocyanine

units with benzene diboronic acid.268 Owing to the well-ordered arrangement of the π-stacked

phthalocyanine units, the semiconducting NiPc COF exhibits enhanced light-harvesting capability

in the visible and near-IR spectral regions, which facilitates efficient charge carrier transport. Al-
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Figure 2: (a) H- and J- type bands observed in UV-vis absorption of NiPc COF (solid black).
Although referred to as H-aggregates, the ratio of the intensities of the vibronic peaks I0−0/I0−1
is greater in NiPc COF compared to the (MeO)8PcNi monomer (dotted black) suggesting J-type
aggrgation268 (copyright 2011 John Wiley & Sons, Inc). (b) Schematic of segregated bicontinuous
π-columnar arrays observed in COFs.288 (c) UV-vis observation observed in DMPc-ADI COFs also
display H- and J- type signatures in the UV-vis.288 (d) UV-vis absorption of DPP-based donor-
acceptor COFs directly correlates with the COF particle size.47 Figs. b,c reprinted with permission
from Ref. 288. Copyright 2015 American Chemical Society, Fig. d reprinted with permission from
Ref. 47. Copyright 2021 American Chemical Society

though referred to as H-aggregate, the UV-vis absorption spectrum of NiPc COF displays J-type

aggregation signatures. In particular, in the absorption spectrum of NiPc COF (Fig. 2a), the ab-

sorption band at 380 nm, also referred to as the B band, is blue-shifted by 32 nm compared to the

monomer precursor [(MeO)8PcNi]. While this blue shift indicates the formation of pthalocyanine

H-aggregates within the stacked COF structure, the Q bands of the NiPc COF, which are observed

at 635 and 686 nm, are red-shifted by 12 nm from those of the [(MeO)8PcNi] monomer. More

importantly, the ratio of the intensities between the 0-0 and 0-1 vibronic peaks is larger in the case

of the NiPc COF compared to the monomer, which is a well defined signature of J-aggregation.287

In Ref. 288, the Jiang group used electron-donating metallophthalocyanines and electron-
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accepting diimide derivatives as building blocks for the synthesis of D-A COFs (Fig. 2b), result-

ing in the formation of “super-heterojunctions” that display long-lived charge separation and ex-

hibit remarkable photochemical properties. Electronic absorption measurements were performed

to evaluate the interaction between the D-A units. Compared to the pthalocyanine monomeric

units, the UV-vis absorption measurements of the COF structures (DCuPc-APyrDI) displayed blue-

shifted B bands, indicating H-aggregation. On the other hand, a red shift was observed in the low

energy absorption bands of the COF structures compared to the imide building blocks, indicat-

ing J-aggregation (Fig. 2c). From the experimental observations, it was concluded that the COF

structure is able to merge the absorption of the separate building blocks, which results in a broader

absorption profile. However, in-depth theoretical investigations may provide new insights since

perylene diimide (PDI) aggregates alone display two asymmetrically broadened absorption bands

on transformation from one aggregate form to the other, with one band being red shifted and the

other being blue shifted relative to the absorption of the monomeric unit.218,289–294

In this context, the steady state absorption and emission spectra of two PDI derivatives were

theoretically investigated using the Frenkel-CT/Holstein Hamiltonian.243 Simulations using the

MHF were able to reproduce all the salient spectroscopic signatures of both the PDI derivatives.

It was concluded that the band splitting observed in PDI aggregates primarily arises due to the

coupling between Frenkel and charge-transfer excitons in the resonant regime, which is driven by

intermolecular electron and hole transfer. Theoretical investigations based on the MHF in Ref.

243 also shed light on how the vibronic spectral features of the two main bands in the UV-vis

absorption of PDI aggregates are governed by the interplay between long-range Coulomb coupling

and short-range superexchange CT-mediated couplings.

H- and J-type aggregation was recently reported in highly luminiscent TAT COF, which was

described as non-fluorescent J-type class of aggregates.141 These studies suggest that the existence

of possible correlations between the photophysical response of COFs and the nature of aggregation

or interlayer packing arrangement needs more detailed theoretical investigations.

Effect of Particle Size: In a recent study, Schiff-based reactions were used to synthesize a se-

22



ries of size-controllable nanoscale COFs (DPPC, DPPN, DPPB) with uniform and spherical mor-

phology.47 This was achieved by incorporating D-A building blocks based on Diketopyrrolopyr-

role(DPP) units, which resulted in a broad absorption profile that extended into the near-IR energy

range as shown in Fig. 2d. In addition, the UV-vis spectral response shows a positive correlation

with the size of the COF particle, with the maximum of the absorption spectrum red-shifting from

768 to 824 nm as the particle size increases from 400 nm to 800 nm. Interestingly, besides the

observed red shift relative to the DPP building block, the spectral lineshapes of the corresponding

COFs dramatically differ with increasing particle size and display the emergence of a featureless

broad peak centered around 600 nm (Fig. 2d).

Electrochromism: Electrochromism is a property that describes reversible color changes of a

material in response to an externally applied electric current. The Bein group paired highly electron

deficient isoindigo-based building blocks with electron-rich pyrene motifs to synthesize highly

crystalline imine linked D-A COFs that absorb light throughout the visible and near-IR energy

range.295 The absorption spectrum of the COF films displays a dominant near-IR band followed

by a lower-intensity UV–vis band at a higher energy. A red shift in the absorption spectrum was

observed depending on the choice of the molecular building blocks.295 In a follow-up study using

similar D-A-D motifs and incorporating modified thienoisoindigo building blocks, Bessinger et.

al. synthesized a series of highly efficient, fast-switching, and stable electrochromic 2D COFs as

shown in Fig. 3a.296 Positive correlations between the spectral changes in the UV-vis and near-IR

response and electrochromic properties were reported. The electrochemical oxidation of py-ttTII

COF was associated with the bleaching of the main absorption bands in the neutral COF structure

which was accompanied by the simultaneous emergence of new spectral features in the near-IR

energy range (Fig. 3b). The first and second oxidation steps produced spectral features at 1000

and 900 nm which were attributed to the formation of polarons and bipolarons, respectively. These

results suggest that it would be useful to uncover spectral signatures that can be efficiently used to

differentiate polarons, bipolarons, and excitons in neutral and oxidized COF structures.

Effect of Relative Humidity: Li et.al. reported a strategy for engineering the bandgap of 2D
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Figure 3: (a) Example of electrochromic COFs synthesized by the Bein group.296 UV-vis spectral
features of D-A COFs as a function of (b) oxidation,296 (c) monomer building blocks,295 (d) rela-
tive humidity,297 and (e) metal centers.298 (f) UV-vis absorption spectram of highly emissive D-A
COFs.141 Figs. a,b reprinted with permission from Ref. 296. Copyright 2021 American Chemical
Society. Fig. c reprinted with permission from Ref. 295. Copyright 2017 American Chemical
Society. Fig. d reprinted with permission from Ref. 297. Copyright 2018 American Chemical
Society. Fig. e reprinted with permission from Ref. 298. Copyright 2019 American Chemical
Society. Fig. f reprinted with permission from Ref. 141. Copyright 2021 American Chemical
Society

COFs by introducing D-A units into the COF framework.297 Triphenylamine and salicylideneani-

line building units were used to synthesize 2D COFs that exhibit eclipsed stacking arrangement

and excellent nonlinear optical limiting behavior. It was also found that the UV-vis spectral sig-

natures of the COF structures were sensitive to the adsorption of moisture. In order to monitor

the correlations between the spectral response and band-gap narrowing, the UV-vis measurements

were performed as a function of relative humidity. While the absorption spectrum for dry or fully

wetted TF-TAPA COF remained unchanged with increasing relative humidity, the absorption spec-

trum for Sa-TAPA further red-shifted to the near-IR energy range, with distinct color change from

red to black (Fig. 3d). This red-shift was attributed to conformational changes in the framework

which was further confirmed by FT-IR and NMR studies. The observed sensitivity of the UV-vis
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spectral signatures to the uptake of moisture and stability of the COF structure emphasizes the

importance of investigating the role of structural and conformational disorder on the photophysical

response of COFs as well as how disorder affects the electronic properties of COFs.

Effect of Metal Center: In order to investigate the effect of metal centers, two structurally and

morphogically similar π-conjugated 2D COFs based on Zn- and Cu-phthalocyanine macrocycles

and pyrazine linkers were synthesized by Wang et. al.298 Although the incorporation of different

metal centers results in distinct spectral signatures in the UV-vis as shown in Fig. 3e, it was demon-

strated that changing the metal center from Zn to Cu in the pthalocyanine moiety has negligible

effect on the charge carrier transport properties, with the hole mobility being negligible along the

COF plane and finite between the COF planes.

Light Harvesting: Two highly emissive, fully conjugated D-A sp2-C-COFs were recently

synthesized by Yang et. al who showed that the exciton relaxation pathway and photoluminis-

cence quantum yield were controlled by planarity, conjugation, and interlayer aggregation.141 Us-

ing a combination of experimental and TDDFT calculations, direct correlations were established

between the COF structure and associated light harvesting properties, charge transfer, emission

quantum efficiency, and photophysical signatures (Fig. 3f). In particular, it was emphasized that in

order to have a better understanding of excitonic effects in COF structures, it is crucial to consider

the contributions from superexchange ICT coupling as discussed earlier in this section.

The experimental studies discussed above demonstrate that COFs display specific photophys-

ical properties that are extremely sensitive to various factors, including the nature of the building

blocks, relative humidity, inter-layer packing arrangement and/or type of aggregation, particle size,

and defect density. The characteristic UV-vis spectral signature for most D-A COFs is the pres-

ence of a lower energy band (B band), typically starting at 500 nm and extending into the near-IR

energy range, accompanied by a higher energy band (Q band) between 300 nm to 500 nm. How-

ever, as shown in Fig. 2 and Fig. 3, these spectral features can vary significantly for different COF

structures. For example, the relative intensities of the near-IR and UV-vis bands can be different

for various COF structures. Unlike most COFs that do not display a vibronic structure in either
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of the two bands, the NiPc COF displays a pronounced vibronic structure in the Q band as shown

in Fig. 2a. The spacing between the two vibronic peaks in Fig. 2a is approximately around 1200

cm-1 and can be associated with the coupling between the Frenkel excitons and the aromatic to

quinoidal stretching mode of the framework. In order to elucidate structure-photophysics rela-

tionships in COFs, it is necessary to develop an in-depth understanding of the factors that govern

the relative intensities of the B and Q bands, the separation between the maximum of the two ab-

sorption bands, the broadening of the bands, and the vibronic features. It is equally important to

investigate the role of Frenkel and charge transfer excitons as well as electron-phonon coupling on

the photophysical signatures of various COF structures.

In this context, Qarai et. al. have recently introduced a vibronic exciton model based on the

MHF for a D-A-D arrangement of chromophores which was used to simulate the steady state ab-

sorption spectrum of push-pull low band gap D-A copolymers.287 The MHF adopted in Ref. 287,

that includes Frenkel-like and charge separated electronic states, and, more importantly, vibronic

coupling (involving the aromatic to quinoidal stretching mode) on equal footing, accurately repro-

duces most of the salient spectroscopic features in the measured absorption spectra of PffBT4T

copolymers. Fig. 4 shows that a similar Holstein-style Hamiltonian developed with parameters

Figure 4: Comparison of the simulated spectrum using the MHF with the measured absorption
spectrum of pyptII COF replotted from Ref. 295.
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obtained from the DFT calculations of Ref. 287 accurately reproduces the experimental spectrum

of the pyptII COF reported in Ref. 295. Analogous to the case in 1D copolymers, good agreement

between the measured and simulated absorption spectra of pyptII COF was obtained using a single

chain with an alternate sequence of coupled donor and acceptor building blocks. A comparison

between the experimental absorption spectra of low band-gap D-A COFs and copolymers reveals

that the spectral features in both D-A COFs and copolymers are quite similar. However, unlike in

the case of PffBT4T, the absorption spectrum of the pyptII COF does not display the pronounced

vibronic structure in the low-energy Q band. The vibronic features in pyptII COF are most likely

obscured by the presence of inherent electronic and structural defects.

The close similarity between the absorption spectra of COFs and copolymers suggests that

inter-framework interactions may be of secondary importance in the case of pyptII COF although

some caution should be used before applying this conclusion to all D-A COFs since other factors

may also affect the optical signatures of these materials. For example, the physical mechanisms

responsible for the the emergence of a featureless peak centered at ∼630 nm (Fig. 2d), which

broadens with increasing particle size of the COF films or increasing electron donating ability of

the monomer units in DPP-based COFs,47 are not well understood. In addition, while most D-A

COFs usually display two absorption bands, such spectral signatures disappear in the case of Py-N

COF (Fig. 3c),296 TAT-COF (Fig. 3f), and TPB-COF141 where the usual two-band spectrum is

replaced by a much broader featureless peak. Finally, unlike the usual assumption that the low

(high) energy band can be readily attributed to intermolecular charge transfer (π−π∗ transition),

the MHF analysis indicates that both the bands have partial CT character and arise from the efficient

mixing between Frenkel- and CT-type excitations.287

Building upon the 3D Holstein polaron model recently developed to investigate the effects of

defects, domain size, chemical doping, and topology on the mid-IR photophysical signatures and

charge transport properties of COFs,216,217 future studies should go beyond a simple single chain

analysis and focus on developing 3D vibronic exciton models for various COF topologies. Explicit

inclusion of intra- and inter-framework electronic interactions, Frenkel and charge separated ex-
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citon states, and strong electron-phonon coupling on equal footing is necessary to investigate the

spectral changes in both the UV-vis absorption and emission lineshapes of COFs. Furthermore,

due to poor crystallinity and high defect density present in porous frameworks such as COFs, it

is necessary to incorporate the effects of different forms of structural and conformation defects in

our future studies.

To provide a detailed understanding of the factors that govern the photophysical response of

COFs, it would be important to break down the problem by reducing the frameworks into their

isolated monomeric components, which would allow for a systematic analysis of the evolution of

the UV-vis spectral signatures from the isolated monomeric units to the aggregated monomers and

aggregated 3D frameworks. This systematic analysis would provide direct comparisons between

the spectroscopic signatures of the aggregated COF structures and the aggregated monomers. Such

an analysis is particularly relevant since the UV-vis spectra of some COF films appear to be the

mere superposition of the absorption spectra of the corresponding building blocks.299 By develop-

ing consistent theoretical interpretations of the experimental measurements available for various

COFs, it will be possible to gain insights into how functionalizing or modifying the chemical com-

position of the individual building blocks affects the nature of aggregation, stability, and both the

photophysical and energy transport properties of these materials.

Excitons in Hybrid Materials

As in organic materials, UV-vis absorption and emission processes in hybrid materials are gov-

erned by delocalized excitations.129–133,300 However, unlike organic materials where Frenkel and

CT excitons are the predominant form of excitations, photoexcitation of hybrid materials result

in the formation of Frenkel and Wannier-Mott excitons associated with the organic and inorganic

components, respectively.301 Frenkel excitons are bound electron-hole pairs localized on a single

unit cell, while Wannier-Mott excitons are characterized by a much larger Bohr radius and con-

sist of an electron and a hole that can be tens of unit cells or molecules apart.302 Wannier-Mott

excitons therefore experience a much smaller Coulomb binding energy (< 100 meV) compared to
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Figure 5: (a) Exciton fine structure observed in the absorption (solid black) and emission spectrum
(dotted black) of phenethylammonium lead iodide.152 (b) Transmission spectra of n=1 and n = 2
thin films of (PEA)2(CH3NH3)n-1PbnI3n+1 at 4K.305 (c) Linear absorption spectrum of (PEA)2PbI4
at 5K.235 Fig. a reprinted with permission from Ref. 152. Copyright 2016 American Chemical
Society. Fig. b reprinted with permission from Ref. 305. Copyright 2020 American Chemical
Society. Fig. c reprinted with permission from Ref. 235. Copyright 2020 American Chemical
Society

Frenkel excitons (≥ 500 meV).303 Since hybrid materials like MOFs and perovskites consist of

organic and inorganic building blocks, both Frenkel and Wannier-Mott excitons may co-exist upon

photoexcitation.233,304

The origin of the excitonic fine structure that is observed in the absorption and emission spec-

tra of 2D perovskites152,153,234–236,305–307 is currently a topic of ongoing debate. Multiple equally

spaced peaks are found in the absorption and emission spectra of (PEA)2PbI4 as shown in Fig. 5.

Kagan and coworkers attributed the origin of the exciton fine structure, which has a spacing be-

tween 40 and 46 meV, to a vibronic progression arising from the coupling of the electronic tran-

sition to a distinct vibrational mode located in the organic cation (Fig. 5a).152,153,234,306 Similar

spacings of 35 meV to 40 meV were observed at low temperature in the measured spectrum for
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(PEA)2PbI4 as shown in Fig. 5c, and were attributed to distinct excitonic peaks by Silva, Srimath

and coworkers.235,236 The peak at approximately 40 meV in (PEA)2PbI4 was attributed to Rashba

splitting.308 A recent study has attributed the exciton fine structure observed in the photolumin-

scence spectrum of (PEA)2PbI4 to exciton-polaron emission.309

Most perovskites synthesized to date incorporate small organic cations such as methyl-, phenethyl-

, or butylammonium as organic spacers. Strauss, Kagan, and coworkers have extensively inves-

tigated the role of small organic cations in tailoring the electronic and optical properties of 2D

lead halide perovskites.153,234,306 It was found that single atom substitution on the organic cation

dramatically alters the steady-state absorption and emission spectra as shown in Fig. 6a.153 It

was also found that longer organic cations are associated with greater energetic disorder which

obscured the presence of the vibronic fine structure in both the absorption and emission spectra

(Fig. 6b), and results in a blue-shifted excitonic absorption.306 Mitzi and coworkers have synthe-

sized perovskites that incorporate oligothiophene cations of various lengths to investigate the role

Figure 6: (a) The exciton fine structure in the UV-vis absorption and emission spectrum in
perovskites changes as a function of structural deformation153 or (b) increasing length of the
organic cations.306 (c) Vibronic progression observed in the UV-vis absorption spectrum of
(AE4T)PbI4.233 Fig. a reprinted with permission from Ref. 153. Copyright 2020 American Chem-
ical Society. Fig. b reprinted with permission from Ref. 306. Copyright 2019 American Chemical
Society
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of long and bulky organic components on the photophysical properties and tailor the excited state

dynamics of lead halide perovskites.233,310 These perovskites incorporating longer organic cations

have been referred to as “complex organic perovksites” .233

Spectral signatures of both Frenkel and Wannier-Mott excitons as well as electron-phonon

coupling was observed in the absorption spectrum of (AE4T)PbI4.233 The UV-vis absorption spec-

trum shown in Fig. 6c exhibits a broad absorption peak centered at ∼400 nm which can be di-

rectly associated with the Frenkel exciton located in the organic component of the perovskite.233

The shoulders between 380 nm and 480 nm were attributed to a vibronic progression that arises

from the coupling of the Frenkel excitons to the aromatic to quinoidal vibrational mode in the

oligothiophene units. The narrow peak centered at ∼520 nm was attributed to the formation of

Wannier-Mott excitons. Fig. 7 show that simulations using the MHF reproduce the vibronic pro-

gression arising from the organic component in (AE4T)PbX4 (X = Cl, Br, and I).311 It was also

found that the choice of the halide ion in the inorganic component plays a central role in deter-

mining the shape of the vibronic structure observed in oligothiophene based perovskites.311 The

observed trends in the experimental absorption spectra are a direct consequence of the confining

environment provided by the inorganic framework as well as the variation of excitonic coupling

that decrease from (AE4T)PbCl to (AE4T)PbI. The theoretical insights gained from Ref. 311 are

quite relevant in the context of the debate surrounding the origin of the exciton fine structure. The

Figure 7: Comparison of the simulated spectrum using the MHF311 with the measured UV-vis ab-
sorption spectrum of (AE4T)PbX4 from Ref. 233 Reproduced from Ref. 311, with the permission
of AIP Publishing.
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transition spacings in the excitonic spectra seem to directly correlate with the choice of the or-

ganic spacer. While transition spacings of 14 meV and 40 meV were observed in the presence

of aliphatic chains312,313 and phenyl groups,152,235,236,314 respectively, the presence of oligothio-

phene cations in (AE4T)PbX4 results in a distinct progression having a transition spacing equal to

the aromatic-to-quinoidal vibrational energy of ∼0.17 eV.

Despite rapid progress, several fundamental questions about the optical properties of per-

ovskites still remain unanswered: a) How do structural changes (i.e., composition, length, and

cross-Sectional area) induced by the organic cation influence the photophysical properties? b)

What is the physical origin of the excitonic photophysics observed in 2D perovskites at low tem-

perature? c) How do energetic disorder (in both organic and inorganic layers) and electron-phonon

coupling affect the photophysical and transport properties of perovskites? d) Can spectral signa-

tures be used to distinguish between Frenkel and Wannier Mott excitons in perovskites? While

the theoretical model based on the MHF presented in Ref. 311 is a promising first attempt to in-

vestigate the absorption spectra and gain insights into structure-photophysics relationships in per-

ovskites, future studies need to explicitly include the coupling between Frenkel and Wannier-Mott

excitons to further disentangle the role of exciton-exciton coupling in the experimentally measured

absorption and emission spectra. We hypothesize that strong organic-inorganic exciton coupling

can impact the absorption spectra of perovskites and lead to changes in both the positions and

linewidths of the spectral features, as well as changes in the vibronic progressions associated with

the organic components. In this context, the MHF is ideally suited for such detailed analyses.

The formation of Frenkel and Wannier Mott excitons can also be quite relevant for MOFs. A

recent study reported that the optoelectronic efficiency of semiconductive MOFs can be bolstered

by efficient framework-guest interaction.315 In particular, it was shown that the incorporation of

electron-deficient guest molecules in the pores of a Terbium-based MOF results in significant en-

ergy transfer and facilitates the conversion of Wannier-type excitons into Frenkel-type excitons.

Similar spectral signatures in the UV-vis energy region (i.e., multiple equally spaced peaks) to that

observed in perovskites, were also observed in highly oriented thin films of triphenylene-based
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MOFs.316

Distinct spectral features were found in MOFs where hexahydroxytriphenylene (HHTP) lig-

ands are used in combination with different metal centers. In particular, the presence of Ni2+ and

Cu2+ in the framework results in a spectrum displaying multiple equally spaced peaks in the range

between 200 nm and 350 nm, and a broad absorption peak centered at ∼600 nm.316 The series of

multiple equally spaced peaks, however, disappears in the MOF structure with Fe3+ metal centers

and is replaced by a broader featureless peak centered at ∼900 nm.317 These observations suggest

that the choice of metal centers impacts the local MOF structure and the corresponding spectral sig-

natures. A close analogue of the HHTP ligand, hexahydroxy-tetraazanaphthotetraphene (HHTT),

was recently used to synthesize π-conjugated 2D MOFs that display the characteristic vibronic

signatures in the UV-vis energy range.318 HHTT-based MOFs exhibit record high conductivities

due to stronger inter-ligand interactions and a larger π-conjugated HHTT core compared to HHTP-

based MOFs. Insights into the strength of the stacking interactions in MOFs can be gained from

the analysis of the UV-vis absorption spectrum. Specifically, while the spectrum displays a dis-

tinct vibronic progressions when DMF is used as the solvent, this vibronic progression vanishes

when water is used as a solvent. This suggests that using DMF as a solvent disrupts the (strong)

π-stacking interactions and, hence, leads to larger MOF crystals (Ni3HHTT2) compared to when

water is used a solvent.

It was also shown that metals favoring the square-planar (octahedral) coordination tend to form

eclipsed (staggered) packing motifs in the corresponding MOF structures, which has a direct in-

fluence on the measured conductivity values. While Ref. 318 reported the successful synthesis of

atomically precise MOF single crystals, obtaining such high-quality and large crystals is still rare.

In the absence of high-quality MOF crystals, optical measurements, e.g., UV-vis absorption and

photoluminescence, can be efficiently used to characterize the properties of MOFs structures. In

this context, by providing theoretical predictions of the correlations among UV-vis spectral signa-

tures, packing arrangements, nature of the organic ligands and metal centers, and transport proper-

ties, the MHF can provide fundamental insights that will help establish effective design principles
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for the development of new MOF structures with improved transport properties.

Photophysics of Polarons

Polarons in Organic Materials

Unlike neutral excitations (excitons) that absorb in the UV-vis energy range, charged excitations

(polarons) absorb in the mid-IR energy range due to differing ground states and optical selection

rules.251 In the case of Frenkel excitons, the generally weak nature of the excitonic coupling be-

tween the nearest neighbors results in the formation of distorted vibronic progression having H-

or J-like spectral signatures depending on the sign of the Coulomb coupling.146,251 However, in

the case of polarons, the much stronger electronic coupling (also referred to as transfer integrals)

between the nearest neighbors obscures the vibronic structure in the mid-IR energy range. In the

case of conjugated polymers, the values of the transfer integrals lie between 0.3 eV and 0.5 eV,319

and are significantly larger than the values of the exciton couplings.229,230,232 Furthermore, in con-

trast to UV-vis spectra originating from excitons, the mid-IR spectral signatures of polarons are

insensitive to the sign of electronic coupling, implying there are no H- or J- type polarons.251 The

absorption spectral area for polarons decreases with increasing short-range disorder (i.e., there is

no oscillator sum rule), which is reflective of a decreasing polaron coherence length. Therefore,

unlike in the case of excitons, the mid-IR absorption spectrum can be efficiently used to extract the

polaron coherence lengths. For excitons, one must instead resort to the photoluminiscence spec-

trum to extract the exciton coherence lengths.320 The fundamental similarities and differences in

the optical responses and quantum coherence lengths of excitons and polarons in organic materials

as a function of electronic coupling, vibronic coupling, and short- and long-range disorder have

been discussed in detail in Ref. 251.

The creation of polarons in semiconducting homo-polymers and donor-acceptor copolymers,

either by photoexcitation (i.e., photoinduced absorption spectroscopy) or by doping (electrochem-

ical or chemical), results in the appearance of new peaks in the mid-IR energy region, including a
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low-energy peak between 0.05 and 0.2 eV, and a broader high-energy peak between 0.25 and 0.9

eV.220–222 The low-energy peak dressed with infrared active vibrational (IRAV) modes has been

referred to as peak A,220–222,251 DP1(delocalized polaron),321,322 or CT (charge transfer)323–326

by different groups. The broader high-energy peak, referred to as peak B,220–222,251 P1,321,322 or

C1
323–326 is mostly featureless. Polaron signatures with the characteristic A and B polaron peaks

in the mid-IR energy range have also been observed in the iodine-doped imine-linked COF.64

The MHF for polarons, which is discussed in detail in Refs. 216,217,220–222,251 naturally

accounts for the occurrence of both the A and B peaks. As shown in Fig. 10, the Holstein-type

Hamiltonian, represented in a multiparticle basis set, successfully reproduces the spectral signa-

tures of chemically doped “bound” polarons as well as electrically and optically generated “free”

polarons in homopolymers, D-A copolymers, and COFs. More importantly, the MHF for polarons

also identifies specific spectral signatures from which the generally anisotropic polaron coherence

lengths (both along the chain/framework and stacking directions) can be quantitatively determined.

As emphasized in recent studies on semiconducting polymers and COFs,216,251 direct signatures

of extended polaron coherence can be attributed to a red shift of the high energy peak B and an

increase in the A/B peak intensity ratio. Knowing the coherence distribution in organic materials

is critical since it allows for determining whether charge transport in organic materials is limited

by a local property, such as polaron delocalization, or a mesoscale property, such as crystallite

connectivity.

Effect of chemical doping: Chemical doping has proved to be an excellent strategy for im-

proving conductivity in organic materials such as polymers and COFs. Iodine doping was shown

to significantly increase the conductivity of TANG-COF from 1.6× 10−5 S cm−1 to 1.0× 10−2

S cm−1 in vacumm.64 This sharp increase in conductivity was associated with an increase in the

number of free spins and the emergence of the A and B polaron peaks in the mid-IR energy range.

Similar to semiconducting polymers,327,328 COFs were shown to exhibit up to ten-fold increase in

electrical conductivity upon prolonged exposure to iodine.63–72

The preferential location of the dopant counteranion in the polymer matrix and the type of
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Figure 8: (a) Mid-IR signatures of “bound” polarons in chemically doped polymers221,222 and
COFs64,216 using data from Refs. 216,221,222. A red shift of the high energy peak B signifies
enhanced polaron delocalization. (b) Mid-IR signatures of photoinduced polarons in conjugated
polymers. (c,d) Mid-IR signatures of polarons in MOFs.329,330 Panel (c) replotted from Ref. 329.
Panel (d) reprinted with permission from Ref. 330. Copyright 2015 American Chemical Soci-
ety (e,f) Mid-IR signatures of polarons in perovskites.331 Copyright 1996 by American Physical
Society. All rights reserved.

dopant also plays an important role in determining the final performance of both 2D COFs and

1D polymers. Additional valuable insights into the correlations among spectral signatures, dopant

type, dopant location, polaron delocalization lengths, and conductivity can be obtained by com-

paring the mid-IR spectral signatures of iodine-doped TANG-COF with that of doped polymer

films (Fig. 8a). In the case of F4TCNQ-doped P3HT films with low molecular weight (MW), the

polarons are primarily localized on the polymer backbones with negligible interchain delocaliza-

tion.221 This is primarily due to strong Coulomb binding with the F4TCNQ counteranions that

reside in the amorphous domains in close proximity to the polymer backbone (within ∼0.5-0.6

nm) , which results in hole localization. The blue curve in Fig. 8a shows that for the low-MW

F4TCNQ-doped P3HT films, the location of peak B maximum is ∼0.7 eV and the A/B peak in-

tensity ratio is ∼0.25. In marked contrast, doping high-MW P3HT films with F4TCNQ results in
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enhanced intra- and inter-chain polaron delocalization that is accompanied by a red shift of the B

peak to ∼0.5 eV and an increase in the A/B peak ratio to ∼0.5 (orange curve in Fig. 8a).

The enhanced polaron delocalization in high-MW regioregular-P3HT is mainly attributed to

weak Coulomb binding since the dopant counteranions in crystalline high-MW RR-P3HT films

preferentially reside in the lamellar regions or in the amorphous domains of the polymer matrix

and do not intercalate between the crystalline π-stacks.332 Theoretical calculations based on the

MHF predicted the approximate location of the counteranion in F4TCNQ-doped high-MW P3HT

films to be within∼0.8-1 nm of the polymer backbone.221 Interestingly, replacing F4TCNQ dopant

with a bulky dodecaborane-based dopant, DDBF72, was shown to yield significantly higher charge

mobility in P3HT films, which was accompanied by an additional red shift of the B peak to ∼0.3

eV and a further increase in the A/B peak intensity ratio to 1.25 (red curve in Fig. 8a). The

increased mobility in DDBF72-doped P3HT films333 compared to F4TCNQ-doped P3HT films221

is a direct consequence of increased polaron delocalization due to reduced electrostatic interactions

between the dopant counteranion and the hole. Unlike F4TCNQ dopants, the reduced Coulomb

binding in dodecaborane based dopants was due to a specific design which sterically protected

the core electron density.333 Combined experimental measurements and theoretical calculations

based on the MHF showed that the DDBF72 counteranions reside at ∼1.8-2 nm from the polymer

backbone.222

In the case of iodine-doped TANG-COF, the black curve in Fig. 8a display a significantly blue-

shifted B peak with the maximum at ∼1 eV. As expected, this large blue shift correlates to the

iodine-doped TANG-COF exhibiting lower conductivity compared to semiconducting polymers

and is a direct consequence of localized polarons due to strong Coulomb binding. In the case of

polymers, the counteranions preferentially reside at a distance greater than 0.5 nm from the back-

bone depending on the choice of dopant type and MW of the polymer films. However, the presence

of large pores in TANG-COF (and other COF structures) readily incorporates the counteranions,

which results in shorter counteranion-framework distances (0.35 - 0.4 nm).216 In turn, this leads to

polaron trapping and, consequently, lower conductivity.
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Spectral signatures similar to those discussed for chemically doped “bound” polarons are also

evident in the absorption spectra of optically or electrically induced “free” polarons.334 In this

context, the absence of a chemical dopant or Coulomb binding implies enhanced delocalization of

photoinduced polarons. As expected, Fig. 8b shows that the mid-IR signatures of photoinduced

“free” polarons display a much red-shifted B peak at ∼0.22 eV and a larger A/B peak intensity

ratio of ∼2 (Fig. 8b).

In a recent study, the Brinkmann group investigated the effects of different dopants on the

charge transport properties of P3HT films.335 It was found that preferential doping of the amor-

phous regions of the polymer films reduces polaron localization and improves charge transport as

well as thermoelectric factors. Similar conclusions were reached from a systematic analysis of

the effects associated with the counteranion size on polaron delocalization and mid-IR spectral

signatures.336

Formation of free charge carriers was also observed in iodine-doped tetrathiafulvalene (TTF)

COFs which resulted in high conductivity (2.8× 10−5 S cm−1).63,66,337 The increase in conduc-

tivity measured in the TTF-ph COF was associated with increased delocalization of the polarons

along the inter-layer π-stacking directions. We hypothesize that smaller pore sizes would lead to

stronger electrostatic interactions due to closer proximity of the dopant counteranions present in-

side the COF pores and the holes present in the oxidized COF layers, which could result in trapped

polarons and, consequently yield lower conductivity. In this regard, it should be noted that the

TTF-ph COF, which is characterized by larger pores than the TTF-py COF, indeed exhibits higher

conductivity.337

Effect of topology: Both exciton and polaron migration in COFs have been shown to depend

on topological connectivity or lattice symmetry. Using a topology-templated polymerization strat-

egy, the Jiang group successfully synthesized a series of fully sp2 carbon-conjugated COFs having

hexagonal, tetragonal, and kagome topologies.34 The investigation of π-conjugation effect led to

the important conclusion that the extent of exciton migration was controlled by lattice topology

with an order of kagome > tetragonal > hexagonal. Analogously, the MHF for polarons was
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Figure 9: Intra- and inter-framework polaron coherence numbers as a function of topology of the
COF structure. Trigonal COFs facilitate greater polaron delocalization compared to hexagonal
COFs due to additional connecting pathways that help circumvent deep trap states and enhance
hole mobility. Data is used from Ref. 217.

used to theoretically demonstrate that the extent of polaron migration both along the intra- and

interframework directions follows the order trigonal/kagome > tetragonal > hexagonal.217 It was

theoretically demonstrated that polaronic transport in COF structures not only depends on the ex-

tent of π-conjugation and the strength of electronic coupling between the nearest neighbors but

is also governed by the interplay between topological connectivity and presence of electronic de-

fects in the framework. Ref. 217 further emphasized that the presence of additional connecting

pathways in trigonal COFs compared to hexagonal COFs help circumvent deep trap sites and can

therefore significantly enhance polaron delocalization by approximately three orders of magnitude

in the case of layered COF structures (Fig. 9).217 This theoretical prediction is indeed experimen-

tally plausible since it was earlier shown that trigonal HBC COF exhibits higher mobility compared

to other COFs having different topologies.34

This observation however does not hold in the case of doped COF structures. Upon chemical

doping, the effect of topology is virtually nullified and the extent polaron delocalizaion is primarily

determined by the location of the counteranion relative to the COF backbone and the strength of

Coulomb binding. In the likely scenario of the dopant counteranions residing inside the COF pores
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and in close proximity to the framework backbone, the associated number of free charge carriers,

extent of polaron delocalization, and conductivity will be low, independently of the framework

topology.

Effect of interlayer stacking and disorder: 2D COFs potentially exhibit unique stacking ar-

rangements by employing different molecular design principles which influence the photophysical

response.109,267,270–272,338–340 Interlayer stacking interactions strongly depend on various factors,

including monomer’s properties, planarity, crystallinity, stacking configuration (e.g., eclipsed vs.

staggered vs. random), and hydrogen bonding. Different stacking arrangements such as cofacial

vs. slip-stacked configurations directly influence the degree of charge transfer, polaron migra-

tion, and energy transfer along the π-stacks.273,277,341,342 Strong cofacial interactions between the

planar monomers with large π surface area experience significant wave function overlap between

the stacks and facilitate more efficient polaronic hopping through the columns. Current investiga-

tions in our group are focused on characterizing spectral signatures in the mid-IR energy region

for different packing arrangements in COFs.273,277,341,342 In the eclipsed configuration, π-stacking

maintains an “in-phase” registry where the donors line up with the donors and the acceptors line up

with the acceptors as shown in Fig. 2b. In the segregated configuration, there is an “out of phase”

registry where the donors line up adjacent to the acceptors. By extending the theory developed

in Refs. 216, 217, 222 to the study of D-A COFs, we anticipate that the spectral signatures for

different packing arrangements can be distinguished by analyzing only the mid-IR lineshapes. Us-

ing the same numerical techniques introduced in recent studies,216,217,222 it is possible to evaluate

the infrared spectrum polarized along the intra- and inter-framework directions. We anticipate that

the resonant D-D and A-A interactions in the eclipsed form will facilitate greater delocalization of

the hole along the inter-framework direction compared to the staggered arrangement. This greater

delocalization of the hole in the eclipsed arrangement should also lead to a much larger polariza-

tion absorption component along the inter-famework direction compared to the intra-framework

direction.

The charge carrier mobility was also studied as a function of film thickness in boronate ester-
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based COF thin films by the Bein group.343 The hole mobility was found to be directly correlated

with the thickness of the COF films, with thicker films being associated with significantly lower

charge mobility, presumably due to the presence of electronic defects.

Polarons in Hybrid Materials

Mid-IR signatures of polarons in MOFs: Direct correlations between mid-IR signatures and

conductivity is not limited to organic materials, such as polymers and COFs, but have also been re-

ported in hybrid organic-inorganic frameworks, such as MOFs.329,330,344–347 Ideally, MOF-based

materials with high conductivity should enable efficient three dimensional charge delocalization

within the framework. It was recently demonstrated that π −π stacking interactions between the

organic ligands alone can produce efficient charge transport pathways in MOFs, indicating that a

metal-ligand bond with high covalent character is not a necessary requirement for achieving high

conductivity.329 By fine-tuning the inter-layer π-stacking distances between the organic 2D sheets

in a series of lanthanide-based MOFs, the measured conductivity was found to be on par with the

highest conductivity values reported for MOFs to date. The high conductivity was achieved de-

spite negligible in-plane electronic communication and was solely attributed to out-of-plane charge

transport. Although electronic structure calculations were used to determine the band structure and

density of states of lanthanide-based MOFs, it would be important to further explore, at the funda-

mental level, the relationships between framework properties (e.g., flexibility and chemical nature

of the organic ligands), measured conductivities, and mid-IR spectral signatures. Firstly, it is quite

intriguing that a small decrease (0.005 nm) in the inter-layer stacking distance results in a signifi-

cant increase (103) in the measured conductivity. Secondly, determining the origin of the mid-IR

spectral features was deemed beyond the scope of the work and the origin of the mid-IR signa-

tures were ambiguously assigned either to the presence of defects or metal/ligand vacancies and

intra-ligand charge transfer (Fig. 8c). Interestingly, similar to the case in organic materials, spec-

tral changes in the mid-IR energy range measured in Ref. 329 directly correlate with changes in

the inter-layer stacking distances, choice of the metal centers, and measured conductivity. In par-
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ticular, it was found that frameworks containing metals such as Holmium (Ho3+) and Ytterbium

(Yb3+), which exhibit shorter π-stacking distances and higher conductivities, display a blue-shifted

absorption (at ≈ 0.7 eV) compared to frameworks containing Lanthanum (La3+) and Neodymium

(Nd3+), which exhibit longer π-stacking distances and lower conductivities (Fig. 8c).

Direct correlations between measured conductivity and mid-IR signatures were reported in

KxFe2(BDP)2 (BDP2- = 1,4-benzenedipyrazolate) by Long and coworkers.346 In this study, it was

reported that fractional reduction of KxFe2(BDP)3 results in a remarkable 104 fold increase in

conductivity along a single crystallographic axis. It was also found that the greatest degree of elec-

tronic delocalization occurred at half reduction, resulting in a charge mobility of 0.29 cm2V-1s-1.

With increasing reduction and increase in charge mobility, the spectral features in the mid-IR en-

ergy range between 0.50 eV and 1 eV were found to grow in intensity until half reduction and then

starts to diminish. The origin of the mid-IR absorption band was attributed to the formation of

mid-gap polaron states.

Direct correlations between mixed valency, conductivity, and mid-IR spectral signatures were

also reported in a 3D MOF composed of FeIII centers and paramagnetic semiquinoid linkers syn-

thesized by the Long group.330 The intense blue curve in Fig. 8d was associated with significantly

higher conductivity (0.16 S cm−1) compared to the orange curve (0.0062 S cm−1). However,

the underlying physical mechanism behind the difference in spectral intensities was not directly

investigated and the observed correlation between spectral intensity and conductivity was not elu-

cidated. Similar low-energy spectral features were also observed in several redox-active MOFs

and attributed to either intra-valence charge transfer or mid-gap polaron states.344,345,347

In order to lay the groundwork for future theoretical studies on MOFs, Fig. 10g shows that pre-

liminary calculations carried out for lanthanide-based MOFs using the MHF for polarons adopted

for COFs216,217 qualitatively reproduce the spectral trends and lineshapes observed in Ref. 329.

The MHF calculations shown in Fig. 10g were carried out for a hexagonal lattice consisting of four

π-stacked layers, and the intra- and inter-framework couplings were set to 0.14 ev and 0.08 eV,

respectively. Despite being in qualitative agreement with the experimental observations, the sim-
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Figure 10: a) Left: Measured (solid) and simulated (dashed) MIR polaron spectra of dodecabo-
rane333 (brown) and F4TCNQ221 (orange) doped P3HT films. Right: Measured (solid) and simu-
lated (dashed) exciton UV-vis spectra for undoped P3HT films.226,227,251 b) Measured (solid) and
simulated (dashed) charge modulation spectrum of P3HT as a function of molecular weight.220 c)
Measured (solid) and simulated (dashed) charge modulation spectrum for a doped D-A copolymer
and P3HT films.221 d) Measured (solid) and simulated (dashed) photoinduced absorption spectrum
for regioregular and regiorandom P3HT films.222 e) Left: Polaron coherence function of 100% re-
gioregular P3HT on a surface assembled monolayer with a molecular weight of 30 kg/mol. Intra-
and inter-chain coherence numbers are shown in the inset.224 Right: Correlation between polaron
coherence and hole mobility as a function of the molecular weight.224 (f,g) Measured (solid) and
simulated (dashed) spectrum of iodine doped covalent organic frameworks.216,217Preliminary sim-
ulations using the MHF qualitatively captures the spectral trends of the MIR spectral signatures
observed in lanthanide based MOFs replotted from Ref. 329. Data in panels a-f are from Refs. (
216,217,220–222,224,251).

ulated spectrum is significantly blue shifted relative to the measured spectrum. This discrepancy

is likely due to the neglect of the effects associated with the metal centers in the MOF structure.

Furthermore, more accurate electronic couplings, which can be obtained from DFT calculations,

are needed for a more reliable parameterization of the Hamiltonian. In this regard, the development

of computational approaches for accurate calculations of the nearest-neighbor electronic couplings

in hybrid materials such as MOFs are currently in progress.

Important future directions will be aimed at understanding, at a fundamental level, the origin of

the low-energy spectral features, which can be tentatively assigned to intra-ligand charge transfer

and the formation of delocalized polarons in the frameworks. The decrease in spectral intensity
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observed for 3D MOFs in Ref. 330, which is accompanied by a decrease in conductivity, is in

good agreement with earlier observations for COFs216,217 and semiconducting polymers,220,221,251

suggesting that the observed drop in mid-IR oscillator strength is directly proportional to the de-

crease in the delocalization lengths of the polarons in the MOF structures. Based on this analogy

with COFs/semiconducting polymers, it is therefore not surprising that higher spectral intensity

is associated with higher conductivity in MOFs. However, detailed theoretical investigations are

necessary for developing a consistent picture of the correlations between mid-IR signatures and

polaron delocalization in different MOF structures.

Mid-IR signatures of polarons in perovksites: Studies of mid-IR absorption spectra on

chemically doped perovskites date back to the 90s.331,348 The correlations between the polaronic

features in the mid-IR energy range and the transport properties and superconductivity were estab-

lished in layered perovskites in Ref. 331,348. The spectral intensity and lineshapes of the mid-IR

signatures were shown to be sensitive to polaron size, doping, and temperature. The similarity

between the mid-IR signatures observed in chemically doped layered perovskites with general for-

mula La2-xSrxMO4 (M=Ni, Mn, and Cu) and those observed in COFs, MOFs, and conjugated

polymers is particularly striking.

The mid-IR band of perovskites consists of two main bands - a high-energy broad peak (peak

B) and a low-energy peak (peak A) riddled with IRAV modes. Although not discussed by the

authors, the position of peak B appears to correlate with the transport property of the perovskite

structure. For example, La2-xSrxNiO4+y (LSNO) either turns into a high temperature superconduc-

tor or displays metallic behavior, while Sr2-xLaxMnO4 (SLMO) always remains insulating at any

value of x. The metallic behavior in LSNO was associated with a red shift of peak B and the band

maximum occurred at 2000 cm-1 (Fig. 8e). On the other hand, the band maximum of SLMO is

approximately around ∼4000 cm-1(Fig. 8f). In addition, peak A also appears to grow in intensity

for LSNO compared to SLMO.

These observations suggest that it would be important to connect specific spectral signatures

of polarons, bipolarons, and polaron pairs with the nature of transport in perovskites (i.e., super-
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conducting vs. insulating structures). In a recent study, mid-IR signatures of large polarons in

3D metal halide perovskites were investigated using a combination of first principles simulations

and advanced spectroscopy techniques.349 The mid-IR spectral signatures correspond to a domi-

nant low-energy peak (referred to as P0) centered at ∼0.06 eV, which was attributed to trap-state

absorption, and a high-energy peak (referred to as P1), which was attributed to mid-gap polaron

states.349

The aforementioned experimental and theoretical studies demonstrate that the low-energy mid-

IR spectral features contain key information about structure-property relationships and the extent

of polaron delocalization in both organic and hybrid materials. In the case of perovskites, it would

important to theoretically explore the correlations between the mid-IR signatures and the nature

of transport (i.e., insulating or superconducting). Because of the similarity in the nature of defects

and electronic structure, the MHF is ideally suited to connect the dots and help establish a thor-

ough understanding of the polaronic signatures in organic and hybrid materials and establish direct

correlations between mid-IR signatures with charge transport.

Conclusion

This perspective outlines the recent success and emphasizes potential future applications of the

Multiparticle Holstein Formalism in understanding the photophysical and transport signatures of a

diverse array of organic and hybrid materials. The MHF is based on a coarse-grained Holstein-style

Hamiltonian in which electronic coupling, electron phonon coupling, electrostatic interactions,

and different forms of long- and short-range defects are treated on equal footing, without invok-

ing the Born-Oppenheimer approximation. A multiparticle basis set206,219 is used to diagonalize

the Holstein Hamiltonian where each basis function contains information about the location of

the vibronically excited chromophore as well as additional purely vibrationally excited molecules.

The MHF offers the possibility to “switch on and off” important contributions from electronic cou-

pling, electron phonon coupling, defects, electrostatic interactions, etc., in a controlled manner that
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is typically unavailable to experiments. Taking advantage of these Hamiltonian-based “knobs”, it

is therefore possible to efficiently disentangle the important contributions from different experi-

mentally relevant phenomena to the optical and transport properties of electronic materials.

We have recently shown that an expanded multiparticle basis set describing the Holstein Hamil-

tonian can be treated in a computationally efficient manner with the adaptation of vectorized code

on multinode clusters, along with specialized sparse matrix algorithms.216,217 Using this approach,

we have explored large matrices and performed configurational averaging over thousands of real-

izations of disorder in a reasonable timeframe in order to obtain accurate assessments of the energy

landscape, and obtain converged photophysical and transport properties of 2D porous materials

such as COFs.216,217 This advancement lays the foundation for future exploration of quasiparticles

excitations, excited state processes, and photophysical and transport properties of a wide range of

electronic materials that remains unaddressed to date, primarily due to computational limitations.

As demonstrated throughout this perspective, the MHF has the potential to make significant

strides and advance our fundamental understanding in several important research directions. For

instance, the incorporation of Frenkel, charge-separated electronic states, and vibronic coupling

accurately reproduces the UV-vis absorption spectral features of low band gap copolymers and

D-A COFs.287 In the case of low band gap D-A copolymers, it was shown in Ref. 287 that single

chains of alternating donor and acceptor chromophores behave just like J-aggregates due to the

head-to-tail orientation of the interacting transition dipole moments corresponding to the donor

and acceptor fragments. This J-type behavior is accompanied by an increased red-shift in the

low-energy absorption band along with an increase in A1/A2 peak ratio, where A1 and A2 are the

oscillator strengths of the first two vibronic peaks in the progression sourced by the symmetric

aromatic to quinoidal vibrational mode. Interestingly, such an increase in the A1/A2 peak ratio was

observed in NiPc COF compared to the monomer precursor (Fig. 2a). Examples of similar H- and

J-type bands in COFs have been discussed in Section 3.1 and some caution therefore needs to be

exercised before assigning the nature of aggregation in COFs. The inherent sensitivity of the UV-

vis spectral signatures of D-A COFs to several important factors, including molecular packing,
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nature of aggregation, defect density, relative humidity, and oxidation have been highlighted in

Section 3.1 which warrant further detailed theoretical investigations. The MHF is ideally suited to

provide direct comparisons with available photophysical measurements in D-A COFs which will

help determine how the intricate interplay between long-range Coulomb coupling and short-range

CT-mediated couplings impacts the photophysical response and exciton dynamics in various COF

structures.

We are especially excited about the applications to “hole” polarons in 2D COFs and 1D con-

jugated polymers where the theory has delivered a comprehensive account of the mid-IR spectrum

of polarons that are generated either electrically or through chemical doping.216,217,220–222,251,350

Importantly, the results are quite profound, especially with respect to the impact of short- and long-

range disorder in defining the all-important spatial coherence lengths of polarons, a key quantity

that determines the extent of nanoscale charge transport.251 Recent theoretical and experimen-

tal studies have highlighted the importance of the position and size of the dopant counteranion

in the polymer matrix in determining the charge transport and photophysical properties of COF

films.332,335,336 In this context, the coherence lengths of doped systems provide additional infor-

mation about the possible location of the dopant counteranion within the polymer matrix.216,251

Although experimentally challenging, we envision that polarized mid-IR measurements on ori-

ented samples will be a major breakthrough in the next decade. Polarized mid-IR measurements

in conjunction with theoretical insights from the MHF will provide unambiguous understanding

of the links between nanoscale transport with mesoscopic structure of different systems. Further-

more, establishing close connections between experiment and theory will help quantify the extent

of three dimensional polaron delocalization and unravel the various factors that govern nanoscale

polaron transport in semiconducting materials.

In the case of hybrid organic-inorganic materials, the MHF has successfully reproduced the

trends in the vibronic progression observed in the UV-vis absorption spectra of AE4TPbX4. In

Ref. 311, the interactions between the organic and inorganic excitons in AE4TPbX4 was assumed

to be negligible. Despite this approximation, the theoretical study reported in Ref. 311 is an im-

47



portant first step since the presence of Frenkel excitons in the organic molecules typically display

a broad absorption profile, containing a well-defined vibronic structure.145,219 In order to provide

an unambiguous interpretation of the excitonic photophysics in layered perovskites, future studies

should include the coupling between Frenkel and Wannier-Mott excitons. To realize this goal, the

behavior of the inorganic excitons can be described with a Wannier-Mott type Hamiltonian that

accounts for electron and hole hopping, as well as Coulomb binding. As a first approximation,

the vibronic coupling associated with the inorganic components in hybrid materials can be ignored

since they are much weaker compared to their organic counterparts. However, the basis set can be

extended to include multimode vibronic coupling originating from both the organic and inorganic

components. Furthermore, the inclusion of both local and non local couplings to the intra- and

inter-molecular vibrational modes may provide new theoretical insights into the formation of ex-

cimers in perovskites,234 in a similar vein to what has been recently done for molecular dimers.257

It should be noted that extending the analysis from molecular dimers to 2D perovskites will be

computationally very challenging. In this regard, we believe that our recent efforts in extending the

multiparticle modeling to large basis sets should be the preferred approach moving forward.216,217

The MHF is also ideally suited to investigate how structural and conformational disorder present

in the organic cations modulate the optical properties in layered perovskites. Similar to the studies

that have been previously performed on organic materials,219 we believe that a generic theoretical

framework that considers the coupling between Frenkel and Wannier-Mott excitons, multimode

electron-phonon coupling associated with the organic and inorganic components, respectively, and

different forms of electronic and structural defects on equal footing will potentially establish direct

comparisons with available experimental spectra in hybrid materials.152,153,234,235,306

To summarize, we believe that materials discovery for future technological applications can-

not solely rely on the prediction of properties (band gap, charge densities, electronic couplings,

oscillator strengths, etc.) calculated by quantum mechanical methods. In parallel with electronic

structure modeling and machine learning methodologies, a comprehensive theoretical framework

is needed that makes quantitative connections of the calculated properties with electronic, opti-
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cal, and transport behavior of organic and hybrid materials. The future of materials modeling

hinges on the synergistic integration of the HMF with electronic structure methods and data-driven

techniques that will not only advance our fundamental understanding of the excited state pro-

cesses but also provide unambiguous interpretations of well-defined spectral signatures that re-

main unexplored to date. Building upon the uniqueness and unparalleled accuracy of the MHF

in reproducing conceptually complicated experimental data to date (see Figs. 7,4,10 and Refs.

219,221,222,243,251,257,287,311) it is possible to advance the community’s fundamental under-

standing of quantum phenomena of many-body systems at the nanoscale. Furthermore, this inte-

grated approach will contribute to the design rules for new device architectures for applications

including but not limited to charge storage devices, photodetectors, and electrochromic sensors.

While state-of-the-art quantum chemistry techniques remain the preferred theoretical approach

in chemical sciences, the MHF, which we believe is currently underrepresented in the literature, is

a computationally inexpensive yet efficient alternative that can potentially decode puzzling exper-

imental observations and transform the photophysical research landscape in the next decade.
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Giustino, F.; Johnston, M. B.; Herz, L. M. Electron–phonon coupling in hybrid lead halide

perovskites. Nat. Commun. 2016, 7, 1–9.

(149) Song, X.; Peng, C.; Xu, X.; Yin, J.; Fei, H. Efficient, broadband self-trapped white-

light emission from haloplumbate-based metal–organic frameworks. ChemComm 2020, 56,

10078–10081.

(150) Zhang, G.; Yin, J.; Song, X.; Fei, H. A moisture-stable organosulfonate-based metal–organic

framework with intrinsic self-trapped white-light emission. ChemComm 2020, 56, 1325–

1328.

(151) Peng, C.; Song, X.; Yin, J.; Zhang, G.; Fei, H. Intrinsic White-Light-Emitting Metal–

Organic Frameworks with Structurally Deformable Secondary Building Units. Angew.

Chem. Int. Ed. 2019, 131, 7900–7904.

(152) Straus, D. B.; Hurtado Parra, S.; Iotov, N.; Gebhardt, J.; Rappe, A. M.; Subotnik, J. E.;

Kikkawa, J. M.; Kagan, C. R. Direct observation of electron–phonon coupling and slow

vibrational relaxation in organic–inorganic hybrid perovskites. J. Am. Chem. Soc. 2016,

138, 13798–13801.

(153) Straus, D. B.; Hurtado Parra, S.; Iotov, N.; Zhao, Q.; Gau, M. R.; Carroll, P. J.;

Kikkawa, J. M.; Kagan, C. R. Tailoring hot exciton dynamics in 2D hybrid perovskites

through cation modification. ACS nano 2020, 14, 3621–3629.

(154) McCall, K. M.; Stoumpos, C. C.; Kostina, S. S.; Kanatzidis, M. G.; Wessels, B. W.

Strong electron–phonon coupling and self-trapped excitons in the defect halide perovskites

A3M2I9 (A= Cs, Rb; M= Bi, Sb). Chem. Mater. 2017, 29, 4129–4145.

66



(155) Schultz, J. D.; Shin, J. Y.; Chen, M.; O’Connor, J. P.; Young, R. M.; Ratner, M. A.;

Wasielewski, M. R. Influence of vibronic coupling on ultrafast singlet fission in a linear

terrylenediimide dimer. J. Am. Chem. Soc. 2021, 143, 2049–2058.

(156) Lin, C.; Kim, T.; Schultz, J. D.; Young, R. M.; Wasielewski, M. R. Accelerating symmetry-

breaking charge separation in a perylenediimide trimer through a vibronically coherent

dimer intermediate. Nat. Chem. 2022, 1–8.

(157) Tempelaar, R.; Reichman, D. R. Vibronic exciton theory of singlet fission. I. Linear absorp-

tion and the anatomy of the correlated triplet pair state. J. Chem. Phys. 2017, 146, 174703.

(158) Tempelaar, R.; Reichman, D. R. Vibronic exciton theory of singlet fission. II. Two-

dimensional spectroscopic detection of the correlated triplet pair state. J. Chem. Phys. 2017,

146, 174704.

(159) Tempelaar, R.; Reichman, D. R. Vibronic exciton theory of singlet fission. III. How vi-

bronic coupling and thermodynamics promote rapid triplet generation in pentacene crystals.

J. Chem. Phys. 2018, 148, 244701.

(160) Miyata, K.; Conrad-Burton, F. S.; Geyer, F. L.; Zhu, X.-Y. Triplet pair states in singlet

fission. Chem. Rev. 2019, 119, 4261–4292.

(161) Arsenault, E. A.; Schile, A. J.; Limmer, D. T.; Fleming, G. R. Vibronic coupling in energy

transfer dynamics and two-dimensional electronic–vibrational spectra. J. Chem. Phys. 2021,

155, 054201.

(162) Arsenault, E. A.; Bhattacharyya, P.; Yoneda, Y.; Fleming, G. R. Two-dimensional

electronic–vibrational spectroscopy: Exploring the interplay of electrons and nuclei in ex-

cited state molecular dynamics. J. Chem. Phys. 2021, 155, 020901.

(163) Scholes, G. D.; Fleming, G. R. On the mechanism of light harvesting in photosynthetic

purple bacteria: B800 to B850 energy transfer. J. Phys. Chem. B 2000, 104, 1854–1868.

67



(164) Blase, X.; Duchemin, I.; Jacquemin, D. The Bethe–Salpeter equation in chemistry: relations

with TD-DFT, applications and challenges. Chem. Soc. Rev. 2018, 47, 1022–1043.

(165) Blase, X.; Duchemin, I.; Jacquemin, D.; Loos, P.-F. The Bethe–Salpeter equation formalism:

From physics to chemistry. J. Phys. Chem. Lett. 2020, 11, 7371–7382.

(166) Bradbury, N.; Nguyen, M.; Caram, J. R.; Neuhauser, D. Bethe Salpeter Equation Spectra

for Very Large Systems. arXiv preprint arXiv:2205.06690 2022,

(167) Ortega-Guerrero, A.; Fumanal, M.; Capano, G.; Smit, B. From isolated porphyrin ligands

to periodic Al-PMOF: A comparative study of the optical properties using DFT/TDDFT. J.

Phys. Chem. B 2020, 124, 21751–21760.

(168) Ji, M.; Lan, X.; Han, Z.; Hao, C.; Qiu, J. Luminescent properties of metal–organic frame-

work MOF-5: relativistic time-dependent density functional theory investigations. Inorg.

Chem. 2012, 51, 12389–12394.

(169) Wilbraham, L.; Coudert, F.-X.; Ciofini, I. Modelling photophysical properties of metal–

organic frameworks: a density functional theory based approach. Phys. Chem. Chem. Phys.

2016, 18, 25176–25182.

(170) Kshirsagar, A. R.; Attaccalite, C.; Blase, X.; Li, J.; Poloni, R. Bethe–Salpeter Study of

the Optical Absorption of trans and cis Azobenzene-Functionalized Metal–Organic Frame-

works Using Molecular and Periodic Models. The Journal of Physical Chemistry C 2021,

125, 7401–7412.

(171) Kshirsagar, A. R.; Blase, X.; Attaccalite, C.; Poloni, R. Strongly Bound Excitons in Metal–

Organic Framework MOF-5: A Many-Body Perturbation Theory Study. J. Phys. Chem. Lett.

2021, 12, 4045–4051.

(172) Hussain, M.; Song, X.; Zhao, J.; Luo, Y.; Hao, C. Impact of electronically excited state

68



hydrogen bonding on luminescent covalent organic framework: a TD-DFT investigation.

Mol. Phys. 2019, 117, 823–830.

(173) Feng, T.; Streater, D.; Sun, B.; Duisenova, K.; Wang, D.; Liu, Y.; Huang, J.; Zhang, J.

Tuning Photoexcited Charge Transfer in Imine-Linked Two-Dimensional Covalent Organic

Frameworks. J. Phys. Chem. Lett. 2022, 13, 1398–1405.

(174) Sun, S.; Ma, H.-z.; Zhang, X.; Ma, Y.-c. Direct and indirect excitons in two-dimensional

covalent organic frameworks. Chinese J. Chem. Phys. 2020, 33, 569–577.

(175) Molina-Sánchez, A. Excitonic states in semiconducting two-dimensional perovskites. ACS

Appl. Energy Mater. 2018, 1, 6361–6367.

(176) Leveillee, J.; Katan, C.; Zhou, L.; Mohite, A. D.; Even, J.; Tretiak, S.; Schleife, A.;

Neukirch, A. J. Influence of π-conjugated cations and halogen substitution on the optoelec-

tronic and excitonic properties of layered hybrid perovskites. Physical Review Materials

2018, 2, 105406.

(177) Zhu, X.; Su, H.; Marcus, R. A.; Michel-Beyerle, M. E. Computed and experimental absorp-

tion spectra of the perovskite CH3NH3PbI3. J. Phys. Chem. Lett. 2014, 5, 3061–3065.

(178) Giorgi, G.; Yamashita, K.; Palummo, M. Nature of the electronic and optical excitations

of Ruddlesden–Popper hybrid organic–inorganic perovskites: The role of the many-body

interactions. J. Phys. Chem. Lett. 2018, 9, 5891–5896.

(179) Quarti, C.; Marchal, N.; Beljonne, D. Tuning the optoelectronic properties of two-

dimensional hybrid perovskite semiconductors with alkyl chain spacers. J. Phys. Chem. Lett.

2018, 9, 3416–3424.

(180) Cho, Y.; Berkelbach, T. C. Optical properties of layered hybrid organic–inorganic halide

perovskites: A tight-binding GW-BSE study. J. Phys. Chem. Lett. 2019, 10, 6189–6196.

69



(181) Zhang, Z.; Fang, W.-H.; Tokina, M. V.; Long, R.; Prezhdo, O. V. Rapid decoherence sup-

presses charge recombination in multi-layer 2D halide perovskites: Time-domain ab initio

analysis. Nano Lett. 2018, 18, 2459–2466.

(182) Smith, M. D.; Pedesseau, L.; Kepenekian, M.; Smith, I. C.; Katan, C.; Even, J.;

Karunadasa, H. I. Decreasing the electronic confinement in layered perovskites through

intercalation. Chem. Sci. 2017, 8, 1960–1968.

(183) Monserrat, B. Electron–phonon coupling from finite differences. J. Condens. Matter Phys.

2018, 30, 083001.

(184) Nelson, T.; Fernandez-Alberti, S.; Roitberg, A. E.; Tretiak, S. Nonadiabatic excited-state

molecular dynamics: Modeling photophysics in organic conjugated materials. Acc. Chem.

Res. 2014, 47, 1155–1164.

(185) Nelson, T. R.; White, A. J.; Bjorgaard, J. A.; Sifain, A. E.; Zhang, Y.; Nebgen, B.;

Fernandez-Alberti, S.; Mozyrsky, D.; Roitberg, A. E.; Tretiak, S. Non-adiabatic excited-

state molecular dynamics: Theory and applications for modeling photophysics in extended

molecular materials. Chem. Rev. 2020, 120, 2215–2287.

(186) Li, W.; She, Y.; Vasenko, A. S.; Prezhdo, O. V. Ab initio nonadiabatic molecular dynamics

of charge carriers in metal halide perovskites. Nanoscale 2021, 13, 10239–10265.

(187) Ollitrault, P. J.; Mazzola, G.; Tavernelli, I. Nonadiabatic molecular quantum dynamics with

quantum computers. Phys. Rev. Lett. 2020, 125, 260511.

(188) Mac Kernan, D.; Ciccotti, G.; Kapral, R. Trotter-based simulation of quantum-classical

dynamics. J. Phys. Chem. B 2008, 112, 424–432.

(189) Barbatti, M. Nonadiabatic dynamics with trajectory surface hopping method. Wiley Inter-

discip. Rev. Comput. Mol. Sci. 2011, 1, 620–633.

(190) Drude, P. Zur elektronentheorie der metalle. Ann. Phys. 1900, 306, 566–613.

70



(191) Drude, P. Zur elektronentheorie der metalle; II. Teil. galvanomagnetische und thermomag-

netische effecte. Ann. Phys. 1900, 308, 369–402.

(192) Sommerfeld, A. On the electron theory of metals based on Fermian statistics. journal for

physics 1928, 47, 1–32.

(193) Hubbard, J. Electron correlations in narrow energy bands. Proc. R. Soc. London, Ser. A 1963,

276, 238–257.

(194) Heisenberg, W. Original Scientific Papers Wissenschaftliche Originalarbeiten; Springer,

1985; pp 580–597.

(195) Holstein, T. Studies of polaron motion: Part I. The molecular-crystal model. Ann. Phys.

1959, 8, 325–342.

(196) Holstein, T. Studies of polaron motion: Part II. The “small” polaron. Ann. Phys. 1959, 8,

343–389.
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