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ABSTRACT

There is currently a great interest to develop and market organic electronic devices,

and theoretical models are needed to provide physical insight and quality predictions when

designing these materials. Many organic molecules absorb in the UV-vis region of light,

and therefore, UV-vis spectroscopy is a relatively simple tool that can help experimental-

ists "see" the packing arrangements of the molecules within each material, as long as there

is a solid theoretical understanding of the photophysics that links the interactions between

molecules to changes in optical features. For example, the Kasha spectral shifts have been

used for decades to identify J-aggregate and H-aggregate packing arrangements from red-

and blue- spectral shifts, respectively. The innate presence of vibronic coupling in organic

molecules gives rise to a unique set of additional spectral signatures that are far more re-

liable than the Kasha spectral shifts for inferring packing arrangements. Moreover, the

Kasha shifts are based entirely on Coulomb coupling between molecules, which leads to

the creation of delocalized Frenkel excitons. For many π-conjugated organic molecules,

however, dispersion forces in π-conjugated chromophores encourage close packing dis-

tances of about 3.5-4 Å between organic monomers, which further introduces intermolec-

ular couplings beyond the Coulomb coupling, due to intermolecular charge transfer (CT).

Therefore, much theoretical research has focused on incorporating all these effects through

a Frenkel-CT-Holstein Hamiltonian, in order to better understand how different packing

arrangements within a given material can be identified through specific changes in steady-

state absorption and photoluminescence features.
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In this thesis, the Frenkel-CT-Holstein model is specifically applied to study the absorp-

tion and photoluminescent spectra of various derivatives of perylene diimide (PDI), which

are of great interest as non-fullerene acceptors in organic photovoltaic design. PDIs display

a plethora of packing arrangements and corresponding spectral signatures just by varying

the substituents within the PDI core. This thesis first aims to understand the exciton band

structure of two different PDI micro-crystals that both experience similar Frenkel-CT in-

terference, but with one system displaying dominant Coulomb interactions while the other

undergoes dominant Frenkel-CT coupling. Both are close to what is called a “null”-point,

and the work in this thesis explores the photoluminescent signature as a reliable means to

track which side of the “null”-point the Frenkel-CT interference lies.

While the Frenkel-CT-Holstein model is successful in modeling mostly absorption

spectra of aggregates composed of PDI monomers, one challenge has been that aggregates

of PDIs often exhibit so-called excimer features in their photoluminescence spectra, which

the model cannot account for. Systems that emit broad, structureless and red-shifted ex-

cimer peaks typically display inefficient exciton transport in organic semiconductors. The

bulk of this thesis has been to expand the model to account for excimer emission, which

is made possible by utilizing a Holstein-Peierls (HP) Hamiltonian that incorporates the ef-

fects of both local vibronic coupling and nonlocal Frenkel-CT coupling to intermolecular

motions within a dimer. The experimental spectra for two different PDI dimer systems that

display different excimer features is successfully reproduced with the new theory.

This thesis concludes by analyzing how nonlocal coupling, which account for changes

in the Frenkel-CT mixing along an intermolecular vibrational mode, can lead to various

types of excimers. Different phase relations within the electron and hole nonlocal cou-

pling parameters can combine with different phase relations within the electron and hole

Frenkel-CT coupling parameters, leading to a rich array of excimer properties, especially

when combined with the additional effects of Coulomb coupling, as well as local inter-
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molecular vibronic coupling, which can either enhance or diminish the excimer photolu-

minescence. Overall, the Holstein-Peierls approach offers insight into the roles of Frenkel

and CT excitons in excimer formation, and highlights the importance of the magnitude and

phase of the intermolecular electron and hole transfer integrals in the ground and excited

state geometries in producing distinct excimer features. The model provides further insight

into the origin of excimers, which lays a foundation for future theoretical and experimental

studies in designing organic materials.
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CHAPTER 1

INTRODUCTION

1.1 Organic Electronics

As global warming looms over a fuel-dependent and technology-dependent world, or-

ganic electronics offer a means to more sustainable energy alternatives and efficient de-

vices. Consequently, employing organic molecular and polymeric materials for organic

solar cells, field effect transistors (OFETs), and organic light-emitting diodes (OLEDs) has

been an area of intense activity over the past several decades.1–7 Organic electronics can

be built from a diverse assortment of small organic molecules or polymers, which are rel-

atively cheap to synthesize, and can be deposited on large areas of inexpensive substrates,

incentivizing companies to invest in low-cost organic devices.2 Additionally, organic poly-

mers and molecules can be printed on a variety of materials, ultimately promising flexible,

lightweight and transparent devices that do not depend on limited silicon or germanium

sources.6,8 Furthermore, due to their flexible and printable nature, organic electronics offer

routes to develop new kinds of devices.9 For instance, they are currently being investigated

for use in lightweight, wearable electronics,10 as well as smart sensors,11 pressure sensors,12

and electronic skin13 that can detect physiological conditions for use in healthcare applica-

tions.

Parts of this Chapter have been adapted with permission from J. Phys. Chem. C 2019, 123, 33,
20567–20578. Copyright 2019 American Chemical Society.
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Another main advantage of organic materials is the possibility to tune the performance

of the devices on a molecular level by varying the attached functional groups, which pro-

vides a synthetic means to optimize each material to its specific function.14,15 Toward this

goal, it is important to have theoretical insight into how synthetic modifications can tune

device performance in a directed way. While on the one hand many companies including

Samsung, Sony, and LG have already sufficiently optimized materials to market OLED

displays in smartphones and TVs, on the other hand the marketable potential of organic

photovoltaics and field-effect transistors, (while much improved in the last decade), has

still not been reached. Therefore, optimizing materials for these devices is still a very

active area of research.16–19

In an organic photovoltaic device there are essentially four basic steps required to create

current, which are outlined in an example of a bulk heterojunction solar cell shown in Fig.

1.1; although, these steps are general to most types of organic semiconductors.20 While

extremely simplified, these four steps offer guidance in optimizing specific processes using

theoretical intuition. The active material in organic solar cells are typically composed of

a donor material (which donates an electron) and an acceptor material (which accepts an

electron) in order to provide a driving force to separate charge.20,21 Therefore, optimizing

each material as well as their synchrony is important. The first step in creating current

requires the absorption of light to form a Frenkel exciton: an electron and hole pair which

is Coulombically tightly bound in organic molecules. This step requires optimizing how

many Frenkel excitons are formed out of the number of incident photons that are shone on

the material. Ultimately, the absorption efficiency of each respective material depends on

the material’s thickness as well as its unique absorption coefficient.14

The second step in Fig. 1.1 involves diffusion of the exciton through its respective layer

to the donor-acceptor (DA) interface, where charge separation can occur. Diffusion will

either occur through coherent energy transport or, more likely through incoherent diffusion
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Figure 1.1. Schematic of a bulk heterojunction solar cell where the donor material (blue) and
acceptor material (white) reside in the same layer, sandwiched between two electrodes. Steps (1.-4.)
summarize the basic sequence in separating charge within the device, and are further elaborated in
the main text. HOMOA (HOMOD) represents the highest occupied molecular orbital in the acceptor
(donor) material, while LUMOA (LUMOD) represents the lowest unoccupied molecular orbital in
the acceptor (donor) material. JC is the exciton coupling that drives exciton transport, and te (th) is
the electron (hole) transfer integral that drives electron transport, both of which will be elaborated
further on in the text.

hopping mechanisms.22 The diffusion length for organic materials is typically on the order

of 10 nm,14 where pentacene has a diffusion length of about 70 nm.20 The exciton diffusion

efficiency is defined as the number of electrons that reach the DA interface out of the total

number of excitons that are generated by light absorption. Since the diffusion lengths

in organic materials are small, there is often a delicate balance between optimizing the

absorption efficiency and optimizing the diffusion efficiency in designing the thickness

of the organic layer. One compromise is to create bulk heterojunction solar cells, where

the donor and acceptor materials coexist in the same layer and have interfaces at smaller

distances (as displayed in Fig. 1.1).

The third step in photovoltaic design, as shown in Fig. 1.1 involves optimizing the

charge separation efficiency, which reflects the number of excitons that have reached the

DA interface and have fully separated into a charge transfer (CT) state, where the electron
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and hole are on neighboring chromophores. It is much more feasible for charges to sepa-

rate in inorganic materials, such as silicon, which has an exciton binding energy of ≈ 15

meV8,23 which is easily thermally overcome at room temperature, compared to a common

organic polymer, P3HT, which has a much larger binding energy of ≈ 0.7 eV.8,23 Since the

electron and hole pair are tightly bound within the exciton of a single organic molecule (≈

0.5 eV),20 an energetic driving force is required to separate the charges. This can occur

when two neighboring molecules have an energetic difference between electron affinities

energies (LUMO (Lowest Unoccupied Molecular Orbital) energies) or an energetic dif-

ference between their ionization potentials (offset HOMO (Highest Occupied Molecular

Orbital)).21 This energetic difference can induce an optically excited donor molecule to

donate an electron to an acceptor molecule’s LUMO, or, analogously, an optically excited

acceptor molecule to donate a hole to the HOMO of the donor.

The final step involves the charge collection efficiency, which determines how many

of these CT excitons further separate the electron and hole beyond nearest neighbors into

charge separated (CS) states, whose charges continue to further separate and move to-

wards opposite-end electrodes from which they are then collected.14 It is remarkable that

organic materials, which have relatively large binding energies and relatively small dielec-

tric constants (≈ 3) compared to inorganic materials, are decently efficient at the final

step of charge separation.21 While formation of CT excitons at the DA interface can be

tuned by selecting materials which have specific differences in electron affinity or ion-

ization potential, this final step is theoretically challenging to understand. One common

interpretation is that a large energetic offset between donor and acceptor electron affinity

or ionization energies will lead to an "excess energy" which can promote further charge

separation.21 However, Bässler and Köhler highlight experiments that suggest that ultrafast

electron transfer leads to vibrationally "cold" electron-hole pairs, and therefore would not

release "excess energy" for charge separation.21,24 They successfully apply an Arkhipov-
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Baranowskii model to separate charge beyond nearest neighbors, which incorporates an

additional electrostatic screening at the DA interface.21 This screening at the DA inter-

face is argued to arise from interfacial dipoles formed by polarization effects,25 partial CT

states,21,26 and even quadrupoles27 at the interface.21 However, understanding charge sepa-

ration at the DA interface is still an active area of research.

Combining all of the intricacies involved in photovoltaic design, the overall solar cell

performance is often measured by the power conversion efficiency (PCE), which is defined

as

PCE = JSCVOCFF

Pin

(1.1)

where JSC is defined as the short-circuit density (which is limited by the photon absorption

rate in either the donor or acceptor material, exciton dissociation efficiency, CT transport

efficiency and collection efficiency at electrodes), VOC is the open-circuit voltage (which

is limited to the energy of the CT state at the DA interface), Pin is the power density of

incident solar radiation, and FF is the fill factor defined as Pmax

JSCVOC
, where Pmax is the max

power density.8 Currently, the highest reported PCE for organic materials is around 18.69%,

utilizing ternary solar cells based on a copolymer donor material mixed with a mixture

of both fullerene and non-fullerene acceptor molecules.28 This value is up from 16.5%

produced by single-junction devices in 2019,29 and 17.3% by tandem devices in 2018.30

The target efficiency is about 20% for marketable materials. Even though lab-settings

produce PCEs near the goal of 20%, large-scale productions can reduce the efficiency by

≈ 5%.16 Additionally, organic solar cells suffer from relatively short device lifetimes.17,18

Hence, there is still an increased need to optimize more stable materials, as well as to better

understand and control energy loss mechanisms.16
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1.2 Perylene Diimide as a Non-Fullerene Acceptor

Currently, many organic solar cells are engineered with fullerene as an acceptor moiety

(structure shown in Fig. 1.2a), although a recent movement toward non-fullerene acceptors

(NFAs) has produced higher PCEs.31,32 Ternary blend organic solar cells with a fullerene

acceptor,33 and tandem solar cells composed of a fullerene acceptor and a small molecule

donor (DR3TSBDT and DPPEZnP-TBO) have boasted > 12% PCEs.8,34 While fullerene’s

electron affinity is compatible with many donor materials and its 3D character and delocal-

ized LUMOs promote charge percolation, engineers cannot easily tune the electron affinity

of the material, and its performance is minimized by weak absorption in the vis-NIR region

of light.8,35,36 Furthermore, fullerene is morphologically36 and photochemically unstable,37

and its purification is extremely expensive and time-consuming, all of which present chal-

lenges in the large scale production of fullerene-based semiconductors.8,35,36

Non-fullerene acceptors, on the other hand, can address some of fullerene’s pitfalls, and

have recently reached PCEs larger than 18%, much closer to the necessary 20% required for

large scale production.32,38,39 A few promising and extensively studied candidates for NFAs

are rylene dyes, rylene diimides, and fused-ring electron acceptors (e.g. ITIC) that consist

of a π-conjugated core with a strong electron withdrawing groups on each end.8,40,41 Other

examples of NFAs in bulk-heterojunction organic solar cells are rylene monoimides,42 tetra-

cyanobutadiene derivatives,43 pentacene derivatives,44 and phthalocyanines.45 Recently, in-

spired by the NIR non-fullerene acceptors ITIC and BZIC, Yang’s group worked to develop

the very successful series of Y acceptor molecules that have pushed PCEs above 18%.32 A

popular combination of the Y6 acceptor mixed with a commercially available PM6 donor

polymer has produced PCEs of 15.7%.46

Out of the many emerging NFA candidates, the long-studied perylene diimide (PDI,

Fig. 1.2b) small molecule continues to entice experimentalists, promising a photochem-
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Figure 1.2. Molecular structure of a) fullerene and b) PDI with descriptions of ortho, bay and
imide substitution.

ically and thermally stable material that has large absorption coefficients in the vis-NIR

region of light, which can be used in optoelectronic devices.15,47–50 It is a derivative in

the class of rylene dyes, which in general offer a wide variety of possible chromophores

for material design,47,51 and which have been extensively investigated as efficient electron

transport materials for transistor applications.50,52 Originally used to color auto paint and

synthetic fibers,53 PDI derivatives are currently being optimized as n-type semiconductors

or non-fullerene acceptor materials in organic solar cells. PDIs are also being implemented

as an exciton-blocking material between the acceptor and cathode interface, eliminating

exciton quenching pathways.19,53 While applications of PDIs are numerous, their role as a

non-fullerene acceptor material in organic photovoltaic design is an area in need of further

optimization and better theoretical understanding.

At first glance, PDI boasts great potential as an acceptor material due to its large ab-

sorptivity in the visible region of light, its stability when exposed to heat and air, as well as

its cheapness to synthesize.54 Furthermore, one can tune the single molecule’s HOMO and

LUMO by adding different substituents at the bay and ortho positions of the perylene core

(see Fig. 1.2b).53 Additionally, the properties of the bulk crystal can be tuned by changing
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the packing arrangements between PDI chromophores, which is easily modified by adding

different substituents to the ortho, bay, and imide positions on the single molecule (see

Fig. 1.2b).15,49,55–58 The variability in PDI chromophores is vast; however, in this vastness,

PCEs of materials incorporating PDI acceptors tend to fall short of the ideal. One of the

highest reported PCEs for a PDI-based acceptor molecule is 12.56%,59 a material which

consists of a PM6 donor polymer and a Donor-Acceptor-Donor-based PDI molecule that

is similar in structure to the Y6 molecule. While a PCE ≈ 12% is competitive with that of

fullerene-based solar cells, materials formed from monomeric PDI units tend to have much

lower PCEs, on the order of ≈ 4 %.8,60,61 This can be improved by engineering acceptor

materials from dimeric PDI units, (which display PCEs of ≈ 6 − 8%),62–65 or by engi-

neering 3D trimer,66,67 tetramer,68–70 or pentamer71 PDI systems conjoined to a central core

molecule, (which can display PCEs from ≈ 9-11 %).61 In addition to challenging amor-

phous packing arrangements,72 one reason that PDI crystals or films perform relatively

poorly is the frequent occurrence of so-called excimer ("excited dimer”) formation upon

light absorption, which is thought to trap both excitons and charge [58, 73, 74]. Excimers

are bound, excited states of a pair of molecules which weakly emit light as they transition

to a dissociative ground state potential. They were originally discovered in the solution

phase as a result of two molecules colliding, but they also appear in the crystal phase where

the molecular pair are nearest neighbors.

Excimer fluorescence is quite common in materials composed π-conjugated small

molecules, and therefore occur among many PDI chromophores.55,57,75–79 These excimers

exist only in the excited state and are frequently associated with energy trapping and loss in

device performance.80,81 However, even though semiconductors exhibiting excimer emis-

sion may suffer from direct energy loss pathways, some excimers are thought to be inter-

mediates in the singlet fission process,82–86, and even indirectly contribute to the observed

high triplet yields of 170 - 200% observed in some PDI systems.87 Furthermore, excimers
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are used to obtain white-light in OLED display technology.88 Therefore, a better theoreti-

cal understanding of excimers is needed in order to better control material design of many

π-conjugated small organic chromophores: by either avoiding excimer formation or by

enhancing their contribution to certain phenomena such as singlet fission.

1.3 The Challenge of Excimers

It has been demonstrated that excimers occur only when π-orbital overlap within the

dimer is geometrically possible,81 and are mostly observed in conjugated small organic

chromophores. For example, excimers have been observed in aggregates formed from ei-

ther pyrene, perylene, PDI, dibenzylidine sorbital, or bathocuproine monomers.88 Excimers

are easily identified by their emission signature: a broad, structureless and a Stokes-shifted

(≈ 3000 cm−1) peak with respect to the monomer emission, accompanied by a low fluo-

rescent quantum yield and a long fluorescence lifetime.88–93 This photoluminescent feature

has mainly been attributed to an emission process that occurs to a dispersive ground state

potential along an intermolecular coordinate between two hard spheres.88

The Engels group further demonstrated that an aggregated PDI dimer, which exhibits

attractive Van der Waals forces, stabilizes at an intermolecular angle of rotation of about

30◦ between the PDI monomers.73 Once excited, the dimer relaxes to a more cofacial ge-

ometry, from which emission occurs to a dispersive-like part of a ground state potential

energy surface along the intermolecular rotational coordinate.73 An energy stabilization is

achieved upon excitation by increasing the amount of π-orbital overlap, since increasing or-

bital overlap further stabilizes the now occupied supramolecular LUMO of the dimer com-

plex. However, increased π-orbital overlap also destabilizes the supramolecular HOMO

orbitals of the dimer, and hence large orbital overlap in the ground electronic state is unfa-

vorable, creating a dispersion-like ground state as seen in References [73, 88]. In general,
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an intermolecular relaxation upon excitation appears essential for excimer formation. Ul-

trafast time-domain Raman spectroscopy studies suggest that upon excitation, there exists

an electronic coupling to an intermolecular mode of frequency (≈ 100 − 200 cm−1),94–96

which shifts in energy with a similar time constant as excimer relaxation.95

Since large π-orbital overlap induces coupling to charge transfer (CT) states, excimer

states (|Ex⟩) are often written as a superposition between Frenkel (|F ⟩) and CT (|CT ⟩)

excitons:

|Ex⟩ = cα |F ⟩ + cβ |CT ⟩ (1.2)

where cα and cβ are the coefficients that determine the contribution of the Frenkel and CT

state, respectively. Current models suggest that the intermolecular structural rearrangement

involved in excimer formation inhibits energy transfer (exciton diffusion to the DA inter-

face), by trapping the excitation in a more stable charge transfer state.97 Experimental stud-

ies have also demonstrated the effect of solvent polarity on excimers, where increasing the

CT contribution leads to increased Stokes-shifts.82,92,95 Furthermore, transient absorption

spectra of the relaxed S1 state exhibit different electronic structures at 77 K than at 293 K,

implying different geometric origins, or different Frenkel-CT mixing at each temperature.95

However, the exact role of the CT states in excimer formation is not well-understood, and

a better theoretical understanding could provide more intuitive means to limit trapping due

to excimer formation in organic materials.

Interestingly, not all closely π-stacked PDI systems exhibit excimer photolumines-

cence at room temperature.98 In fact, one dilemma that engineers face is maximizing the

LUMO/LUMO overlap in order to improve energy transport and charge separation, while

preventing enough orbital overlap to avoid excimer formation. A common route to avoid

excimer formation is either to avoid π-orbital overlap, or to design "twisted" PDI cores.60

Several groups have tried to circumvent this problem by implementing bridging groups.8,99
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Unfortunately, excimers have been theoretically challenging to both model and understand

and remain experimentally challenging to control.

1.4 Spectroscopy and Material Design

Overall, optimal device performance requires efficient design strategies which include

factors related to sample morphology and, most importantly, intermolecular interactions.100

One method used to evaluate the effect of intermolecular interactions on exciton formation

is by monitoring how the features in steady-state linear absorption and emission spectra

change in going from a monomer to an aggregate or a crystal. These relatively simple spec-

tral signatures can provide information about the aggregate’s packing arrangements and can

be measured with widely accessible experimental methods.101–104 Spectroscopy assists in

the material design of organic electronics, which directly involve absorption (e.g. photo-

voltaics) and emission (e.g. OLEDs) of light. Furthermore, linear spectral signatures pro-

vide insight into each material’s exciton band structure, which in turn determines coherent

exciton transport to the DA interface.105–107

The simplest intermolecular interaction involved in optical signatures is the coupling of

transition dipole moments between neighboring molecules, leading to traditional "J" and

"H" Kasha aggregates.101,108,109 The transition dipole between an initial (I) and final (F)

orbital wavefunction can be written as:

µIF =
∫
ψ∗

F (r)ψI(r)erdV (1.3)

where ψ∗
F (r)ψI(r) is defined as the transition density, and represents the overlap be-

tween the orbitals involved in the transition, while er is the dipole operator, where e is

the electron charge, and r is its corresponding position vector.110 For an electronic ex-

citation in a single small conjugated organic chromophore, ψI (ψF ) usually corresponds
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Figure 1.3. Depictions of parameters involved in the point-dipole point-dipole approximation for
two parallel transition dipole moments, µn and µm.

to the HOMO (LUMO) orbital, and the transition dipole often orients along the length

of the π-conjugation in the chromophore. The Coulombic coupling (Jnm) between the

transition dipole moment µn on one molecule (n) and the transition dipole moment µm

on a neighboring chromophore (m) can be approximated by the point-dipole point-dipole

approximation:107,109

Jnm = 1
4πϵ

[
µn · µm

|R|2
− 3(µn · R)(µm · R)

|R|5
]

(1.4)

where ϵ is the dielectric constant of the surrounding medium, and R is the distance vector

between the two dipoles, connecting the center of mass of each molecule, as depicted in

Fig. 1.3. When the transition dipoles have the same magnitude |µ| (arising from identical

transitions) and are perfectly parallel (see Fig. 1.3), the point-dipole point-dipole approxi-

mation can simply reduce to

Jnm = |µ|2(1 − 3 cos2 θ)
4πϵ|R|3

. (1.5)

Since the sign of JC depends on the geometry of the interacting molecules, spectral

shifts and emissive properties can be a powerful way to determine packing arrangements

of aggregates that have no easily measurable crystal structure. This relationship of spectral

shifts and packing arrangements was first investigated by Kasha, where molecules packed

in head-to-tail arrangements are red-shifted relative to the monomer, as was observed ex-

12



perimentally by Scheibe111 and Jelly,112 while molecules packed in side-by-side arrange-

ments are blue-shifted relative to the monomer.108,109,113 These two types of aggregates are

commonly referred to as J- and H-aggregates respectively.

To understand Kasha aggregates using an exciton model, we first analyze the local

Coulomb interactions in a dimer system. When two molecules related by translational

symmetry interact according to Eq. (1.4), they will form two exciton k wavevectors:

|k = 0⟩ = 1√
2

[|1⟩ + |2⟩]

|k = π⟩ = 1√
2

[|1⟩ − |2⟩]
(1.6)

forming symmetric and antisymmetric linear combinations of molecule 1 being excited

(|1⟩) and molecule 2 being excited (|2⟩). These states are also referred to as Frenkel ex-

citons. From Eq. (1.4), J12 can either be positive or negative, depending on the relative

geometry of the chromophores. From this point forward in this thesis, nearest-neighbor

Coulomb coupling will be referred to as JC , where extended couplings will take the no-

tation given in Eq. (1.4). The sign of the coupling determines which k-state is stabilized

upon interaction (see Fig.1.4), while the magnitude of the coupling determines the energy

splitting between the two adiabatic states, which, for a dimer, is given by 2|JC |.

The oscillator strength of transitions from the electronic ground state (|g⟩) to each k-

state,

fk ≡ | ⟨k|M |g⟩ |2, (1.7)

depends on the electronic transition dipole moment operator M . For parallel transition

dipole moments related by translational symmetry in a dimer, the dipole moment operator

becomes

M = |µ|(|1⟩⟨g| + |2⟩⟨g| + h.c.). (1.8)
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Figure 1.4. a) Dimer energy level diagram of a head-to-tail J-aggregate. b) Dimer energy level
diagram of a side-by-side H-aggregate. Arrows indicate the phase relation of coupled transition
dipole moments for each k-state at each dimer geometry. c) Absorption spectra demonstrating the
relative red (blue) shift corresponding to the J (H) aggregate relative to the monomer.

From Equations 1.8 and 1.6 one can derive that the eigenstate |k = 0⟩ possesses all the

oscillator strength, while the eigenstate |k = π⟩ is optically dark. Therefore, if the k = 0

state is stabilized due to JC < 0, the absorption will undergo a red (bathochromic) shift,

while if the k = 0 state is destabilized due to JC > 0, the absorption will undergo a

blue (hypsochromoic) shift (as seen in Fig. 1.4). Furthermore, since emission often occurs

from the lowest energy excited state, when |k = 0⟩ is stabilized, superradiant emission

occurs;107,114 however, if |k = 0⟩ is destabilized, absorbed energy will non-radiatively relax

down to the the low-energy k = π state, from which emission cannot occur (via Eq.1.8),

and hence emission is quenched when JC > 0.107

Extending a dimer to a periodic aggregate consisting of N molecules, nearest neighbor

Coulomb interaction between their transition dipole moments leads to N eigenstates:

|k⟩ = 1√
N

∑
n

eik |n⟩ , k = 0,±2π
N
,±4π

N
..., π (1.9)

with eigenenergies forming a dispersion band as a function of the wavevector k, as depicted
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Figure 1.5. Kasha J (red) and H (blue) exciton bands as a function of k, for extended aggregates.
The bandwidth is given by 4|JC |, and the yellow dots represent the optically allowed state for
parallel transition dipole moments.

in Fig. 1.5, and expressed as

E(k) = EM + 2JC cos k (1.10)

As in a dimer, the sign of the coupling will determine whether or not the optically bright

k = 0 state is highest in energy (JC > 0) or lowest in energy (JC < 0), leading to

blue or red spectral shifts respectively, while the magnitude of the coupling determines the

dispersion’s bandwidth, which for an extended aggregate is given by 4|JC |.107

Experimentally, red and blue spectral shifts in the absorption spectrum upon aggrega-

tion are often labeled J- and H-aggregates for a variety of molecules (see examples in Ref-

erences [115–117]). The identification of these two extreme types of aggregation can aid in

material design, since the two types of aggregates could be utilized for different purposes.

For instance, pure J-aggregates theoretically should exhibit superradient emission,107,114
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while H-aggregates quench fluorescence but often exhibit better charge transport due to

larger π−π orbital overlap arising from the sandwich-type arrangement of the molecules.118

The exciton band shape (e.g. Eq. (1.10)) impacts coherent exciton transport as well as

important photophysical properties such as the optical gap and radiative cross section.107

In particular, the bandwidth dictates the speed at which an exciton can travel with the

curvature at the band center (k = 0) related to the inverse of its effective mass.119 The

ability to engineer and control the shape of the exciton band is therefore useful for the

design of efficient OLEDs and solar cells.22,98,119

However, other interactions besides point-dipole coupling will alter optical frequen-

cies, spectral patterns, and the exciton band shape. In particular, vibration-electronic in-

teractions are especially important to organic molecules since they are considered "soft"

materials.102,120 Specifically, because the aromatic stretching motion in polymers (or

quinoidal stretching motion in small conjugated chromophores) can change the HOMO

and LUMO electronic distribution along the molecule, this vibrational motion will couple

to the electronic transition, inducing so-called vibronic coupling to the aromatic (quinoidal

stretching) mode.102 Therefore, vibronic progressions are prevalent in the absorption and

emission spectra of many single organic molecules as well as their aggregates.

For simplicity, one can approximate this electronically coupled vibrational mode as a

harmonic oscillator. Under vibronic coupling, intramolecular harmonic motion along this

aromatic (quinoidal) stretch will induce a new electronic minimum in the excited state

geometry relative to the ground state geometry, which is represented by a dimensionless

shift λf . This excited state undergoes a geometric reorganization that stabilizes the energy

in proportion to both the frequency of the mode ℏωf as well as the displacement λ2
f , as

shown in Figure 1.6a. Under the Franck-Condon principle,121,122 electronic transitions can

now occur to various vibronic states with a transition probability governed by the amount of

nuclear overlap between the ground and excited vibrational states. This leads to a vibronic
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Figure 1.6. a) Harmonic oscillators representing vibronic coupling along a quinoidal stretch in
a PDI, and absorption (blue) and emission (orange) Franck-Condon transitions. b) Corresponding
spectra demonstrating the vibronic progression in the absorption and emission for a single molecule,
with λ2

f = 1.

progression in the absorption and emission spectra of a single molecule, as shown in Fig.

1.6b, with vibronic peaks spaced by the frequency of the mode ℏωf (typically ≈ 1400 cm−1

for conjugated small organic molecules), and intensities proportional to Franck-Condon

overlap factors, which are given by123

| ⟨0|ν⟩ |2 = λ2ν

ν! e
−λ2

(1.11)

for a harmonic transition from a state with 0 vibrations to a different electronic state with

ν vibrations.

Spano has pioneered work that identifies J- and H-aggregates based on changes in the

vibronic ratio intensities upon aggregation of the monomer, rather than relying on spectral

shifts alone.102 For example, Reference [124] demonstrates how the A0−0/A1−0 ratio of

the first two vibronic peaks in the absorption spectrum increases as one experimentally in-
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creases the J-like Coulomb coupling in going from a monomer to a dimer and trimer of PDI

molecules. Spano has also shown that H-aggregates undergo an inverted behavior, where

the A0−0 peak becomes diminished relative to A1−0 with respect to the monomer ratio, as

the strength of the H-like Coulomb coupling increases.102 Monitoring the changes in vi-

bronic ratios in going from a monomer to an aggregate is often a more reliable method of

structure determination than spectral shifts (e.g. bathochromoic or hypsochromic). Often-

times, other effects such as the gas-to-crystal shift will also contribute to frequency shifts,

making it challenging to decipher the exact origins of the spectral shift and therefore less

reliable to assign all blue shifts to H-aggregates and all red shifts to J-aggregates. One can

observe in Reference [124] that the bathochromic shift due to J-aggregation in the presence

of vibronic coupling is quite small.125 Vibronic coupling effectively weakens the Coulomb

interaction between transition dipole moments, which decreases the exciton bandwidth and,

simultaneously, the coherent energy transport.107

However, there is yet another interaction that comes into play when molecules are

closely stacked together within a distance of 3-4 Å, as many small organic chromophores

in crystals and aggregates are.107,126,127 The proximity of the molecules leads to an over-

lap of the π-orbitals, resulting in a short-range interaction between Frenkel excitons and

CT states through the electron (hole) dissociation integrals, which under the approximation

of a one-electron Hamiltonian (ĥ) are equivalent to the electron (hole) transfer integrals

te(th).128 The electron (hole) transfer integrals are governed by the molecular orbital over-

lap between the LUMO (HOMO) of monomer A
∣∣∣ϕL

A

〉 (∣∣∣ϕH
A

〉)
and that of monomer B∣∣∣ϕL

B

〉 (∣∣∣ϕH
B

〉)
according to the following relations:

te =
〈
ϕL

B

∣∣∣ĥ∣∣∣ϕL
A

〉
−th = tH =

〈
ϕH

B

∣∣∣ĥ∣∣∣ϕH
A

〉
.

(1.12)

The hole transfer integral is negated relative to the matrix element of ĥ connecting two
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Figure 1.7. A CT-mediated two-step electron transfer through te and th results in exciton transfer
(top), which can also be obtained through coupling between transition dipole moments through J12
(bottom).

neighboring HOMO orbitals (tH).129 This arises because moving a hole forward is equiva-

lent to moving a valence electron backwards.

The electron and hole transfer integrals can couple neighboring exciton states through

a two-step energy transfer mechanism, as demonstrated in Figure 1.7, where an exci-

ton can transfer from one molecule to another through a CT-mediated superexchange

mechanism.130 In the pertubative regime (|ECT −ES1| >> |te|, |th|, 4|JC |, ωf ), this Frenkel

exciton-CT coupling, JCT , becomes131

JCT = −2teth
ECT − ES1

(1.13)

whereES1 is the monomer transition energy, andECT is the diabatic energy of the CT state.

From Eq. (1.13), it is easily seen that JCT can either be positive or negative, depending on

the relative phases of te and th. Therefore, JCT can also induce H- or J-like coupling

depending on the relative phase of the transfer integrals.107 JCT is positive (H-like) when

te = −th and is negative (J-like) when te = th. In the perturbative regime, the total
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coupling experienced by neighboring chromophores amounts to

JT OT = JC + JCT (1.14)

and one can clearly see that the Coulomb and CT exciton couplings can either construc-

tively or destructively interfere with one another. This Frenkel-CT interference induces an

intricate range of effects on the spectral features and exciton bandshapes of small organic

molecules, creating a whole range of new aggregate categories called HH, HJ, JH, and

JJ-aggregates,107,127,128,132 where the first letter refers to the sign of the Coulomb coupling

and the second letter refers to the sign of the short-range CT coupling. Each category can

be further subdivided depending on the relative magnitudes of the Frenkel and CT cou-

plings, which are represented by upper- and lowercase letters, where the upppercase letter

represents the coupling that contributes the largest magnitude to JT OT .

Ultimately, spectral features provide insight into how different packing arrangements

between chromophores influence their optical interactions, and how changes in the aggre-

gate structure can shift absorption and emission frequencies, alter the relative intensities be-

tween transitions, give rise to different temperature-dependent behaviors, as well as modify

the coherent exciton energy transport within the material via changes in the exciton band

structure. A better theoretical understanding of how packing arrangements induce optical

changes will aid experimentalists in extracting relevant coupling strengths directly from

their experimental spectra, while ideally providing insight into how to tune their material

design in order to optimize the material to the desired function.

Overall, the aim of this thesis has been to identify, quantify, and better understand the

nature of the main interactions responsible for the optical changes in the steady-state linear

absorption and photoluminescence signatures in several closely-stacked perylene diimide

aggregates, relative to their corresponding monomer spectrum. Chapter 2 introduces the
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model that will be used throughout this thesis. In Chapter 3, I explore how the different

1D Frenkel-CT exciton interferences within micro-crystals formed by two different PDI

derivatives affect their respective exciton band structures. These two PDI aggregates do not

exhibit strong excimer emission in their photoluminescence spectra. In Chapter 4, I utilize

previous physical insight into excimer formation in order to modify the Holstein Hamil-

tonian to account for excimer emission in a dimer. Ultimately, I present a model which

incorporates both intramolecular and intermolecular vibrational modes in calculating the

absorption and emission spectra for a dimer. I conclude Chapter 4 by demonstrating the

success of the model by comparison to experimental excimer spectra obtained for two dif-

ferent bis(PDI) complexes. In Chapter 5, I theoretically explore different excimer spectral

behaviors that arise from a series of intricate interferences within the nonlocal Frenkel-CT

coupling and its corresponding sensitivity to small changes in relative geometry between

the monomer components of the dimer.
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CHAPTER 2

MODELING STEADY-STATE ABSORPTION AND
PHOTOLUMINESCENCE SPECTRA OF MOLECULAR

AGGREGATES

2.1 The Model Hamiltonian

In this work, an exciton approach is implemented to simulate the absorption and emis-

sion properties of PDI dyes. This semi-empirical approach has a reduced basis set com-

pared to ab initio methods, and therefore, is more computationally feasible when applied

to multichromophore systems.133 Furthermore, implementing vibrational states in ab initio

methods is even more computationally costly, and to accurately simulate spectra of or-

ganic molecules requires the incorporation of vibrational states.134 In this work a Holstein

Hamiltonian and multiparticle basis are implemented to include vibronic coupling within

each chromophore, at a smaller computational cost. The following Holstein Hamiltonian

is the starting point to investigate closely-stacked PDI chromophores and includes relevant

interactions used throughout every system studied in this thesis. In the case of excimers,

the Hamiltonian will be expanded in Chapter 4 to account for couplings that arise from

intermolecular vibrations.

Parts of this Chapter have been adapted with permission from J. Phys. Chem. C 2019, 123, 33,
20567–20578 and J. Phys. Chem. C 2022, 126, 8, 4067–4081. Copyright 2019 American Chemical Soci-
ety. Copyright 2022 American Chemical Society.
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The Frenkel-CT Hamiltonian in the presence of intramolecular (local) vibronic cou-

pling has been discussed in detail in many works.107,127,128,135–137 Here, we divide it into its

electronic (Hel) and vibrational (Hvib) components.

H = Hel +Hvib (2.1)

where the electronic term accounts for Frenkel and CT excitons and the coupling between

them,

Hel = HF +HCT +HF −CT . (2.2)

Hvib incorporates vibronic coupling to an effective intramolecular vibrational mode, typ-

ically on the order of 1400 cm−1 for small organic chromophores, and is described by a

Holstein Hamiltonian, as will be further elaborated below. In what follows, the individual

components of H (Eq. 2.1) will be discussed in more detail.

2.2 The Frenkel Exciton

The intermolecular interaction between transition dipole moments within an aggregate

of N molecules can be described by the Frenkel exciton Hamiltonian (HF ) represented by

the first electronic term in Eq. (2.2):107,138

HF =
N∑
n

ES1 |n⟩⟨n| +
N∑
n

N∑
m̸=n

Jmn

{
|m⟩⟨n| + h.c.

}
(2.3)

where ES1 corresponds to the monomer transition frequency (mainly the HOMO→LUMO

transition in PDI), which is taken from the experimental absorption spectrum of the

monomer, Jmn represents the Coulomb coupling between transition dipoles on the nth

and mth chromophores, and |n⟩ is the local basis, where the nth chromophore is locally

electronically excited, while all other molecules are in their electronic ground state. This
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model assumes only one transition per molecule, taken to be the transition corresponding

to the largest oscillator strength (HOMO→LUMO), and assumed to be energetically well-

separated from transitions to higher excited states. Under periodic boundary conditions,

diagonalizing HF leads to the eigenstates in Eq. (1.9) and the eigenenergies in Eq. (1.10)

that are represented as energy bands displayed in Figure 1.5 in Chapter 1.

While the Coulomb coupling Jmn can be calculated from the point-dipole approxima-

tion, given by Eq.(1.4), this approximation breaks down at close distances between coupled

molecules. The Coulomb coupling parameters used in this thesis were calculated using

atomic transition charges, where now the point-dipole interaction becomes a sum over all

the electrostactic interactions involving the atomic transition charges qt between neighbor-

ing chromophores (n,m):139

Jmn =
Nm∑

i

Nn∑
j

qt
iq

t
j

|Rm
i − Rn

j |
(2.4)

where Rm
i is the position vector of atom i on chromophore m, Nm is the number of atoms

on chromophore m. The transition charges, qt
i , are obtained from TrESP, which is calcu-

lated employing the Multiwfn open software package.140

2.3 Charge Transfer (CT) Excitons: Frenkel-CT Interference

The molecules in the systems studied in this work are π-conjugated and closely stacked

within a few Ångstrom; therefore, the Frenkel excitons will couple to CT excitons through

the electron and hole transfer integrals (see Equation (1.12) in Chapter 1). The incorpo-

ration of CT excitons and their coupling to Frenkel excitons is described in the following

Hamiltonian:107,126

24



HCT +HF −CT =
N∑
n

ECT

∣∣∣n+, (n± 1)−
〉〈
n+, (n± 1)−

∣∣∣ +

N∑
n

te

{ ∣∣∣n〉〈
n+; (n+ 1)−

∣∣∣ +
∣∣∣n〉〈

n+; (n− 1)−
∣∣∣ + h.c.

}
+

N∑
n

th

{ ∣∣∣n〉〈
(n+ 1)+;n−

∣∣∣ +
∣∣∣n〉〈

(n− 1)+;n−
∣∣∣ + h.c.

}
(2.5)

which includes the diabatic CT site energies

ECT = IP − EA + EP − VI , (2.6)

which effectively incorporates the ionization potential (IP ), electron affinity (EA), lattice

polarization energy (EP ), and the Coulomb binding energy (VI), respectively. In this

work, we assume that charge separation is limited to nearest neighbors, i.e. a very deep

Coulomb binding well due to large exciton binding energies and small dielectric screening

in organic materials.20,21 The nearest neighbor CT states are represented in a local basis

|n+; (n± 1)−⟩, where the cation is located on chromophore n and the anion is located on

the neighboring molecule, n±1. Eigenstates and eigenenergies invoking the full electronic

Hamiltonian (2.2) in a dimer are introduced in the following section.

2.4 Frenkel-CT Dimer

Eq. (1.9) in Chapter 1 represents two diabatic k-states in a dimer with interacting

transition dipole moments. For dimers with perfectly aligned transition dipole moments

(e.g. Fig. 1.3, where no azimuthal angle is present to give rise to Davydov splitting), the

phase convention is chosen such that only the k = 0 state is optically allowed from the

vibrationless electronic ground state. With the inclusion of CT excitons, there are also two
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diabatic symmetry-adapted CT k-states:127,141

|k = 0⟩CT = 1√
2

{ ∣∣∣1+, 2−
〉

+
∣∣∣2+, 1−

〉 }
|k = π⟩CT = 1√

2

{ ∣∣∣1+, 2−
〉

−
∣∣∣2+, 1−

〉 } (2.7)

The diabatic Frenkel excitons will couple to these CT excitons, but only states with the

same momentum (k) will couple, ultimately producing two upper (+) and two lower (−)

adiabatic eigenstates of the purely electronic Hamiltonian Hel:

|k⟩±
F,CT = ck,±

F |k⟩F + ck,±
CT |k⟩CT (2.8)

where the relative Frenkel (CT) character of each state is given by its coefficients ck,±
F (ck,±

CT ).

For a dimer, the kth eigenvalue in the upper (+) or lower (−) adiabatic Frenkel-CT band

becomes:

Ek
± = Ek

F + ECT

2 ±
√(

ECT − Ek
F

2

)2
+ t2e + t2h + 2teth cos(k) (2.9)

where Ek
F = ES1 + JC cos (k). Note that the energy expression in Eq. (2.9) slightly dif-

fers from that corresponding to a linear aggregate with periodic boundary conditions (Eq.

(3.2)) in Chapter 3) due to the latter having two nearest neighbors.127 One can see how

the eigenenergies given in Equation (2.9) depend on the molecular orbital overlap within a

dimer (te, th), as well as the relative energetic offset between the Frenkel and CT diabatic

excitons (EF , ECT ).
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2.5 Relative Phase between JCand te/h

Generally, the relative sign between te and th depends on the chosen phase convention

which relates the molecular orbitals on chromophore A to those on chromophore B.107

When both Frenkel exciton and CT exciton interactions are present, the phase convention

used to define the transition dipole moments on A and B that is used to calculate JC must

be consistent with the phase convention chosen in calculating the electron and hole transfer

integrals. When calculating the transfer integrals using quantum software packages, the

symmetry between the molecules may be utilized in defining the phases of the molecular

orbitals (MOs). Depending on how the program defines the phases of the MOs on the

individual molecules, different symmetry operations will produce different relative phases

between te and th in the output. The following discussion will help guide the reader to

understand the determination of the relative phase between transfer integrals calculated in

this thesis.

When two molecules interact, the dimer states are formed from symmetric and antisym-

metric linear combinations of the monomer molecular orbitals. In general, the ordering of

symmetric and antisymmetric states will depend on the nodal patterns that arise at each

dimer’s geometry. In the following analysis, the arguments will be specific to an eclipsed

dimer, as shown in Figures 2.1 and 2.2, in which a nodal plane exists between the molecules

in the highest energy dimer state. If the two monomers are symmetric under a translation

operation, T̂ , as shown in Fig. 2.1, the HOMO of the eclipsed dimer is represented by the

symmetric linear combination of monomer orbitals, while the HOMO−1 is represented by

the antisymmetric linear combination. In addition, at the eclipsed geometry the LUMO

of the dimer is represented by the antisymmetric state, while the LUMO+1 is represented

by the symmetric state. The energy (de)stabilization of the symmetric state of the dimer

relative to the monomer can be determined by the coupling component:
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Figure 2.1. Molecular orbitals of a PDI dimer involving translational symmetry. Formation of
supramolecular a) HOMO and HOMO−1 and b) LUMO and LUMO + 1 orbitals from translation-
ally invariant monomer MOs.

1
2

[ 〈
ϕ

H/L
A

∣∣∣ĥ∣∣∣ϕH/L
B

〉
+

〈
ϕ

H/L
B

∣∣∣ĥ∣∣∣ϕH/L
A

〉 ]
= 1

2{hH/L
AB + h

H/L
BA }

= tH/e.

(2.10)

where
∣∣∣ϕH/L

B/A

〉
represents the HOMO (H) or LUMO (L) orbital on monomer A or B.

Under translational symmetry between the interacting monomer HOMOs/LUMOs, the

symmetric linear combination in the dimer is higher in energy than the respective monomer

orbital, and therefore

V = tH/e > 0 (2.11)

has to be fulfilled in order to obtain the corresponding destabilization of the

HOMO/LUMO+1 of the dimer. Recall that tH = −th, so that for a perfectly eclipsed

H-aggregate of PDI monomers related by translational symmetry the transfer integrals are

out-of-phase, th < 0 and te > 0, leading to overall positive (H-like) CT coupling (see Eq.

(1.13) in Chapter 1).
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Figure 2.2. Molecular orbitals of a PDI dimer involving inversion symmetry. Formation of a)
HOMO and HOMO-1 and b) LUMO and LUMO + 1 supramolecular orbitals from inversionally
invariant monomer MOs.

However, if an inversion operator (̂i) now acts between the orbitals on chromophore A

and those on chromophore B, as shown in Fig. 2.2, the opposite phase relation between te

and th will be obtained. As observed under translational symmetry, the interaction between

the monomer HOMOs results in a higher energy symmetric linear combination of monomer

orbitals such that

V = tH > 0 (2.12)

and therefore the phase of th < 0 remains the same under inversion symmetry as under

translational symmetry between HOMOA and HOMOB. However, as demonstrated in Fig.

2.2, the symmetric linear combination formed by the interaction between monomer LU-

MOs is now the lowest energy supramolecular state, which corresponds to the LUMO of

the dimer (rather than the LUMO+1, as under translational symmetry). Therefore,

V = te < 0 (2.13)

has to be fulfilled in order to obtain the corresponding stabilization of the LUMO of the
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dimer. Therefore, a perfectly eclipsed PDI H-dimer composed of two monomers related

by inversion symmetry would deceptively imply an overall JCT < 0 (J-like) coupling (Eq.

(1.13) in Chapter 1). This seems to contradict the translationally symmetric case where

JCT > 0 for a perfectly eclipsed aggregate. However, the physics should remain unchanged

between the two cases.

Let us pause to look at the exciton model of interacting transition dipole moments

without any CT interactions. If the transition dipole moments on molecules A and B are

parallel with phases related by a translation operator T̂ , for an H-dimer the bright state is

the k = 0 symmetric linear combination. As demonstrated in Fig. 2.3a, the energy of this

k = 0 state is destabilized by the coupling term

1
2

[
⟨1| + ⟨2|

]
V̂

[
|1⟩ + |2⟩

]
= 1

2{J12 + J21} = JC

(2.14)

and lies at higher energy relative to the monomer transition energy such that

V = JC > 0. (2.15)

This results in the traditional Kasha interpretation that an H-aggregate exhibits positive

Coulomb coupling between transition dipole moments.

However, if the two transition dipole moments are related by an inversion operator, as

depicted in Fig. 2.3b, they are antiparallel and now it is the k = π antisymmetric state

that is highest in energy. Furthermore, the dipole moment operator becomes antisymmetric

under inversion symmetry, such that physics remains unchanged and the highest energy

state maintains oscillator strength at the eclipsed geometric configuration. The k = π state

is destabilized by

30



Figure 2.3. Exciton coupling involving a) translational symmetry (the k = 0 state is the highest
energy state for a perfectly eclipsed aggregate) and exciton coupling involving b) inversion symme-
try (the k = π state is the highest energy state for a perfectly eclipsed aggregate).

1
2

[
⟨1| − ⟨2|

]
V̂

[
|1⟩ − |2⟩

]
= −1

2{J12 + J21} = −JC

(2.16)

Since the antisymmetric state is higher in energy compared to the monomer,

V = −JC > 0 (2.17)

such that a perfectly eclipsed H-dimer now has JC < 0 (and JCT < 0 from the above

discussion). The sign of the couplings are opposite to traditional exciton theory, which is

based on translational symmetry.

Per consequence that when calculating the Coulomb coupling, one employs transla-

tional symmetry in the exciton model (defining the H-aggregate to have JC > 0), the same

phase convention in calculating JCT must be preserved. For instance, if, when calculating

JCT , MOs on monomer B are related to those on monomer A by an inversion operator,

using the arguments listed above, te must be multiplied by a phase factor of −1 in order
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that the relative signs between JC and JCT be in agreement. One can utilize the sign of the

overlap matrix
〈
ϕ

H/L
A

∣∣∣ϕH/L
B

〉
during the orthogonalization procedure, in order to determine

what symmetry the computer assigned to the orbitals.

The relative phase between the electron and hole transfer integrals is important and

subtle. It is therefore important to consider the effects that symmetry has on both the

transition dipole moments as well as the transfer integrals in order to implement the overall

correct Frenkel-CT interference into the model. This becomes important in analyzing the

Frenkel-CT interference that will be studied in Chapter 3, but it is also extremely important

to accurately model excimer emission in Chapters 4 and 5.

2.6 Vibronic Coupling

The second term in the Holstein Hamiltonian in Eq. (2.1) accounts for local vi-

bronic coupling to an effective fast ("f") intramolecular mode of high frequency ωf

(≈ 1400 cm−1), as was done in previous works.98,127,128 The Huang-Rhys (HR) factor for

the shifted harmonic well corresponding to the first excited state S1 is represented by λ2
f

(See Fig. 1.6 in Chapter 1), while the HR factors for the shifted cation and anion wells

are represented by (λ+
f )2 and (λ−

f )2 respectively. In the following analysis, we approxi-

mate (λ+
f )2 + (λ−

f )2 ≈ λ2
f and (λ+

f )2 = (λ−
f )2 as done in previous work.142,143 In reality,

the cation and anion HR factors are not equal in PDI;129 however, the work in this thesis

has chosen to focus on the more pronounced effects due to changes in other parameters

in our model. Assuming periodic boundary conditions, the vibronic Hamiltonian for an

intramolecular mode reads:
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Hf
vib = ωfb

†
nbn − ωfλf

N∑
n=1

[
(b†

n + bn) − λf

]
|n⟩⟨n|

−ωfλ
+
f

N∑
n=1

[
(b†

n + bn) − λ+
f

] ∣∣∣n+, (n± 1)−
〉〈
n+, (n± 1)−

∣∣∣
−ωfλ

−
f

N∑
n=1

[
(b†

n±1 + bn±1) − λ−
f

] ∣∣∣n+, (n± 1)−
〉〈
n+, (n± 1)−

∣∣∣
(2.18)

where ℏ = 1, and we have defined the coordinate of the mode (qf ) such that λf > 0. In the

Hamiltonian, b†
n(bn) is the creation (annihilation) operator of a vibration in the S0 potential

on chromophore n, where the subscript f has been suppressed for notational simplicity.

2.7 The Multiparticle Basis

The multiparticle basis developed by Philpott144 and used throughout this work rep-

resents both electronic and vibrational excitations locally, where each (vibronic or vibra-

tional) excitation is localized to only one chromophore in the aggregate. Hence, electronic

coupling between the local diabatic states will lead to adiabatic eigenstates where the exci-

tations are delocalized across the lattice.

A purely electronic exciton is denoted as |n⟩, where the nth chromophore is elec-

tronically excited, and all other chromophores are in their electronic ground state

(i.e. |g1; g2; ...en; ...gN⟩). Ascribing each electronic state a corresponding harmonic os-

cillator along an intramolecular vibrational coordinate, the local basis can be expanded to

include so-called multiparticle states, with varying vibrational quanta in either the ground

or excited state potentials. An r-particle state represents r chromophores that are either vi-

brationally or vibronically excited, where only one chromophore occupies the excited state

potential in a given state. For example, one-particle states account for vibrations in only
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Figure 2.4. Depictions of the components of the multiparticle basis: a) one-particle states b) two-
particle states and c) one-particle CT states.

one electronic state potential, and are denoted as

|n, ν̃n⟩ ,

where the exciton on site n is also vibronically excited with ν̃ vibrational quanta in the

excited state potential, as seen in Figure 2.4a. Two-particle states also incorporate ν ′ ≥ 1

vibrationally excited quanta in one neighboring ground state potential (S0) on site n′ and

are represented by

|n, ν̃n;n′, ν ′
n′⟩ ,

as seen in Fig. 2.4b. One-particle CT states are also represented in this work, where vibra-

tions can exist in either the cation or anion potential wells (but no vibrations in the neigh-

boring chromophore’s ground state potentials). The one-particle CT state is expressed as

∣∣∣n, ν+
n ;n± 1, ν−

n±1

〉
,

where a cation with ν+ vibrational quanta is located on site n, a nearest neighbor anion
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with ν− vibrational quanta is located on site n+ 1, as depicted in Fig. 2.4c. The r-particle

basis is complete when every molecule in the aggregate possesses vibrational quanta in

either its ground or its electronic states. For example, a two-particle basis is complete for

a dimer. Typically, linear spectra of small organic chromophores, such as PDI, converge

at the inclusion of two-particle states and a further increase in basis size is not required.102

All the work presented in this thesis truncates the basis at two particle states.

Finally, the αth eigenstate of the total Hamiltonian in Eq. (2.1) for an aggregate of N

molecules in the two-particle-truncated multiparticle basis can be written as a superposition

over both one-particle and two-particle Frenkel excitons and one-particle CT excitons:

|Ψα⟩ =
∑
n,ν̃

cα
n,ν̃ |n, ν̃n⟩ +

∑
n,ν̃

∑
n′,ν′

cα
n,ν̃;n′,ν′ |n, ν̃n;n′, ν ′

n′⟩ +

∑
n,ν̃

∑
n,ν+

∑
n±1,ν−

cα
n,ν+,n±1,ν−

∣∣∣n, ν+
n ;n± 1, ν−

n±1

〉 (2.19)

2.8 Absorption and Photoluminescence

The observables in this thesis are the linear absorption and photoluminescense spectra,

which are obtained by solving the Hamiltonian with all relevant interactions [Eq. (2.1)] and

then applying the corresponding eigenstates [Eq. (2.19)] and eigenenergies to the following

equations to calculate the steady-state spectra.

The absorption spectrum as a function of frequency ω is calculated by summing over

the oscillator strengths corresponding to each eigenstate,107

A(ω) =
Ω∑
α

fαe
−(ω−ωα)2/γ2

ab , (2.20)

where Ω is the total number of eigenstates. Each frequency that is resonant with

the eigenenrgy ωα is broadened by a Gaussian lineshape with a standard deviation
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σ =
√

2γab. The transition from the purely electronic ground state with no vibrations

|G⟩ ≡ |g⟩ ⊗ |01, 02, ..., 0N⟩ to the αth eigenstate |Ψα⟩ possesses an oscillator strength

goverened by

fα ≡ ωα| ⟨Ψα|M |G⟩ |2, (2.21)

the strength of which is determined by the electronic dipole moment operator M for an

aggregate of N identical molecules related by translational symmetry,107

M = |µ|
N∑
n

{|n⟩⟨g| + |g⟩⟨n|} (2.22)

as well as vibronic overlap factors between ground and excited states. The oscillator

strength of CT transitions is considered negligible, since |µCT | is about ten times smaller

than |µ|,145 and therefore fα is about 100 times smaller for CT transitions than those in-

volving Frenkel excitons. In Chapter 3, only intramolecular vibrations ωf ≈ 1400 cm−1

will be included in the model. Since kBT ≈ 200 cm−1 at room temperature, all "hot"

transitions in the absorption spectrum can be neglected. In the case of excimers, low-

frequency intermolecular vibrations play an important role (see Chapter 4), low-frequency

slow ("s") intermolecular vibrations will be included (ωs ≈ 100 cm−1). Therefore, "hot"

intermolecular vibrational transitions cannot be neglected in the absorption spectrum and

will be considered assuming a Boltzmann distribution, such that the absorption formula at

a given temperature T becomes

A(ω) =
∑
νg

s

Ω∑
α

f νg
s

α e−(ω−ωα+νg
s ωs)2/γ2

abB
νg

T (2.23)

where νg
s represents the number of "hot" vibrational quanta in the ground state, from which
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absorption occurs, and the corresponding Boltzmann factor is governed by

B
νg

T =
exp

{
−νg

s ωs

kBT

}
Z

, (2.24)

with Z as its corresponding partition function. The oscillator strength now connects the

eigenstates to the ground state with various intermolecular vibrational quanta through M

f νg
s

α ≡ ωα| ⟨Ψα|M |g; νg
s ⟩ |2. (2.25)

For transitions involving only high-frequency intramolecular vibrations (ωf ), the pho-

toluminescence as a function of frequency at a given temperature is governed by

S(ω) =
Ω−1∑
α=0

∑
νt

f

(ωα − νt
fωf )3Iα−νt

f e−(ω−ωα+νt
f ωf )2/γ2

emBωα
T (2.26)

which includes transition frequency cubed term, a Gaussian lineshape with a standard de-

viation σ =
√

2γem, and transition strengths Iα−νt
f between the thermally activated αth

eigenstate with eigenenergy ωα to the ground state of the entire aggregate possessing νt
f to-

tal intramolecular vibrational quanta. The strength of each transition from each thermally

activated eigenstate is additionally modulated by a Boltzmann factor

Bωα
T =

exp
(

−(ωα−ω0)
kBT

)
Z

(2.27)

where Z is its corresponding partition function. For emission from the lowest energy ex-

citon eigenstate (α = 0), the transition strengths for the first three vibronic transitions are

defined as:107
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I0−0 ≡ | ⟨Ψ0|M |G⟩ |2

I0−1 ≡
N∑

n=1
| ⟨Ψ0|M |g; 01, 02, ..., 1n, ...0N⟩ |2

I0−2 ≡
N∑

n=1
| ⟨Ψ0|M |g; 01, 02, ...2n, ...0N⟩ |2

+
N∑

m=1

N∑
n=2

(n>m)

| ⟨Ψ0|M |g; 01, 02, ...1m, ..., 1n, ..., 0N⟩ |2

(2.28)

where |Ψ0⟩ corresponds to the lowest-energy eigenstate of Eq. (2.1), and ω0 is its corre-

sponding eigenenergy.

The formula for the thermally-averaged emission involving both intramolecular and

intermolecular vibrations can be expressed as:

S(ω) ≈
Ω−1∑
α=0

∑
νg

s

∑
νt

f

(ωα − νt
fωf − νg

sωs)3Iα−νt
f νg

s e−(ω−ωα+νt
f ωf +νg

s ωs)2/γ2
emBωα

T (2.29)

where now the frequency factor and Gaussian lineshape have been adjusted from Eq. 2.26

to explicitly account for intermolecular vibrational quanta νg
s in the ground state, as well as

implicitly in the eigenenergies ωα and their respective Boltzmann factor. In this expression,

the intra- and intervibrational quanta are in the ground state potentials of a single molecule

and a dimer, respectively.

Incorporation of intermolecular vibrations modifies the emission transition strengths in

Eq. (2.28), such that the intramolecular vibrational sidebands will be broadened by transi-

tions involving intermolecular vibrations. Such that, for a dimer,
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I0−0νg
s ≡ | ⟨Ψ0|M |g1, 01; g2, 02; νg

s ⟩ |2

I0−1νg
s ≡ | ⟨Ψ0|M |g1, 11; g2, 02; νg

s ⟩ |2 + | ⟨Ψ0|M |g1, 01; g2, 12; νg
s ⟩ |2

I0−2νg
s ≡ | ⟨Ψ0|M |g1, 21; g2, 02; νg

s ⟩ |2 + | ⟨Ψ0|M |g1, 01; g2, 22; νg
s ⟩ |2

+| ⟨Ψ0|M |g1, 11; g2, 12; νg
s ⟩ |2.

(2.30)

All work presented in this thesis will calculate the observables determined by Equations

(2.20) and (2.26) or by Equations (2.23) and (2.29) to better understand how parameters in

Eq. (2.1), (which are determined by specific packing arrangements), effect spectral features.

Ultimately, comparison to experiment will be made in order to gain insight into the band

structures of the materials in Chapter 3, while comparison to experiment will be used to

gain better insight into the origin of excimer spectra in Chapter 4, particularly in systems

that exhibit excimer and vibronically structured emission simultaneously.
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CHAPTER 3

PERYLENE DIIMIDE-BASED Hj- AND hJ-AGGREGATES: THE
PROSPECT OF EXCITON BAND SHAPE ENGINEERING IN

ORGANIC MATERIALS

3.1 Introduction

PDIs can assemble to form both H- and J-aggregates,56,146,147 where common assign-

ments are mainly based on aggregation-induced spectral shifts in the UV-vis absorption

spectra (red-shift for J-aggregates and blue-shift for H-aggregates) consistent with Kasha

theory.108,109,113 Ghosh et al.56 demonstrated control of H- and J-type π-stacking by tuning

the peripheral alkyl side-chains. Transformations between H- and J-aggregate morpholo-

gies involving the same PDI have also been observed by several groups146,147 by disrupting

hydrogen-bond formation via control of solvent or chemical additives. Kasha-based design

schemes are predicated entirely on the intermolecular Coulomb coupling, which is gener-

ated primarily by transition dipole-dipole interactions. Such a scheme is, however, incom-

plete in π-stacked systems, in which close intermolecular contacts enable intermolecular

charge transfer (CT). Here, CT gives rise to a short-range superexchange coupling (see

Eq. (1.13) in Chapter 1), which can be competitive with Coulomb interactions but with

This Chapter has been published in J. Phys. Chem. C 2019, 123, 33, 20567–20578, and is adapted with
permission. Copyright 2019 American Chemical Society. Tong Zu, Wenqing Zhang, Yu Bai, Mingji Dai, and
Libai Huang contributed all of the experimental work in this study. Ian Dunn (under the supervision of Roel
Tempelaar and David Reichman) calculated the extended Coulomb couplings used in the calculated spectra
for both systems studied in this work.
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very different dependencies on the intermolecular geometry.141 The simultaneous presence

of both coupling sources allows for a richer array of aggregate types denoted as HJ, HH,

JH and JJ, where the first letter indicates the influence of the Coulomb coupling, while the

second letter indicates the influence of the CT-mediated coupling.107,127,132,141,148 One can

also employ lower and upper case letters to denote relative magnitudes. The interference

between the two coupling sources can be constructive (HH, JJ) or destructive (HJ, JH). For

applications such as OLEDs requiring large exciton bandwidths and large emission cross

sections, JJ-aggregates are desirable, whereas for OPV applications HH-aggregates would

be preferable since efficient solar cells require rapid excitation transport with minimal ra-

diative loss, with the added potential benefit of reduced exciton-exciton annihilation.149

Thus far, the destructive interference characteristic of HJ-aggregation has been ob-

served in 7,8,15,16-tetraazaterrylene (TAT)132,148,150,151, which forms π-stacked nanopil-

lars when deposited on a graphitic surface148,150,151 The most dramatic example of short-

and long-range coupling interference occurs in the so-called "integrated" null-aggregate

where the cancellation is nearly complete, resulting in a flat exciton dispersion band and

monomer-like photophysical properties.127 Recently, null-dimers have been discovered in

perylene diimide foldamers.152 Identifying null points in integrated null aggregates is of

crucial importance for band-shape engineering – at null points the band is flat and thus

a "blank canvas" from which to design bands of positive curvature (i.e. Jh, hJ, or JJ) or

negative curvature (i.e. Hj, jH, or HH) depending on the desired goal.

In this Chapter, the solid-state photophysical properties of two PDI derivatives, namely

N,N ′-bis(phenyl) PDI (N-phenyl PDI) and N,N ′-bis(n-octyl)-2,5,8,11-tetraphenyl-PDI

(tetraphenyl PDI) are investigated. The crystal structures of both derivatives show π-

stacking of the chromophores but with slight differences in the slip-stack orientations, as

depicted in Figure 3.1. Such differences result in dramatic changes in the photophysical re-

sponse which allow us to unequivocally classify N-phenyl and tetraphenyl PDI π-stacks as
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Figure 3.1. Molecular structures of N-phenyl PDI (left) and tetraphenyl PDI (right). Also
schematically shown is π-stacking organization of both chromophores in the solid state, as inspired
by X-ray diffraction data. N-phenyl PDI is slipped along the short molecular axis while tetraphenyl
PDI is slipped along the long-molecular axis.

Hj and hJ-aggregates, respectively, based on their spectral signatures.102 Importantly, each

derivative lies close to a particular null point, but resides on opposite sides of the balance

between short- and long-range couplings. In particular, in N-phenyl PDI aggregates, the

Coulomb coupling is slightly dominant (Hj), whereas in tetraphenyl PDI aggregates, the

short-range CT-mediated coupling is dominant (hJ). We show that temperature dependent

photoluminescence (PL) provides a reliable means for determining the proximity and bias

relative to a particular null point – information that is vital in design strategies for band

shape engineering.

3.2 Hj- and hJ- Aggregates in PDI πstacks

In this Section, the general theoretical basis for identifying null points and aggregate

types from photophysical signatures are introduced. These enable one to disentangle the

42



relative influences of long-range Coulomb coupling and short-range CT-mediated interac-

tions in π-stacks of PDI chromophores. The results reveal that the most sensitive probe is

the temperature dependent PL line shape which harbors a pronounced vibronic progression

mainly due to the vinyl-stretching mode with energy 0.174 eV. In particular, the 0–0/0–1

intensity ratio can accurately track the short and long-range coupling interference through

the null point–the point at which the exciton band becomes dispersionless or "flat." In previ-

ous works,107,127,141,148 hybrid aggregates have been discussed in the non-resonant regime,

where high-energy CT states are treated virtually leading to an effective superexchange

coupling, as well as in the resonant regime, where the diabatic Frenkel and CT exciton

bands are close in energy. It is the latter regime which best applies to the PDIs investigated

herein.

As established in several works,107,126,127,129,141,142,153,154 short- and long-range couplings

lead to excited states consisting of an admixture of Frenkel excitons and CT excitons. For

a linear aggregate (i.e. π-stack) with one molecule per unit cell, the Frenkel exciton disper-

sion, EF (k), is dictated by the intermolecular Coulomb coupling,

EF (k) = ES1 +
N∑
n

N∑
m ̸=n

Jmn cos k(m− n) (3.1)

where k is the (dimensionless) exciton wave vector ranging from–π to π. ES1 is the energy

of a chromophore locally excited in its first excited singlet state (including the gas-to-crystal

shift) and Jmn is the Coulomb coupling between chromophores m and n, which can be

estimated from the Coulomb interaction between atomic transition charges (or directly from

the transition densities) on the chromophores.155,156 However, in tightly-packed π-stacks a

locally excited state can also undergo charge transfer, as dictated by the CT integrals, te and

th, which derive from efficient LUMO−LUMO and HOMO−HOMO overlap, respectively,

between neighboring chromophores. In the simplest picture, the resulting charge-separated
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states are limited to nearest neighbors with energy ECT . When such "diabatic" (i.e. before

mixing) CT states lie sufficiently above the Frenkel band (compared to |te| and |th|) they can

be treated perturbatively–as virtual excitations which mediate a short-range superexchange

coupling, JCT
107,127,131,132,141,148 given by Eq. (1.13) in Chapter 1.

In this case, the short-range coupling JCT simply adds to the Coulomb coupling in a

Frenkel-like Hamiltonian, thereby establishing a direct interference between the two cou-

pling types in determining H and J-like behavior.127,141 Eq. (1.13) in Chapter 1 shows that

a positive (negative) sign for the product, −teth , promotes H-aggregate (J-aggregate) be-

havior. Figure 3.2 demonstrates the strong sensitivity of the product −teth to molecular

packing in a perylene dimer based on first-principles DFT calculations. The rapid oscilla-

tions in sign are responsible for the unusual non-Kasha geometries expected for short-range

coupled J- and H-aggregates.107,141 For comparison, Figure 3.2 also shows the Coulomb

coupling, JC , derived from atomic transition charges,131,139 which varies over much larger

length scales. The yellow circle and star on each plot indicate the native orientations appro-

priate for N-phenyl PDI and tetraphenyl PDI, respectively, as determined from the crystal

structure (see Section 3.3). Interestingly, both aggregates would be defined as H-aggregates

based on the Coulomb coupling alone.

For many PDI derivatives like the ones in the current study, the diabatic Frenkel and CT

bands are sufficiently close in energy such that the superexchange picture just described is

no longer valid. CT excitations need to be incorporated directly into the Hamiltonian (and

not treated virtually). In the resonant regime (ECT ≈ ES1), oscillator strength is distributed

over two mixed Frenkel-CT bands. For linear aggregates (with one molecule per unit cell)

this can be appreciated from the general dispersion relation obtained in the absence of

vibronic coupling,127

E±(k) = EF (k) + ECT

2 ±
√(

ECT − EF (k)
2

)2
+ 2(t2e + t2h + 2teth cos k) (3.2)
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Figure 3.2. HOMO and LUMO orbitals of the perylene core in PDI. Left (bottom) contour plot
shows the DFT-calculated values of the product, −teth, as a function of transverse and longitudinal
displacement between two perylene molecules separated by 3.5 Å. The red regions are negative
(J-like) while the blue are positive (H-like). The right (bottom) plot shows the TDDFT-calculated
unscreened Coulomb couplings based on atomic transition charges, with the ordinate labels cor-
rected from Ref. [141]. The yellow circle (star) indicates the relative orientations of the perylene
cores in N-phenyl PDI (tetraphenyl PDI) chromophore as determined from their crystal structures.
DFT and TDDFT calculations employ the B3LYP functional and cc-pVDZ basis. Adapted with
permission from Ref. [141]. Copyright (2017), American Chemical Society.

Here, EA(k) ≡ E−(k) and EB(k) ≡ E+(k) correspond to the dispersion of the lower-

and higher-energy bands, labeled A and B, respectively, which are responsible for the two-

band absorption line shape displayed in the crystalline/aggregate phase of the PDI deriva-

tives in this work (see following Section 3.3). Eq. (3.2) reduces to the diabatic CT and

Frenkel exciton bands when te = th = 0. Eq. (3.2) also reduces to the superexchange limit

when the diabatic Frenkel and CT bands are far removed energetically.107,141,148 Moreover,

since the low-energy band A is responsible for emission (via Kasha’s rule101) its shape de-

termines H- and J-aggregate behavior. In particular, the curvature of band A depends on

the sign of the product −teth. Hence, an in-phase relationship between te and th (such that

−teth < 0), as exists for the two PDI chromophores in the present study (see Figure 3.2),

induces a positive curvature at k = 0, which indicates the bright, k = 0 exciton is lowest

in energy. In other words, the in-phase relationship between te and th induces J-aggregate
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behavior. This is easiest to appreciate from Eq. (3.2) in the limit of no Coulomb coupling.

Inserting EF (k) = ES1 into Eq. (3.2) and applying the resonance condition (ECT ≈ ES1)

leads to

EA(k) ≈ ES1 −
√

2(t2e + t2h + 2teth cos k) (3.3)

for the dispersion of band A. The k = 0 exciton has the lowest energy (and the curvature

is positive) when te and th are in-phase (J-like). The further inclusion of a positive (H-

like) Coulomb coupling in Eq. (3.2) has the opposite effect, reducing the curvature so that

the final curvature depends on the competition between short- and long-range coupling

influences. Interestingly, when the two coupling sources are perfectly balanced, a flat-band

results, creating a so-called "null"-aggregate. Use of Eq. (3.2) with the nearest-neighbor

(n.n.) form ofEF (k) from Eq. (3.1),EF (k) = ES1+2JC cos k, shows that band A becomes

dispersionless when the n.n. Coulomb coupling, JC , assumes the "flat-band" value, JF B,127

with

JF B = 4teth
(ECT − ES1) +

√
(ECT − ES1)2 + 8(t2e + t2h)

. (3.4)

Eq. (3.4) represents the flat-band condition in the absence of vibronic coupling (see

below). Using physically relevant values of te = th = 103 cm−1 and assumingECT ≈ ES1,

gives JF B = 250 cm−1 which is in line with the calculated screened n.n. Coulomb coupling

in perylene and PDI chromophores, where the unscreened values in Figure 3.2 and Table

3.1 in Section 3.4 are divided by the relative dielectric constant ϵ ≈ 3 − 4.

Figure 3.3 shows how increasing the n.n. Coulomb coupling, JC , (with JC > 0, i.e.

H-like) in a π-stack with in-phase te,th values reduces the curvature of band A, eventually

leading to band inversion and a conversion from hJ- to Hj-aggregate behavior. Band A is

shown without vibronic coupling (solid black curves) using Eq. (3.2) and with vibronic

coupling in a 10-mer stack (black dots) assuming ωf = 1400 cm−1, which corresponds to

the vinyl stretching mode observed in virtually all PDI derivatives, and taking the Huang-
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Figure 3.3. (Top) The A and B band dispersions (black) from Eq. (3.2) for π-stacks having one
molecule per unit cell with in-phase values of the CT integrals, te = 1200 cm−1 and th = 800 cm−1

and taking ECT = ES1. The dashed lines are the diabatic CT (red) and Frenkel exciton bands
(blue). The nearest-neighbor Coulomb coupling, JC is positive (H-like), increasing from the left to
the right panel (JF B = 920 cm−1 using Eq. (3.4)). The solid dots represent the dispersion of band
A in the presence of vibronic coupling (ωf = 1400 cm−1, λ2

f = 1). Note the vibronic A band is flat
in the middle panel when JC = J̃F B . The aggregate type is hJ (Hj) when JC is less than (greater
than) JF B . (Bottom) Corresponding 10-mer absorption (black) and PL spectra (red, purple, blue)
calculated using Eq.’s (2.20) and (2.26) assuming a monomer transition with ES1 = 20000 cm−1,
and using the Frenkel-CT Hamiltonian in Eq. (2.1). In order to more easily gauge the oscillator
strength distribution amongst the peaks, the ωα dependence of the oscillator strength was suppressed
in Eq. (2.21) and the cubic frequency dependence was suppressed in Eq. (2.26). Note that the PL
spectra have been shifted by one vibrational quantum to the red for clarity. (Otherwise the 0–0 PL
peak overlaps the absorption a1 peak.) Finally, the "superradiant" PL spectrum in the left panel
(red) is scaled by a factor of 1/N(= 1/10).
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Rhys (HR) factor to be unity, λ2
f = 1. The black dots comprising band A in Figure 3.3 were

evaluated using the full Frenkel-CT/Holstein Hamiltonian analysis (See Chapter 2). Figure

3.3 shows that when the Coulomb coupling is relatively weak (left panel), the curvature of

A remains positive–independent of vibronic coupling–due to the dominance of Frenkel-CT

coupling, resulting in a hJ-aggregate. Further increasing JC results in a flat band, shown

in the center panel of Figure 3.3, for band A in the presence of vibronic coupling. This

requires a value of JC which slightly surpasses JF B in Eq. (3.4); the flat band condition

becomes, JC = 1.19JF B = J̃F B, where the tilde overstrike indicates the inclusion of

vibronic coupling. Increasing the Coulomb coupling beyond J̃F B causes band curvature

inversion (right panel of Figure 3.3), leading to the creation of an Hj aggregate, where the

H-promoting influence of the Coulomb coupling now outweighs the J-promoting influence

of the Frenkel-CT exciton coupling.

Figure 3.3 also shows how the absorption and emission spectra of the vibronically-

coupled 10-mer π-stack respond to increasing JC through the null point. The HR factor

of unity (λ2
f = 1) allows one to more clearly appreciate the effect of intermolecular inter-

actions on the vibronic progression: when λ2
f = 1 the first two vibronic peaks (0–0 and

0–1) in the monomer absorption (and PL) spectrum have equal intensity. For the 10-mer

stack, the Figure portrays two broad, vibronically-structured absorption peaks (A and B)

resulting from the resonant Frenkel-CT exciton interactions (black lines). Such a two-band

absorption structure has been observed in many PDI systems.56,129,136,146,147,157,158 Using Eq.

(3.2) the splitting is approximately given by,

∆AB = 2
√

2|te + th|, (3.5)

as indicated by the double-headed arrow in the figure. Note the steady increase in the oscil-

lator strength of peak B with increasing Coulomb coupling (as one moves from the left to
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right panels) due to the enhanced admixture of the optically bright k = 0 Frenkel exciton

(the diabatic CT state is assumed to carry no oscillator strength.) However, most important

to what follows is the strong sensitivity of the temperature dependent PL spectrum to the

delicate balance between the two coupling influences. In hJ-aggregates (left lower panel)

the emission is J-like with a dominant, superradiant 0–0 peak that diminishes with increas-

ing temperature (red lines) whereas in Hj aggregates (right panel) the emission is H-like

with the weak 0–0 peak increasing steadily with temperature (blue lines), as the k = 0 state

is thermally activated. Note that the null aggregate in the center panel is characterized by a

monomer-like PL spectrum (magenta lines); for the monomer the 0–0/0–1 ratio is equal to

1/λ2
f (= 1) and is temperature-independent.

Interestingly, the absorption spectral ratio a1/a2 in peak A does not provide the same

clear signature of null-aggregate behavior as the PL spectral ratio does. In the flat-band

limit (center panel) the ratio remains slightly larger than the monomer value, 1/λ2
f (= 1),

as is also the case even for the Hj aggregate in the right panel. As shown in Ref. [127], the

entire absorption spectral line shape approaches that of the monomer in the limit that the

diabatic CT and Frenkel bands become increasingly off-resonant (including the vanishing

of band B). Hence, we rely instead on the temperature dependent PL to determine aggregate

nature and in particular the proximity to a null point.

Thus far, the model shows that by making subtle modifications to the aggregate struc-

ture, one can effect changes through a null point that have dramatic consequences for the

photophysical properties of molecular aggregates. In what follows, we will show how the

coupling between Frenkel and CT excitons in the presence of Coulomb coupling impacts

the exciton band shape in both the N -phenyl and tetraphenyl PDI derivatives, leading to

the unusual hybrid (hJ and Hj) aggregate types.
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3.3 Experimental Absorption and Emission Spectra

To validate our theoretical prediction of the switching between hJ and Hj behaviors, we

have carried out comparison to the measured absorption and photoluminescence (PL) spec-

tra in solution-grown tetraphenyl and N-phenyl PDI micro-crystals. Figure 3.4 summarizes

the steady-state absorption and PL spectra of the two derivatives in the solution and crys-

talline phases. The monomer absorption spectra (Figure 3.4a,d (black dotted line)) are very

similar for the two derivatives: both monomers exhibit pronounced vibronic progressions

in their absorption line shapes resembling most PDI families,48 resulting from coupling

between the main S0 → S1 electronic transition and the symmetric vinyl stretching mode

with frequency159,160 near 1400 cm−1 and HR factor λ2
f = 0.6 (see Fig. B.1 in Appendix B).

Furthermore, the monomer PL spectrum closely mirrors that of the absorption spectrum as

seen in Fig. 3.4.

Compared to that of monomeric solutions, the absorption spectrum of many PDI ag-

gregates displays two asymmetrically broadened absorption bands with one red-shifted

and the other blue-shifted relative to the main monomer peak.56,129,136,146,147,157,158 A sim-

ilar two-band structure is observed in tetraphenyl and N-phenyl PDI aggregates in Figure

3.4a,d (black solid line), with the lowest energy electronic transition red-shifted by more

than 1000 cm−1 relative to the monomer peak. As indicated in Figure 3.2, the long-range

Coulomb coupling alone supports H-aggregates for both PDI derivatives and would there-

fore predict blue-shifted absorption bands (compared to the monomer), entirely at odds

with the reported spectra in Figure 3.4a,d. As we show here, the band-splitting behavior

observed in both PDI aggregates is primarily a result of the coupling between Frenkel and

CT excitons in the resonant regime, driven by intermolecular electron and hole transfer,

and not long-range Coulomb coupling. In general, however, both effects play an impor-
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Figure 3.4. a) Measured absorption spectrum for solution-phase (black dot) and crystalline (black
solid) N-phenyl PDI. Theoretical spectrum for a 10-mer π-stack is shown in blue. b) Measured
temperature-dependent PL spectra for the crystalline and solution-phase forms of N-phenyl PDI
normalized to the 0–1 peak intensity. c) Calculated temperature-dependent PL spectra for N-phenyl
PDI 10-mers. d) Measured absorption spectrum for solution-phase (black dot) and crystalline (black
solid) tetraphenyl PDI. Theoretical spectrum is shown in blue. e) Measured temperature-dependent
PL spectra for the crystalline and solution-phase forms of tetra-phenyl PDI normalized to the 0–0
peak intensity. f) Calculated temperature-dependent PL spectra for tetra-phenyl PDI. The theoretical
absorption and emission spectra in a), c), d) and f) were calculated using the Frenkel-CT Holstein
Hamiltonian in Eq. (2.1) utilizing the Coulomb couplings in Table 3.1 in Section 3.4 and optimized
parameters in Table B.1 (including relative dielectric constant) in Appendix B.

tant role in determining the exciton band shape and the overall hybrid "HJ" nature of the

photophysical response as already indicated in Figure 3.3.

More clues into the H/J-behavior can be gathered from the temperature-dependent PL

measurements. Figure 3.4b,e shows the steady-state PL spectra obtained from 5 K to 280 K

for the crystalline phases of both PDI derivatives. Measurements were performed on thin

crystals to eliminate reabsorption effects, and all spectra were normalized to the dominant

vibronic peak (the 0–1 peak in N-phenyl PDI and the 0–0 peak in tetraphenyl PDI). As can

be appreciated from Figure 3.4b,e, the difference between the two PDI derivatives is strik-
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ing: in the N-phenyl derivative, the 0–0 PL intensity (relative to the 0–1 intensity) almost

vanishes at the lowest temperature, but grows steadily with increasing temperature until

it eventually surpasses the 0–1 peak. Such behavior is characteristic of weakly-coupled

H-aggregates where the 0–0 peak is thermally activated,102 as discussed in greater detail

in the following Section. By contrast, in the tetraphenyl derivative, the 0–0 peak remains

dominant and several times larger than the 0–1 peak over the entire temperature range. The

0–0/0–1 intensity ratio is greater than twice that for the monomer, a strong indication of

J-aggregation, but with a coherence limited to only a couple of chromophores, as the 0–

0/0–1 ratio is approximatelyNcoh times greater than for the monomer in J-aggregates.103,161

(Here, Ncoh is the number of coherently connected chromophores.) In Section 3.4 we show

that the temperature-stable ratio of approximately two is likely due to Peierls dimerization.

In the time-resolved emission spectrum, tetraphenyl PDI exhibits a slowly decaying

red-shifted shoulder peak at ≈ 730 nm (Figure B.2 in Appendix B) with < 20% of the

peak intensity of the main peak, which can be attributed to an excimer. This excimer spec-

tral position is red-shifted from a previous report136 which suggested excimer-like emission

at 675 nm from defect sites within a polycrystalline film of tetraphenyl PDI grown from

physical vapor deposition, but falls well within the reported range of 650–850 nm.162 The

discrepancy in the excimer emission could result from a different defect type due to differ-

ent growth methods (solution grown micro-crystal in our case vs. physical vapor deposited

thin film in Ref. [136]). Because the steady-state PL spectra are dominated by the exciton

component and the ≈ 730 nm feature (13600 cm−1) is low enough in energy, the two main

vibronic features present in Figure 3.5 should not be seriously impacted by the excimer.

For N-phenyl PDI, no obvious excimer feature has been observed. Therefore, excimers are

not treated within the Hamiltonian Eq. (2.1).

The temperature-dependence of the time-resolved PL lifetimes is also consistent with

overall J- and H-like behaviors for tetraphenyl- and N-phenyl PDI aggregates, respectively.
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The experimental temperatures are varied from 5 K to 280 K and the experiments were

conducted at low pump fluence to avoid exciton-exciton annihilation. In the aggregate

form, both PDIs display multi-exponential PL decay dynamics. N-phenyl PDI aggregates

exhibit a four-fold increase in the lifetime upon cooling to 5 K (τ1 = 5.7 ns and τ2 = 20.7 ns)

in comparison to the lifetimes at 280 K (τ1 = 1.6 ns and τ2 = 5.1 ns), which could be

attributed to the decreased population of the bright state at low temperature (Figure B.3

in Appendix B). In comparison, the PL lifetime of the tetraphenyl aggregates is several

times shorter than N-phenyl PDI, possibly due to a faster-decaying (superradiant) radiative

component. The lifetimes are also nearly temperature-independent between 40–280 K,

suggesting a flat energy band, which we discuss further in Section 3.4. In the following

Section, we show how the disparate behaviors exhibited by the two PDI derivatives are

consistent with the formation of hJ- and Hj aggregates in tetraphenyl PDI and N-phenyl

PDI, respectively.

3.4 Hj- and hJ-aggregate Behavior in N-phenyl and Tetraphenyl PDI

In this Section, we show how the details in packing structure of the two PDI derivatives

contribute to their opposing emission behaviors– i.e. their hJ and Hj behaviors. Figure 3.5

shows selected views of N-phenyl PDI and tetraphenyl PDI π-stacks, as determined from

their known crystal structures.136,163 The n.n. separation in both cases is approximately

3.5 Å, but the relative orientations are quite different; in N-phenyl PDI there is just one

chromophore per unit cell (within a single π-stack) with the two n.n. chromophores shifted

along the short molecular axis by approximately 1.8 Å. Conversely, tetraphenyl PDI has

two molecules in a unit cell (within a π-stack), with neighbors displaced mainly along the

long molecular axis by as much as 3.6 Å. The relative orientations are indicated in the

contour plots of −teth and JC in Figure 3.2 which provides a qualitative assessment of the

53



Figure 3.5. Several views of N-phenyl PDI163 (left) and tetraphenyl PDI136 (right) π-stacks taken
from the known crystal structures, showing, respectively, slipping along the short-axis and long-
axis. The two views of the tetraphenyl PDI π-stack show two molecules in a unit cell (related by
inversion) giving rise to two sets of electron and hole transfer integrals. Note that the n-octyl groups
have been removed in the bottom figure of tetraphenyl PDI for clarity.

coupling interference. Interestingly, for both derivatives the two CT integrals are in-phase,

thereby supporting J-like short-range coupling, while the long-range coupling is positive

and therefore H-promoting. The overall destructive interference leads to their hybrid "HJ"-

aggregate nature, similar to what was found for TAT nanopillars.148 As we will show, it is

the competition between short- and long-range couplings which is responsible for diverse

emission behaviors observed for the two PDI derivatives.

In Table 3.1 we report results from more detailed calculations of the short-range and

long-range couplings which go beyond the perylene core approximation of Figure 3.2 and

employ the full atomistic detail obtained from the X-ray diffraction data.136,163 For N-phenyl

PDI the Coulomb couplings are uniformly positive and H-promoting while the electron and

hole transfer integrals, calculated via the method described in Ref. [164] are in-phase and

J-promoting. Because there are two molecules in a unit cell for tetraphenyl PDI, two sets of

electron and hole CT integrals are obtained, labelled "1" and "2" in the Table. The former
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Table 3.1. Calculated electron and hole transfer integrals and unscreened Coulomb couplings for
both PDI derivatives, reported in cm−1. Electron and hole integrals were evaluated using DFT
with the B3LYP functional and cc-pVDZ basis set (Gaussian 16W) using the polarization-including
procedure described in Ref. [164]. Coulomb couplings were evaluated from transition densities cal-
culated using RPA-TDDFT with ω-B97X/ma-def2svp (ORCA). The Coulomb coupling designated
Jn corresponds to the nth nearest neighbor interaction along a π-stack. The "1" and "2" rows for
tetraphenyl PDI indicate that interactions are taken with respect to the first or second molecule in
the unit cell. All calculations were done in the gas-phase using the crystal geometries and including
all substituents.

te th J1 J2 J3 J4 J5

N-phenyl PDI 994 392 1089 400 176 90 51

Tetraphenyl PDI 1 1316 953 457 59 -2.2 -9.1 -4.9

2 714 266 454 59 -1.5 -9.1 -4.4

applies to the two molecules in a given unit cell, while set "2" applies to electron and hole

transfer between two chromophores in neighboring unit cells. Hence, for tetraphenyl PDI

charge transfer differs to the "right" or "left" of a given chromophore. However, in both

cases te and th remain in-phase (J-promoting). Tetraphenyl PDI has a symmetry of inver-

sion between the two monomers in a nanopillar stack, and care was taken when assigning

the relative phase between te and th (according to the discussion in Chapter 2).

The presence of two molecules per unit cell induces Peierls splitting, making the band

structure for tetraphenyl more intricate. Interestingly, the strong asymmetry in the short-

range (JCT ) coupling leads to interesting dimer-like behavior. The Coulomb couplings

in tetraphenyl PDI are also divided into two sets, as shown in the Table, to account for

asymmetric couplings on each side of a chromophore; they remain dominantly positive (H-

like), and, unlike in N-phenyl, are mostly confined to the nearest neighbors due to the very

significant long-axis slip between neighboring molecules. The latter is also responsible for

an eventual sign change in the coupling for chromophores beyond nearest neighbors.

In what follows, the absorption and emission spectral line shapes for the two PDIs

are analyzed in detail, using the calculated values of te and th and the extended Coulomb

couplings from Table 3.1 as well as the vibronic parameters deduced from the monomer ab-
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sorption spectra in Figure 3.4a,d (see Figure B.1 in Appendix B). Spectral simulations are

based on π-stacks containing ten chromophores utilizing the Frenkel-CT-Holstein Hamil-

tonian which treats vibronic coupling quantum mechanically. The Hamiltonian is repre-

sented in a two-particle basis set and numerically diagonalized to yield the eigenstates and

eigenenergies, which are then used to construct the absorption and emission spectra. De-

tails can be found in Chapter 2 of this thesis.

N -phenyl PDI. To demonstrate the interference between short- and long-range cou-

plings in N-phenyl PDI, we show in Figure 3.6 the impact of increasing the Coulomb

coupling on 10-mer π-stacks using the electronic couplings from Table 3.1, reduced by

a factor of ϵ = 3 to account for dielectric screening. In Figure 3.6, the Coulomb coupling

is increased in going from top to bottom while the CT integrals remain constant; all of the

screened Coulomb couplings from Table 3.1 are scaled by a factor, s, beginning with s = 0

(top), i.e. no Coulomb coupling, and increasing in increments of 0.5 to s = 1.5 (bottom).

In addition, we take the diabatic CT band to be offset by, ECT − ES1 = 900 cm−1, a rea-

sonable value in agreement with previous works.148 We note that since |te + th| remains

much greater than the offset, we are well within the (near) resonance regime of Frenkel-CT

coupling.

As observed from the panels in the topmost row, in the limit of no Coulomb coupling,

the dispersionless, diabatic Frenkel and CT exciton bands interact to create bands A and B

with maximum splitting at k = 0, as follows from the in-phase relationship between te and

th. Hence, a k = 0 exciton resides at the bottom of band A, as defines J-aggregates. Based

on the values of te and th for N-phenyl (see Table 3.1) the predicted band-splitting from

Eq. (3.5) is

∆AB = 2
√

2|te + th| ≈ 4000cm−1 (3.6)

in good agreement with the actual splitting in the presence of vibronic coupling, as deter-
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Figure 3.6. Calculated band dispersions evaluated without vibronic coupling (left), associated
absorption spectra (middle) and temperature-dependent PL spectra (right) for N-phenyl π-stacks.
Electronic coupling parameters are taken from Table 3.1 but with Coulomb couplings reduced by a
factor of ϵ = 3 due to dielectric screening. The (screened) Coulomb couplings are multiplied by a
scaling factor s, starting with s = 0 in the top row (no Coulomb coupling) and increasing to s = 1.5
in the bottom row. Spectral simulations were conducted on 10-mers, including vibronic coupling
with ωf = 1400 cm−1 and λ2

f = 0.6 , values which best fit the solution phase spectrum in Figure 3.4,
with anionic and cationic HR factors each equal to 0.3. ECT − ES1 was set to 900 cm−1. Spectra
are evaluated using the Frenkel-CT Holstein Hamiltonian as described in Chapter 2.
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mined from the absorption spectrum (middle panel). The large splitting is responsible for

a substantial red-shift of peak A by about 1000 cm−1 from the monomer peak (at approx-

imately 19000 cm−1). Moreover, the ratio of the vibronic intensities a1/a2 is noticeably

larger than the monomer value of approximately 1/λ2
f = 1.67, as is characteristic of J-

aggregates.102 Also note the significant asymmetry between peaks A and B. The greater

oscillator strength in peak A is due mainly to the ordering of the diabatic Frenkel and CT

bands. Since the Frenkel band is lower in energy, the band A excitons have slightly more

Frenkel character, giving peak A slightly more oscillator strength, (the diabatic CT exci-

tons are assumed to carry no oscillator strength). The PL spectrum exhibits J-like behavior:

the 0–0 component is dominant, with the 0–0/0–1 ratio exceeding the monomer ratio by

about a factor of N (= 10) at very low temperatures.103 The ratio decreases with increasing

temperature as the k = 0 exciton, the only one which can source 0–0 emission, is thermally

depleted.102,103

Increasing the Coulomb coupling to half-strength (second row in Figure 3.6) already

shows evidence of the destructive interference between the two coupling sources. The

positive Coulomb couplings result in a diabatic ("before-mixing") Frenkel band shown in

blue with negative curvature – i.e. the k = 0 Frenkel exciton is on top of the band, as

defines Kasha H-aggregates. However, subsequent mixing with the dispersionless CT band

(in red) produces an unusual mustache-shaped dispersion for band A,148 in which the k = 0

exciton now lies within the band, approximately 100 cm−1 above the band bottom. The

intermediate position of the k = 0 exciton is a hallmark characteristic of the destructive

interference inherent to HJ aggregates107 and follows from Eq. (3.2) when using extended

Coulomb interactions. Thermal activation is now required to populate the k = 0 exciton

in order to provide 0–0 emission. The PL spectrum therefore shows hybrid HJ behavior

– an initial H-like growth with increasing temperature which eventually rolls over and

undergoes a J-like decay with further temperature increases.165 Finally, note that the A-
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B band-splitting in the absorption spectrum hardly changes with the increase in Coulomb

coupling to s = 0.5, since the splitting is mainly sensitive to the sum |te + th|. Peak B does,

however, acquire greater oscillator strength compared to the case when Coulomb coupling

is absent (top row) due to the enhanced resonance between the k = 0 diabatic CT and

Frenkel excitons observed in the left panel.

Further increasing the Coulomb coupling (last two rows in Figure 3.6) results in a con-

tinued increase in peak B intensity so that it becomes the dominant band. The increased

Coulomb coupling also results in a diminishing a1/a2 ratio as the H- character continues

to increase; for example, when s = 1.5 (last row) a1/a2 is approximately 1.2, substantially

less than the monomer value of 1/λ2
f = 1.67. Moreover, the increased activation energy for

populating the k = 0 exciton population within the mustache-shaped dispersion band leads

to a monotonic H-like increase in the 0–0 peak relative to the 0–1 peak in the PL spectrum

with no roll-over to J-like behavior as is observed when s = 0.5. Note that when s = 1, the

spectral characteristics are qualitatively very similar to what was obtained experimentally

for N-phenyl, see Figure 3.4c. When we fine tune the couplings for optimal agreement

between the simulated and measured spectra (as described in the caption of Figure 3.4), we

obtain the spectra shown in Figure 3.4a,c, which agree well with experiment.

Tetraphenyl PDI. As reported in Table 3.1, in tetraphenyl PDI π-stacks the

n.n. Coulomb coupling is positive (H-promoting) but rapidly decreases (and even becomes

negative) for more distant neighbors due to the significant longitudinal shift between neigh-

boring chromophores. The short-range coupling is J-promoting (te and th are in-phase) but

is strongly asymmetric due to the slightly different shifts experienced by the right and

left nearest neighbors (see Figure 3.5) and the extreme sensitivity of both electron and

hole transfer integrals to sub-Ångstrom shifts in geometry, see Figures 3.2. The calculated

electron and hole transfer integrals (labeled with an index "1") are largest between the two

chromophores in a unit cell and much weaker ("2") between chromophores in different (but
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neighboring) unit cells. In what follows, it is convenient to view the π-stack as a linear ar-

ray of weakly coupled dimers, where each dimer is comprised of the two strongly-coupled

molecules within a unit cell ("1").

To understand how the asymmetry in the short-range coupling affects the exciton band

structure, we first examine the simplest case where there is no Coulomb coupling (row 1

in Figure 3.7). The strong, intra-dimer short-range couplings create a Peierls-like band-

splitting within both the lower (A) and upper (B) adiabatic Frenkel-CT bands, and creating

two lower-energy bands AL and AU, as well as two higher-energy bands BL and BU as

demonstrated in the left panel of Figure 3.7. The splitting within the A band (and within the

B band) depends mainly on the interference between the short-range coupling induced by

the large intra-dimer transfer integrals ("1") (compared to the inter-dimer transfer integrals

("2")) and the intra-dimer Coulomb coupling. In the case where te and th are in-phase, as

occurs in tetraphenyl PDI, the short-range coupling is J-promoting, so that when JC = 0,

oscillator strength is deposited in the lowest energy state – the k = 0 exciton in band AL –

with the band AU remaining optically dark to absorption. By contrast, in the higher energy

band, the oscillator strength is consumed by the k = 0 exciton in BU (BL is optically dark).

Hence, the absorption spectrum retains the two-band structure with a red-shifted peak AL

accompanied by a blue-shifted peak BU, with a band-splitting ∆ALBU of about 4600 cm−1

from Figure 3.7 (top middle panel). The splitting agrees well with the exact expression

derived for two molecules per unit cell in the absence of vibronic coupling,

∆ALBU = 2
√

(te1 + th1)2 + (te2 + th2)2 (3.7)

Note that Eq. (3.7) reduces to Eq. (3.5) when there is no asymmetry (te1 = te2 and

th1 = th2).
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Figure 3.7. Calculated band dispersions evaluated without vibronic coupling (left), associated
absorption spectra (middle) and temperature-dependent PL spectra (right) for tetraphenyl PDI π-
stacks as a function of increasing Coulomb coupling in going from top to bottom rows. Electronic
coupling parameters are taken from Table 3.1 but with Coulomb couplings reduced by a factor of ϵ
= 3 due to dielectric screening. The Coulomb couplings are multiplied by a scaling factor s, starting
with s = 0 in the top row (no Coulomb coupling) and increasing to s = 1.6 in the bottom row.
Spectral simulations were conducted on 10-mers including vibronic coupling with ωf = 1400 cm−1

and λ2
f = 0.6, values which best fit the solution phase spectrum in Figure 3.4, with anionic and

cationic HR factors each equal to 0.3. ECT −ES1 was set to 900 cm−1. Spectra are evaluated using
the Frenkel-CT Holstein Hamiltonian as described in Chapter 2.
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The temperature dependence of the PL spectrum ultimately arises from the shape of the

lower band AL, which, in the absence of Coulomb coupling, maintains a positive curvature

(J-like) with the k = 0 state at the band minimum. Hence, as observed in Figure 3.7 (top

right panel) the emission is J-like, with the 0–0/0–1 PL ratio significantly larger than that of

the monomer at low temperatures but decreasing significantly with increasing temperature

(as the k = 0 population is depleted). Note that even at the highest temperature the 0–0/0–1

PL ratio is about twice the monomer value (see Fig. 3.4), as in a J-dimer,107 because kBT

is still much smaller than the AL–AU band-splitting.

As the Coulomb coupling increases, the two-band absorption spectrum in Figure 3.7 is

almost an invariant. Here, the H-like Coulomb coupling is not strong enough, even at its

highest setting (s = 1.6), to significantly alter the large intra-dimer splitting between the

AL and AU bands induced by the short-range interactions. Therefore, the intra-dimer inter-

actions remain dominantly J-like in all cases, where the lowest energy band (AL) possesses

the bright k = 0 state. However, the Coulomb coupling does eventually invert the curvature

of the (emitting) AL band, since it can more easily destructively interfere with the weaker

inter-dimer short-range couplings. This is reflected in the temperature dependence of the

PL spectra: when the AL band is almost completely rendered flat (s = 0.8) the PL line

shape is practically temperature-independent resembling that of a J-dimer at all tempera-

tures, i.e. what one would expect from a system of uncoupled dimers. For larger Coulomb

couplings the AL band curvature becomes negative and the PL spectrum becomes H-like

with the 0–0/0–1 peak ratio now increasing with temperature. Note that at the highest tem-

peratures, for all Coulomb couplings considered in Figure 3.7, any small curvature in the

lower band is overcome by kBT and the PL spectrum evolves into the J-dimer line shape,

where the 0–0/0–1 ratio is about twice that of the monomer.

The experimental PL spectrum of tetraphenyl-PDI in Figure 3.4e exhibits almost no

temperature dependence of the 0–0/0–1 ratio, with a 0–0/0–1 ratio about twice as large
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the monomer, consistent with a positive (H-promoting) Coulomb coupling which is strong

enough to nullify the inter-dimer ("2") short-range coupling, resulting in emission akin to

non-interacting J-dimers. Hence, tetraphenyl PDI forms hJ-aggregates. When we fine tune

the couplings (as reported in Table B.1 in Appendix B) for optimal agreement between

the simulated and measured spectra, we obtain the spectra shown in Figure 3.4d,f. The

simulated absorption spectrum agrees well with the experiment and manages to account

for the vibronic structure spread over the two main (A, B) peaks. Interestingly, as for N-

phenyl PDI, the electron and hole integrals require a scaling by 0.8 in order to accurately

reproduce the A/B splitting. Most importantly, the temperature independence and shape of

the PL spectrum agrees well with experiment.

To better understand the temperature-independent J-like emission behavior in

tetraphenyl-PDI, it helps to separately analyze the nullifying condition for a dimer in each

set of Frenkel-CT coupling interferences ("1" and "2"). This analysis is restricted to the

case relevant for the PDI molecules in this current study, where te and th are in-phase, such

that JCT alone induces J-like behavior. For a dimer, the positive (H-like) Coulomb cou-

pling required to cancel out the J-like influence of the CT coupling can be determined from

Eq. (2.9) in Chapter 2 such that,

Jdimer
F B = 4teth

(ECT − ES1) +
√

(ECT − ES1)2 + 4(t2e + t2h)
(3.8)

The condition for a null-dimer in Eq. (3.8) is similar to that of a null-extended-aggregate

in Eq. (3.4), only differing by a factor of 4 (instead of 8) in the denominator. For a system

with asymmetric CT couplings as observed in tetraphenyl-PDI, one can approximately use

the null-condition given by Eq. (3.8) separately for the inter-dimer ("2") and intra-dimer

("1") couplings to estimate the Coulomb coupling required to flatten the lowest emitting

band (AL). If we use the unoptimized inter-dimer values of te2 and th2 for the tetraphenyl

63



PDI (see Table 3.1) in Eq. (3.8), we obtain the value Jdimer
F B = 190 cm−1 required to nul-

lify the inter-dimer CT coupling. This value is similar to the calculated nearest neighbor

Coulomb coupling for tetraphenyl PDI, which is 150 cm−1. Hence, the lowest exciton band

in tetraphenyl-PDI is almost completely flat, leading to a temperature-invariance in the ob-

served 0–0/0–1 ratio. Interestingly, if we instead use Eq. (3.8) with te1 and th1 (in Table

3.1) to estimate the value of the Coulomb coupling required to cancel the intra-dimer in-

teractions – i.e. to prevent the strong Peierls-like band-splitting present in tetraphenyl-PDI,

we obtain Jdimer
F B = 850 cm−1, which is much greater than the calculated Coulomb cou-

plings. Since the intra-dimer interference remains dominantly J-like (from the relatively

stronger CT coupling), the 0–0/0–1 emission signature is that of a J-dimer in tetraphenyl-

PDI. Therefore, the vibronic ratio reflects the intra-dimer Frenkel-CT interference, whereas

the temperature-dependence reflects the inter-dimer Frenkel-CT interference.

3.5 Discussion/Conclusion

In this Chapter, the spectral line shapes of N,N ′-bis(n-octyl)-2,5,8,11-tetraphenyl-PDI

and N,N ′-bis(phenyl)-PDI were theoretically analyzed using the Frenkel-CT Holstein

Hamiltonian introduced in Chapter 2. Both derivatives show convincing evidence of an

effective destructive interference between the H-promoting Coulomb couplings and the

J-promoting short range couplings derived from intermolecular charge transfer between

neighboring chromophores within a π-stack. Interestingly, the two derivatives straddle a

null point – the point at which the destructive interference is so efficient as to create a flat

dispersionless exciton band – but appear on opposite sides, as determined primarily by the

temperature-dependent steady-state PL line shapes. Hence, N-phenyl PDI, with slightly

dominant Coulomb interactions, forms Hj-aggregates, while tetraphenyl PDI with slightly

dominant short-range interactions, forms hJ-aggregates.
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Both PDI derivatives produce similar absorption spectra in the crystal phase, charac-

terized by two main bands, A and B. The band-splitting is reflective of strong resonant

coupling between the k = 0 Frenkel and CT excitons, driven by the in-phase electron

and hole transfer integrals (teth > 0). The stronger Coulomb coupling in N-phenyl PDI

leads to a slightly larger oscillator strength in the higher-energy band (B) vs. the lower-

energy band (A), while in the more J-like tetraphenyl PDI the oscillator strength is larger in

band (A). However, a far more dramatic difference exists in the PL spectra. N-phenyl PDI

displays classic H-like emission behavior,102 with the 0–0/0–1 PL ratio increasing mono-

tonically with increasing temperature, while tetraphenyl PDI displays a J-like PL spectrum

with a dominant 0–0 peak. In tetraphenyl PDI, the 0–0/0–1 ratio exceeds the monomer

value by about a factor of two and is practically independent of temperature, indicative of

dimer localization caused by the presence of two strongly-coupled molecules per unit cell.

The opposing PL spectral behaviors best reflect the competition between the H-promoting

Coulomb coupling and the J-promoting CT-mediated coupling. In N-phenyl PDI π-stacks,

the larger Coulomb coupling arising from the more efficient (side-by-side) overlap between

neighboring chromophores tilts the scales in favor of H-like PL behavior (Hj-aggregates).

Conversely, in the hJ -aggregates (π-stacks) of tetraphenyl PDI, neighboring chromophores

are longitudinally displaced by more than 3 Å, leading to a much weaker (but still posi-

tive and therefore H-promoting) Coulomb coupling which is overwhelmed by the stronger

J-promoting CT-mediated coupling within the unit cell "dimers."

Despite the overall good agreement between the calculated and measured spectra, there

remain some notable discrepancies. For example, in the PL spectrum for N-phenyl PDI, the

0–0 peak retains a small but significant intensity down to the lowest temperatures, ≈ 5 K.

This is very likely the result of static disorder in the form of site imperfections, such as

vacancies, chemical impurities, and localized stress, or, from longer-range structural im-

perfections such as stacking faults and dislocations.166 Such defects have been studied
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theoretically in oligoacenes167 as well as oligothiophene and oligophenylene-vinylene her-

ringbone lattices104,168,169 but have not been included in the present work. Disorder breaks

the translational symmetry, causing the band states to mix. As a result, the lowest energy

(emitting) state, which is a k ̸= 0 exciton in N-phenyl PDI, borrows 0–0 oscillator strength

from the bright k = 0 state which exists at slightly higher energies (see the exciton band

shapes in Figure 3.6). Energy transfer within a disordered landscape also enhances the

Stokes shift. In both PDI derivatives the Stokes shift is larger in the solid-phase (1200–

1400 cm−1) vs. solution (300–400 cm−1). In future work we will test these hypotheses by

averaging over disorder ensembles with varying degrees of spatial correlation.

Future work will also focus on exciton dynamics in the Hj vs. hJ PDI systems. We ex-

pect that dimer trapping in tetraphenyl PDI will lead to a diminished diffusion constant for

exciton transport along the π-stacking direction. Such trapping and subsequent ultrafast,

intra-dimer relaxation has been suggested in several works.99,170,171 It would be interesting

to evaluate exciton-exciton annihilation in both PDI derivatives, possibly revealing further

differences due to the destructive relationship between short- and long-range couplings.

The proximity of the N-phenyl derivative to a null point means that relatively small per-

turbations, such as the application of hydrostatic pressure or chemical tuning, can cause

hJ and Hj interconversions as revealed through changes in temperature dependent PL line

shapes and possibly changes in exciton diffusion coefficients. The ability to direct such

changes would represent a significant step in furthering our goal of band shape engineering

for targeted applications.
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CHAPTER 4

A HOLSTEIN-PEIERLS APPROACH TO EXCIMER SPECTRA:
THE EVOLUTION FROM VIBRONICALLY STRUCTURED TO

UNSTRUCTURED EMISSION

In this Chapter, the Frenkel-CT-Holstein Hamiltonian that has been introduced in Chap-

ter 2 and applied in Chapter 3 is extended to account for excimer features in the photolumi-

nescence spectra of a PDI dimer. Prior to this work, a semi-empirical exciton approach has

not been used to model excimer emission. This Chapter explores the important role of both

local and nonlocal intermolecular vibrational coupling, incorporated through a Holstein-

Peierls Hamiltonian, in inducing the large Stokes shift, broadening, and decreased quan-

tum yield that is commonly observed in excimer systems. First, previous excimer models

are presented and areas in need of more theoretical insight are discussed. The extension

to the Hamiltonian in Chapter 2 is then introduced by calling upon previous theoretical in-

sight. While this new model is applicable to many systems, and the geometric detail of the

intermolecular mode are not requirements as input parameters, the Chapter concludes by

successfully comparing to experimental absorption and emission spectra for two different

bis-PDI complexes. The model is able to account for differences in the excimer photolumi-

nescence as most likely due to the different nonlocal intermolecular vibronic coupling that

is uniquely experienced by each system.

This Chapter has been published in J. Phys. Chem. C 2022, 126, 8, 4067–4081. Adapted with permission.
Copyright 2022 American Chemical Society.
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4.1 Introduction

In 1955 Förster and Kasper,172 followed by Birks and coworkers90–92 in the 1960s, pio-

neered spectroscopic studies on pyrene in solution in order to better understand the mech-

anism of the broad, structureless, Stokes-shifted peak that occurs only in the fluorescence,

but not absorption spectrum, upon increasing concentration. This same characteristic flu-

orescent signature is observed in a variety of other small organic π-stacked dimers173–175

and has been commonly termed an "excimer," as was first coined by Stevens and Hutton in

1960 in order to describe a dimer which is only stabilized in its excited state.176 However,

the term has been widely extended to describe similarly classified peaks that also occur in

the crystal-phase of π-stacked small organic chromophores.

Solution- and crystal-phase excimers are believed to be of similar origin due to the

overlap of the fluorescence spectrum of a highly concentrated solution with the spectrum

of a crystal.89,177 The broad, structureless, red-shifted features of the excimer are commonly

attributed to a structural reorganization from an attractive excited state Born-Oppenheimer

potential to a minimum excited state geometry, which then emits to a repulsive ground

state potential.173 The dissociative ground state potential in the original model was ap-

proximated using two interacting neutral spheres, a model that becomes even more ap-

proximate when neglecting attractive Van der Waals forces and favorable interactions in

a crystal environment.178 However, as pointed out previously, excimer-like shifts can still

arise from a bound ground state potential, where broadening arises from the inclusion of

intermolecular vibrations.73,179

While each state’s relative oscillator strength competes in the steady-state absorption

spectrum, emission commonly occurs from the lowest energy excited states, and therefore

fluorescence spectra can originate from a variety of different geometries, ranging from the

ground state to deformed or excited state configurations.175 Overall, literature commonly
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agrees that excimer formation involves structural relaxation along an intermolecular coor-

dinate towards a geometry that exhibits larger π-orbital overlap, typically within a picosec-

ond timescale for perylene diimide (PDI) dyes.178,180 Excimers have been demonstrated to

arise from exciton-like precursors on a picosecond timescale, where the final excimeric

state can further relax preceding a nanosecond radiative decay.181,182 It is therefore often

assumed under the adiabatic approximation that steady-state emission dominantly occurs

from the "excimer geometry," or from a relaxed excited state geometry;73 however, some

theoretical approaches attribute excimer signatures to an average emission over several dif-

ferent geometries.183,184

Original studies involving crystalline pyrene had suggested that the low-energy fluores-

cence peak arises from a) dipole-dipole interactions173 or b) charge transfer transitions.185

Subsequent theories propose that excimer states arise from Frenkel exciton and charge

transfer (CT) exciton mixing in a relaxed intermolecular geometry.89,173,179,186–188 Recently,

Wasielewski et al. postulated an upper and lower threshold for the magnitude of the

Frenkel-CT coupling required for excimer formation;189 however, an intuitive physical jus-

tification is lacking, highlighting the need to better understand the role of CT states in

excimer evolution.

Most excimer fluorescence spectra are recorded at room temperature, where emission

no longer occurs from only the lowest energy state due to thermal population. The pio-

neering work of Birks and coworkers first determined that excimer formation of pyrene

in solution is diffusion-controlled, concentration-dependent, and reversible.90–92 Some ex-

periments show a relative decrease of the excimer peak accompanied by an increase in

monomer fluorescence with temperature, presumably as the dimer dissociates.89,177,190,191

Oddly, further experiments observe structured excimer peaks in solution, even after sub-

tracting out monomer emission.73,192 Furthermore, even in the crystal-phase, some ex-

periments reveal a competition between conventional excimer emission and exciton (or
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monomer-like) structured emission,193,194 while in other studies, excimer emission appears

dominant.195,196 However, in a crystal lattice or in a rigid covalently-linked dimer such

as that in Fig. 4.8 (see Section 4.5), the "monomer" emission peak becomes more diffi-

cult to justify. In some cases, a blue-shifted vibronically-structured peak grows in with

temperature, which has been attributed to a lower exciton peak,197 or the emergence of a

free-exciton band.198 Recently, temperature-dependent emission studies on a PDI foldamer

revealed that in one solvent both the excimer and the "monomer"-like signatures increase

in intensity as a function of temperature,194 a trend that contradicts an interpretation based

on an equilibrium between monomer and foldamer (dimer) phases. Hence, while excimer

emission remains commonplace in many systems, the detailed nature of excimers remains

theoretically elusive.

Formerly, exciton models have not been considered suitable for describing excimer for-

mation due to their neglect of intermolecular vibrational modes and, therefore, ab initio

dimer methods have been the favored theoretical approach.73,74 Some drawbacks to relying

on ab initio methods to implement the intermolecular behavior in the emission is that inclu-

sion of many atoms and vibrations is computationally expensive, while obtaining accurate

relative CT and Frenkel states remains quite theoretically challenging.199

Previous approaches including local vibronic coupling via Holstein-style Frenkel-

CT Hamiltonians have been successful in simulating fluorescence spectra with clear in-

tramolecular vibronic progressions (effective modes on the order of 1400 cm−1).98,128,200

In this Chapter, we expand the Hamiltonian to also include local and nonlocal (i.e. Peierls-

like) coupling involving a slow, intermolecular torsional mode, such as that pioneered by

Munn and Silbey,201 in order to describe excimer emission. In our approach, exciton states,

CT states, intramolecular vibrations, and intermolecular vibrations are all treated on equal

footing in order to simulate both absorption and emission, which, to the best of our knowl-

edge, has not been done previously. The use of a simple model helps to clarify the minimum
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physical requirements to observe excimer emission, and can powerfully point to spectro-

scopic trends as a function of a small set of physical parameters, at a smaller computational

cost.

The model proposed in this work gives insight into the role that Frenkel excitons, CT

states, intramolecular vibrations, and intermolecular vibrations all play in the formation

of excimer emission in dimers of small organic chromophores. We find that excimer sig-

natures can be induced by either 1) local coupling of the dimer CT states to an effective

intermolecular vibrational mode or 2) nonlocal coupling, in which the intermolecular vi-

brational mode modulates the coupling between the Frenkel and CT states. However, both

local and nonlocal coupling are required to successfully simulate experimental spectra with

reasonable parameters. Our model suggests that the excimer states have a large charge

transfer character, which is consistent with the small transition dipole moments and long

lifetimes observed in many experimental studies of excimers.93,195,202

In what follows, both the absorption and emission spectra of two bis-PDI dyes presently

referred to as bis-PDI-A and bis-PDI-B in which two PDI chromophores are covalently

linked by a xanthenyl bridge [from Reference [58]], are successfully simulated using the

model proposed in this Chapter. For a given PDI derivative, a common set of model pa-

rameters was used to obtain both the absorption and emission spectra. Bis-PDI-A dis-

plays a conventional broad, structureless and Stokes-shifted excimer emission, while bis-

PDI-B exhibits an unstructured broad excimer peak at lower energy, but with a structured

intramolecular vibronic progression of a 1400 cm−1 mode at higher energies – typical

signatures of either monomer emission or emission from Frenkel excitons coupled to in-

tramolecular vibrations. We find that weaker nonlocal couplings at reasonable CT energies

generate a composite fluorescence spectrum that exhibits both structured and unstructured

components, whereas stronger nonlocal coupling, or further stabilization of the diabatic

CT state, increases the Stokes shift of the excimer peak until no intramolecular vibronic
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structure is achieved at room temperature. In a simplified picture, the structured compo-

nents can be attributed to having more Frenkel-exciton character whereas the unstructured

components arise from the strong intermolecular coupling to the CT state. While other

approaches employ an averaging over emission spectra at various geometries,183,184 the

present model model treats the intermolecular coordinate quantum mechanically, yielding

emitting states which themselves are wave function superpositions over Frenkel and CT

basis functions with a prescribed number of intermolecular vibrational quanta.

4.2 The Model

In what follows, we consider a simple dimer system, which will help better understand

excimers both in the solution and crystal phase.175 In fact, recent studies suggest that in

organic thin films the initial delocalized excitation very rapidly localizes to a dimer on a

femtosecond timescale, further amplifying the importance of studying dimer systems.80,203

However, our model could be straightforwardly extended to a linear stack of three or more

chromophores. The model proposed here builds on the physical insight obtained by previ-

ous investigations, the first of which corresponds to a structural reorganization of a dimer

in the excited state.

The Holstein model includes structural reorganization via a local vibronic coupling

term governed by ℏωλ, where ω is the vibrational frequency, and the dimensionless quan-

tity λ is proportional to the relative displacement between the minima of the ground and

excited state potentials along the associated vibrational coordinate (see Fig. 4.1).204 The

corresponding nuclear relaxation energy is given by ℏωλ2, where λ2 is the Huang-Rhys

(HR) factor.

Previous work by Spano and coworkers has mainly focused on the importance of in-

tramolecular vibrational coupling in systems of small organic chromophores or polymers,
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incorporating a fast vinyl stretching mode ωf ≈ 1400 cm−1 with an HR factor λ2
f ≈ 1

obtained from experimental monomer spectra (Fig. 4.1a).98,128 In the present work, we

incorporate structural reorganization along an intermolecular coordinate in the dimer ex-

cited state through a slow intermolecular vibrational mode, with the coupling governed by

ℏωsλs. We consider a mode energy of the order of ωs ≈ 100 cm−1, an order of magnitude

smaller than the intramolecular mode, but with an HR factor as high as 20 in order to ob-

tain a substantial relaxation energy. Such a mode has been deemed essential for excimer

formation.94 The mode can consist of any compression, sliding or torsional motion; the

specifics are not required as input in the proposed model. In the following analysis, it is

assumed that the motion is along the coordinate which relaxes to the dimer’s first excited

state minimum, which is assumed to be a torsional motion in PDI73 or perylene180 dimers.

The inclusion of intermolecular vibrations with large reorganization energies has the

ability to induce a large Stokes shift and broadening−two typical features of excimer spec-

tral signatures. To this end, one must consider how progression along the intermolecu-

lar coordinate impacts the energies of the various dimer excited states (i.e. Frenkel-like

vs. CT) with the possible formation of new excited state equilibrium geometries, where the

reorganization energy relates to the strength of the coupling through λs. As pointed out

previously,205 the coupling can be significant in excited states with a large CT character,

since relative changes in orientation between a cation and anion will influence the site en-

ergy of the CT state (Fig. 4.1b). Therefore, we introduce local intermolecular vibrational

coupling to the CT states, but neglect it for the Frenkel states.

Intermolecular vibrations will not only impact the local diabatic energies as described

above but will also induce changes in the electronic coupling between the monomeric com-

ponents of the dimer during evolution along the intermolecular mode (Fig. 4.1b). While

exciton coupling between transition dipoles requires large changes in geometry in order to

significantly alter the coupling, the transfer integrals involved in Frenkel-CT coupling are
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Figure 4.1. Definition of reorganization energies along a) a fast intramolecular (qf ) and b) a
slow intermolecular (qs) effective vibrational coordinate, where b) highlights the strong (negligible)
coupling of the CT (Frenkel) potential along the intermolecular coordinate. The intramolecular
vibrational mode in a) is represented by a 1400 cm−1 vinyl-stretching mode. Definitions of t0

e/h and
tR
e/h, which demonstrate the change in electronic coupling between the Frenkel and CT states along

the effective intermolecular mode, are displayed in b) and correspond to the changes in relative

intermolecular geometry. In the text, qf/s is defined as

〈
b†

n/s
+bn/s

〉
2 .

highly sensitive to even small sub-Ångstrom shifts in relative geometry.127 Therefore, the

so-called nonlocal coupling between Frenkel and CT states induced by the intermolecular

mode will be incorporated in our model, while nonlocal coupling between Frenkel states is

assumed to be negligible. Many groups have previously included nonlocal intermolecular

coupling in dynamics studies using either a Peierls-Holstein-Hamiltonian206,207 or by Tay-

lor expanding the coupling constants along a Born Oppenheimer intermolecular vibrational

coordinate.205

Overall, the Holstein-Peierls (HP) Hamiltonian analyzed in this work can be decom-

posed into pure electronic components consisting of Frenkel (HF ) and CT (HCT ) terms, as

well as vibrational/vibronic terms involving the fast intramolecular mode (Hf
vib), and the

slow intermolecular mode (Hs
vib),

HHP = HF +HCT +HF −CT +Hf
vib +Hs

vib. (4.1)
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The final addition (Hs
vib) to the Holstein-Peierls Hamiltonian, which is essential to ex-

cimer formation, incorporates the coupling to an effective slow intermolecular vibrational

mode, with frequency ωs ≈ 100 cm−1. The local (Hs
L) and nonlocal (Hs

NL) inter compo-

nents involving only the slow mode are expressed through

Hs
vib = ωsb

†
sbs +Hs

L +Hs
NL. (4.2)

where b†
s (bs) is the creation (annihilation) operator of an intermolecular phonon in the

unshifted potential of the dimer. The local coupling involving the slow mode is accounted

for in Hs
L, and represents a shift of the harmonic potential well only for CT states with HR

factor (λCT
s )2. We have for the dimer,

Hs
L = −ωsλ

CT
s

2∑
n=1

[
(b†

s + bs) − λCT
s

] ∣∣∣n+, (n+ 1)−
〉〈
n+, (n+ 1)−

∣∣∣ . (4.3)

Additionally, nonlocal coupling involving the slow mode is manifested in potentially

large changes in the Frenkel-CT coupling along the intermolecular coordinate, qs, as re-

alized, for example, by the increased molecular orbital overlap in the relaxed excimer

geometry.208 We incorporate this effect by expanding te/h to first order in qs

te/h ≈ t0e/h + ge/hqs (4.4)

where t0e and t0h represent the electron and hole transfer integrals, respectively, correspond-

ing to the relaxed ground state geometry (see Fig. 4.1), and where the nonlocal coupling is

governed by

ge/h ≡
∂te/h

∂qs

. (4.5)

One can incorporate the nonlocal coupling term, ge/hqs, quantum mechanically through a
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Holstein-Peierls model. In reduced coordinates, the nonlocal Frenkel-CT coupling term in

the Hamiltonian can be written as

Hs
NL = ge

(b†
s + bs)

2

( ∣∣∣1+, 2−
〉〈

1
∣∣∣ +

∣∣∣2+, 1−
〉〈

2
∣∣∣ + h.c.

)
+gh

(b†
s + bs)

2

( ∣∣∣1+, 2−
〉〈

2
∣∣∣ +

∣∣∣2+, 1−
〉〈

1
∣∣∣ + h.c.

) (4.6)

where the (dimensionless) operator form of qs is (b†
s + bs)/2. With qs so defined, its expec-

tation value at the diabatic CT potential minimum occurs when < qs >= λCT
s . Hence, the

nonlocal coupling parameter can be approximated (assuming λCT
s ̸= 0) from the extreme

geometries as:

ge/h ≈
tRe/h − t0e/h

λCT
s

(4.7)

where tRe and tRh are the electron and hole transfer integrals, respectively, calculated at the

relaxed excited state geometry, see Fig. 4.1.

The basis set used in this paper is similar to the multiparticle basis set pioneered

by Philpott,144 which has been introduced in Chapter 2 and applied in many previous

works involving Frenkel-CT coupling;98,127,131 however, here we include an additional in-

termolecular vibrational degree of freedom. Accordingly, one- and two-particle states

are represented as
∣∣∣n, ν̃n; νF

s

〉
and

∣∣∣n, ν̃n;n′, ν ′
n′ ; νF

s

〉
respectively, where there is an ad-

ditional νF
s vibrational quanta in the intermolecular potential well corresponding to the

locally excited Frenkel (F) exciton dimer. Lastly, the charge transfer states can be writ-

ten as
∣∣∣n+, ν+

n ; (n+ 1)−, ν−
n+1; νCT

s

〉
(for a dimer, chromophore n + 1 is understood to be

chromophore 1 when n = 2), where there are νCT
s intermolecular vibrational quanta in the

(shifted) harmonic well corresponding to the dimer CT state. It is important to note that

the basis set so described is formally complete for a dimer. A given eigenstate of HHP can

then be expanded as,
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|Ψα⟩ =
∑
n,ν̃

∑
νF

s

cα
n,ν̃;νF

s

∣∣∣n, ν̃n; νF
s

〉
+

∑
n,ν̃

∑
n′,ν′

∑
νF

s

cα
n,ν̃;n′,ν′;νF

s

∣∣∣n, ν̃n;n′, ν ′
n′ ; νF

s

〉

+
∑

n,ν+,ν−

∑
νCT

s

cα
n,ν+,ν−;νCT

s

∣∣∣n+, ν+
n ; (n+ 1)−, ν−

n+1; νCT
s

〉 (4.8)

Generally, an emitting state of the form Eq. (4.8) possesses qualities of both Frenkel and

CT excitons, yielding observables which take on an intermediate character. For exam-

ple, under local coupling, the expectation value of the slow coordinate qs lies between 0

(Frenkel-exciton) and λCT
s (CT-exciton). This view is consistent with the findings of Refer-

ences [209, 210] where vibrational spectroscopy was used to show that in certain molecular

dimers, the excimer properties are intermediate between those of local and CT excitations.

Absorption and emission formulas incorporating intermolecular vibrations are listed in

Section 2.8 in Chapter 2. Hot transitions are included by taking a thermal average over a

Boltzmann distribution of vibrationally-excited electronic ground states. A Boltzmann dis-

tribution of the emitting eigenstates was also taken to determine the temperature-dependent

emission spectra. In what follows, we neglect the effects of self-absorption, disorder,

triplet states, the small CT transition dipole moment, as well as the anharmonicity of low-

frequency wells. Furthermore, we assume that the k = 0 exciton retains all of the oscillator

strength, and therefore neglect any dipole moment misalignments caused by motion along

the intermolecular coordinate. For the bis-PDI-A and bis-PDI-B applications, we therefore

neglect the oscillator strength of the lower Davydov component induced by the small de-

viations from an eclipsed geometry. We found that these approximations do not effect the

essential physics of excimer formation, and the details of their photophysical effects will

be left for future work.
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4.3 Local and Nonlocal Intermolecular Coupling in Linear Absorption Spectra

The model proposed in this work is able to simulate both the absorption and emis-

sion spectra with a common set of parameters. Fig. 4.2 depicts the calculated absorption

spectrum of a monomer (Fig. 4.2a) and a dimer (Fig. 4.2b) using the Hamiltonian in Eq.

(4.1). The clear vibronic progression observed in both the monomer and dimer is a result

of local coupling to the fast intramolecular mode. In the dimer, the molecules are prac-

tically eclipsed so that the transition dipole moments on each monomer are parallel as in

an H-aggregate. Accordingly, the Coulomb coupling is positive and the electron and hole

transfer integrals out-of-phase (H-like), as is the case for the PDI dimers considered in de-

tail later on. Hence, the dimer can be described as an HH-aggregate.107,127 Accordingly, in

going from the monomer to the dimer, one observes an inversion of the ratio between the

first two vibronic peaks (0–0/1–0).

Furthermore, Fig. 4.2 demonstrates that in the case of this study’s experimentally rele-

vant couplings, which includes also out-of-phase nonlocal couplings (ge = −gh, see Sec-

tion 4.5), the absorption spectrum is practically unchanged by the inclusion of either local

or nonlocal coupling to the slow, intermolecular mode. This supports the approach in pre-

vious works that the coupling parameters corresponding to the ground state geometry are

mainly responsible for the absorption spectrum. Strong and Hestand demonstrated how

nonlocal couplings can variously broaden the different k exciton states in linear absorption

spectra in crystalline pentacene.200 However, in their model the nonlocal coupling is incor-

porated indirectly through an average over different ground-state geometries produced by

molecular dynamics. Our model does not average over different ground-state geometries,

but does include the quantum mechanical nonlocal coupling due to a change in the dimer’s

first excited-state geometry.

78



Figure 4.2. Calculated room temperature linear absorption spectrum of a) a monomer and b)
a "side-by-side" dimer, which demonstrates the dominating effect of the electronic couplings in
inducing H-like behavior. In b) the full Hamiltonian, HHP , is employed. Only small changes
are caused by the local ((λCT

s )2 = 14) and nonlocal (NL) (gh = −ge = 280 cm−1) intermolecular
coupling terms in Eq. (4.1). Spectra were simulated with the parameters: ECT −ES1 = 1400 cm−1,
JC = 333 cm−1, th = −te = 280 cm−1, ωs = 100 cm−1, ωf = 1400 cm−1, λ2

f = 0.7, and with a
lineshape of 420 cm−1. For the "No Coupling" curve (black) in b): λCT

s = ge = gh = 0.

Although the absorption spectrum is practically unaffected by either local or nonlocal

intermolecular coupling involving the slow mode, such is not the case for the fluorescence

spectrum. As demonstrated in the following sections, emission is profoundly impacted by

the slow mode, which causes evolution towards a relaxed excited state. Whereas absorp-

tion is mainly governed by transitions from the ground state, along with a few hot-band

transitions involving the slow intermolecular mode, emission derives from a relaxed (dis-

placed) excited state geometry with transitions terminating on a number of intermolecular

vibrational quanta in the electronic ground state potential. As discussed in the proceeding

sections, not all coupled Frenkel-CT states are shifted equally along the intermolecular co-

ordinate, making for a rather complex emission profile, generally consisting of structured

and unstructured elements.
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4.4 Excimer Mechanisms

Previous work suggests that excimer emission arises due to Frenkel-CT mixing.89,211

In a closely π-stacked system, the molecular orbital overlap will induce mixing between

Frenkel and CT excitons through Eq. (1.12). Prior implementations of a Frenkel-CT Hol-

stein model have analyzed absorption and fluorescence spectral signatures of Frenkel-CT

interference in closely stacked organic aggregates that do not exhibit excimer emission,98,131

demonstrating that Frenkel-CT mixing alone is not the sole mechanism of excimer forma-

tion.

The increase in Frenkel-CT mixing that is induced by the larger π-orbital overlap at a

new relaxed geometry is believed to generate excimer signatures in the fluorescence. Sev-

eral experimental studies distinguish between CT states and excimer states by the amount of

charge transfer character at the excimer geometry,187,195 where transient absorption excimer

signatures typically do not exhibit pure anion and cation peaks.193,212 However, the exact

mechanism of excimer formation and a clear role of the CT states or Frenkel-CT mixing in

excimer emission are not well understood. The following sections aim to provide further

insight into the role that CT states and intermolecular vibrations play in inducing excimer

emission in molecular dimers.

4.4.1 Excimers via Local CT Coupling to the Intermolecular Mode

The electronic interference between Frenkel and CT excitons in a molecular dimer can

be expressed by the following coupling matrix element, which is derived from Eq. (2.5),

(1.6) and (2.7):

F ⟨k|HCT |k⟩CT = t0e + e−ikt0h (4.9)

Hence, when t0e = t0h only the optically bright k = 0 Frenkel exciton and k = 0 CT exciton

will mix. Conversely, when t0e = −t0h, as is relevant in the present work, only the optically
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dark k = π states will mix. In real systems the transfer integrals are unequal in magnitude,

and therefore mixing between both the Frenkel and CT k = 0 states as well as between

both the Frenkel and CT k = π states will occur. Nevertheless, one can see that the two

optically allowed adiabatic Frenkel-CT k = 0 states can have varying degrees of Frenkel

and CT character, depending on the signs and magnitudes of the transfer integrals, as well

as the energy difference between EF and ECT .

Incorporating local intermolecular vibrational coupling to the CT state of the dimer via

Hs
L leads to a shifted CT diabatic well relative to the Frenkel diabatic well, as depicted in

Fig. 4.3a. The energetic offset between the diabatic Frenkel and CT states (and hence, the

Frenkel-CT mixing) now evolves along the coordinate qs, as the CT state is increasingly

stabilized and the Frenkel state is increasingly destabilized, leading to greater CT character

in the relaxed excited state vs. ground state geometries. The electronic coupling will also

be modulated by intermolecular overlap factors:

F

〈
k; νF

s

∣∣∣HCT

∣∣∣k; νCT
s

〉
CT

=
{
t0e + e−ikt0h

} 〈
νF

s

∣∣∣νCT
s

〉
. (4.10)

Under the assumption that |λCT
s | is large, corresponding to a large reorganization energy of

the CT state along an intermolecular vibrational coordinate, our model shows that a Stokes

shift and broadening can occur in the emission spectrum even without the implementation

of the nonlocal coupling (ge = gh = 0), as long as the diabatic CT minimum is sufficiently

below that of the lowest electronic Frenkel state (see Fig. 4.3a,b):

ECT < EL
F . (4.11)

In Appendix C.2 we show through perturbation theory how an intermolecular Stokes shift

is induced under the inequality (4.11). With the incorporation of intramolecular vibronic

coupling, it is possible to obtain excimer formation for both relative phase combinations
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Figure 4.3. a) Diabatic potential wells corresponding to local (S1) and CT excitations in a PDI
dimer, drawn with respect to the intermolecular coordinate, qs. ES1, E0

CT correspond to the ground
state geometry and ER

S1, ECT correspond to the relaxed first excited state geometry along qs. b)
Calculated room temperature fluorescence spectrum based on HHP − Hs

NL, displaying excimer
formation upon stabilizing ECT , where ∆E = ECT − ES1. Parameters: JC = 333 cm−1, t0

h = −t0
e

= 420 cm−1, λ2
f = 0.7, (λCT

s )2 = 15, ωs = 100 cm−1, ωf = 1400 cm−1, and a linewidth of
420 cm−1. c) Simplified energy level diagram for the geometry corresponding to the minimum of
the Frenkel well (left) and at the minimum of the CT well (right) when t0

h = −t0
e. The splitting

at the eclipsed geometry (right) is the source of the excimer peak (dark purple) in b) and its large
CT character, when ECT < EL

F , and the splitting at the ground state geometry (left) is responsible
for the thermally-activated structured emission deriving from the upper Frenkel-like states (blue),
dressed with intramolecular vibrations. ∆L represents the energy difference between the relaxed
k = π excimer state and the unrelaxed Frenkel-like k = 0 state. Note: this cartoon depicts only
the electronic diabatic states where only the intermolecular vibrational coordinate is shown. In-
tramolecular vibrations also couple to the transitions as seen in b), and are included in the ground
state to which emission occurs in c).
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between t0e and t0h via local intermolecular vibronic coupling to the CT states. However,

here we focus on the experimentally relevant case t0e ≈ −t0h, as observed in bis-PDI A

and B quantum calculations listed in Table 4.1 in Section 4.5. Further investigation into

how the different relative phase combinations affects excimer signatures will be explored

in Chapter 5.

Fig. 4.3b shows how the calculated room-temperature emission spectrum for an HH-

aggregate varies with increasing CT state stabilization. The spectra are evaluated using

HHP −Hs
NL and therefore include intramolecular vibrational coupling in addition to local

intermolecular vibrational coupling. When ECT and ES1 are equal, the spectrum contains

pronounced vibronic structure, resembling a progression based on the fast intramolecular

mode. However, as ECT dips below ES1 the emission becomes more red-shifted and

excimer-like. The simplified energy level diagram in Fig. 4.3c approximately accounts

for the observed behavior. When the energy ordering obeys Eq. (4.11), the lowest-energy

(excimer) states arise from mixing at the excited state geometry (right side of the Fig. 4.3c)

and are represented by |k = π⟩R,−
F,CT and |k = 0⟩R

CT , which acquire dominant CT character

(shaded red) and are significantly shifted along the intermolecular coordinate. The resulting

emission is Stokes-shifted and broadened, since it is composed of transitions which termi-

nate on the electronic ground state with a range of intermolecular quanta. Interestingly,

since the lowest-energy excimer state arises from k = π mixing (since t0e = −t0h), low-

temperature emission must terminate on states with at least one intramolecular vibrational

quantum, as is necessary for H-aggregates, where "0-0" emission is forbidden in the ideal

case. For example, k = π excimer emission can terminate on the ground electronic state

with one intramolecular vibration delocalized over both molecules such that the molecular

vibrations are out-of-phase, i.e. a q = π phonon state. In this case, an additional 1400 cm−1

Stokes shift will arise.
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Under the condition in Eq. (4.11), the higher-energy eigenstates of HHP − Hs
NL such

as those that derive from mixing at the ground state geometry, |k = π⟩0,−
F,CT and |k = 0⟩0

F

(left side of Fig. 4.3c), are more Frenkel-like in character (shaded blue) and therefore do

not couple as strongly to the intermolecular vibrational modes. Emission from such states

is characterized by a prominent intramolecular vibronic progression, i.e. "structured" emis-

sion. However, since the high-energy states require thermal activation, the structured emis-

sion becomes substantial only when the energy gap ∆L, defined in the figure, is not large

compared to kBT . In the perturbative limit, one can approximate ∆L ≈ ES1 − ECT , and

hence the temperature activation is strongly dependent on the diabatic energy gap; struc-

tured emission becomes prominent when the Frenkel-CT coupling is relatively weak and

the diabatic energy gap ES1 − ECT is small. If one further increases ∆L, for instance

by further stabilizing ECT as shown in Fig. 4.3b, the fluorescence spectrum becomes less

structured and almost purely excimer-like. Moreover, for fixed ∆L the structured emission

grows in with increasing temperature, as demonstrated later on (see Section 4.5).

While incorporation of local vibronic coupling between the CT state and the slow in-

termolecular mode can successfully simulate excimers (Fig. 4.3b), the parameters needed

to reproduce experiment are somewhat questionable. Some groups have argued145 or

observed213 that in excimer/exciplex formation the diabatic CT energy is lower in energy

than the monomer transition frequency. It can be argued that it is possible for ECT to be

more stable than the monomer transition energy since their relative energy is quite chal-

lenging to compute from first principles and often neglects the polarizability of the crystal

environment.145 However, others have disputed that ECT can be lower in energy than the

lowest Frenkel state in PDI dimers.74,214 Studies suggest that when including a polarizable

medium the energy of the Frenkel stateEF can be even more stabilized than the CT state by

the crystal’s polarizability, and that even if the CT state is in its most stabilized geometry,

it was never observed to be more stable than the lowest Frenkel state.171,215
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Even though Fig. C.3 in Appendix C shows that local coupling involving a slow in-

termolecular vibrational mode can induce a structured/unstructured composite fluorescence

spectrum (resembling bis-PDI B in section 4.5), the transfer integrals t0e/h needed to pro-

duce the composite spectrum do not reflect the large molecular orbital overlap in the excited

state geometry, and furthermore, ECT is required to be perhaps non-physically stabilized

below EL
F (see Table C.1). The more traditional approach that ECT > ES1 in PDI dimers,

as well as the ability to account for larger CT transfer integrals at the excited state geome-

try, is achievable if one further includes nonlocal intermolecular coupling, as discussed in

the following Section.

4.4.2 Excimers via Nonlocal Frenkel-CT Coupling

Incorporation of the Frenkel-CT nonlocal intermolecular vibrational coupling allows

one to account for changes in the CT transfer integrals which occur during relaxation along

the intermolecular coordinate. For example, in bis-PDI A and bis-PDI B (see Fig. 4.8 in

Section 4.5) a large increase in the transfer integrals reflects an increase in the molecular

π-orbital overlap as the two PDI molecules rotate towards a more eclipsed arrangement in

the excited state. In order to isolate the nonlocally induced excimer behavior, in this section

we neglect the local intermolecular vibrational coupling and set λCT
s = 0. In this case, ge/h

are taken from the general expression given by Eq. (4.5).

We guide the readers to Brédas et al.’s205 intuitive picture describing how nonlocal

coupling induces a reorganization energy in the adiabatic (mixed Frenkel-CT) states. A

similar analysis, conducted here under the simplified conditions ECT = ES1 and JC = 0,

shows that nonlocal coupling induces changes in the k-dependent upper-energy (U) and

lower-energy (L) potential wells as shown in Fig. 4.4. The minimum of each well is shifted

by λk
U/L and relaxed in energy by Ek

R with:
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Figure 4.4. a) Frenkel and CT diabatic potential wells with respect to the intermolecular coor-
dinate under the resonance condition (ECT = ES1) and with JC = 0. b) Activating Frenkel-CT
mixing via HCT in Eq. 2.5 results in split upper (U) and lower (L) Frenkel-CT potential wells, with
the well minima given by, Ek

± from Eq. (2.9). c) Final inclusion of nonlocal coupling via Hs
NL

results in oppositely displaced potential wells. The well minima are given by Ek
U/L = Ek

± − Ek
R.

Note that the relaxation energy Ek
R is the same for both upper and lower wells.

λk
U/L = sk

U/L

ge + eikgh

2ℏωs

(4.12a)

Ek
R = |ge + e−ikgh|2

4ℏωs

. (4.12b)

Details of the derivation can be found in Appendix C.4. In Eq. (4.12a), sk
U/L represents

a sign, which matches the sign of the product [−ck,+/−
F c

k,+/−
CT ], with the wave function

coefficients taken from Eq. (2.8). Hence, for a given k, the upper and lower potential wells

are shifted equally, but in opposite directions, as shown in Fig. 4.4c. As also indicated in

the figure, the relaxation energies Ek
R (for a given k) are equal for both upper and lower

potential wells. Eq. (4.12) highlights how the relative phase between ge and gh alters the

shifts and reorganization energies of all four potential wells, but the lowest energy well is

most relevant for excimer emission. Generally, when the phase relationship between ge and
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gh matches that between t0e and t0h, the reorganization energy for the lowest energy state is

enhanced, leading to more red-shifted emission.

We now show that nonlocal coupling alone can give rise to a composite emission spec-

trum. Continuing to adopt this study’s experimentally relevant out-of-phase electron and

hole transfer integrals, (thte < 0) as exists in HH-aggregates, Fig. 4.5a, depicts the k-

dependence of the upper and lower potential wells when th > 0, te < 0 and gh = −ge > 0.

With such phase relationships, both th and te maintain their phase but increase in magni-

tude as the molecules progress along the intermolecular coordinate. The greatest splitting

occurs between the states with k = π in accordance with Eq. (2.9). Both states have equal

relaxation energies,Eπ
R(π), given by Eq. (4.12b) but with potential wells shifted in opposite

directions. By contrast, the k = 0 states are entirely unaffected by nonlocal coupling.

Fig. 4.5b demonstrates the evolution of structured-unstructured composite emission

spectrum with increasing nonlocal coupling g, where g = gh(= −ge). The calculated

spectra are based on the Hamiltonian, HHP − Hs
L and as such also include intramolecular

vibrational coupling. Figure 4.5b shows how the emission spectrum generally becomes

more excimer-like (structureless) with increasing g. Yet, if thermally activated, the un-

shifted k = 0 states can also contribute to the fluorescence spectrum, producing an in-

tramolecular vibronic progression with a high-energy component near the monomer 0-0

frequency. Fig. 4.5a shows that thermal activation occurs when kBT becomes comparable

to or larger than the quantity ∆NL, defined in the figure. Under the simplified conditions in

Fig. 4.5, ∆NL = |t0e − t0h| − |t0e + t0h| +Eπ
R. The expression is approximate since it ignores

the relatively small changes due to intramolecular vibrational coupling.

Unlike for excimer emission induced by local coupling alone, a nonlocally-induced

Stokes shift and broadening does not require Eq. (4.11). Hence, traditional energy orderings

for some small organic chromophores such as PDI (ECT > ES1) can be accommodated by

the inclusion of nonlocal coupling terms. Fig. C.4 in Appendix C demonstrates our best
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Figure 4.5. a) Representation of the four Frenkel-CT adiabats when gh = −ge > 0,
t0
h ≈ −t0

e > 0 and ECT = ES1. Substantial splitting occurs between the k = π states (green),
along with substantial nonlocal shifting and relaxation. By contrast, the k = 0 states (purple) are
minimally split with no relaxation. Red (orange) arrow represents the excimer (structured) emis-
sion. Structured emission from the k = 0 state is thermally activated as kBT approaches ∆NL,
with the vibronic structure deriving from intramolecular vibrational coupling. b) Calculated room
temperature fluorescence spectra based on the Hamiltonian HHP − Hs

L. Note the increasing Stokes
shift with increasing g = gh = −ge > 0. Here, ECT = ES1, JC = 0, t0

h = −t0
e = 420

cm−1, ωs = 100 cm−1, and ωf = 1400 cm−1. In addition, λ2
f = 0.7, and (λCT

s )2 = 15. Note: only
the intermolecular vibrational coordinate is shown in a). However, the intramolecular vibrations are
necessary for k = π emission.
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attempt to fit the experimental spectrum of bis-PDI B. In order to obtain the correct Stokes

shift of the excimer and a more pronounced vibronic progression, we foundECT is required

to be much higher than advanced electronic structure methods predict for PDI.214 While

Fig. 4.5a (and C.4 in Appendix C) show how nonlocal intermolecular vibrational coupling

can induce excimers in the fluorescence spectrum, including a higher energy "monomer"-

like peak, alone it fails to simulate the experimental spectrum for bis-PDI B with reasonable

parameters (Table C.1).

4.4.3 Excimers via Local and Nonlocal Coupling

The more realistically "complete" picture, where excimers are formed via both local and

nonlocal coupling, is necessary to accurately reproduce experiment with reasonable param-

eters. In all calculations done in this Chapter, the shift of the lowest-energy potential well

that is induced by the nonlocal coupling is positive (to the right in Fig. 4.5), and therefore

in the same direction as the shift of the CT minimum (λCT
s > 0) due to local intermolecular

vibronic coupling (as shown in Fig. 4.3a), resulting in a constructively enhanced shift and

relaxation energy. This constructive enforcement between local and nonlocal shifts and

relaxation energies corresponds to an increase in the magnitude of the electron and hole

transfer integrals as the dimer reorganizes along an intermolecular coordinate.

With the additional relaxation associated with nonlocal coupling, one can maintain a

relatively high energy CT state, which is physically more relevant, and still obtain excimer

emission. This is demonstrated in Fig. 4.6a, which shows the fluorescence spectrum for

an HH-aggregate (JC > 0, te = −th) at T =0 K and T =293 K evaluated using the full

HP Hamiltonian and with ECT − ES1 = +1400 cm−1. Based on the coupling parameters

in the figure, we obtain ECT − Eπ
F ≈ 1733 cm−1, in violation of Eq. (4.11). In Tables

C.2-C.4 in Appendix C we have analyzed the composition of the emitting eigenstates at

both temperatures in order to provide some physical insight into their origin. Figures 4.6b-
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Figure 4.6. a) Calculated fluorescence spectrum for an HH-aggregate including local and non-
local intermolecular vibrational coupling at T = 0 K (orange) and 293 K (maroon). Here, the
complete HP Hamiltonian in Eq. (4.1) is employed with JC = 333 cm−1, t0

h = −t0
e = 280 cm−1,

gh = −ge = 280 cm−1, ECT − ES1 = 1400 cm−1, λ2
f = 0.7, (λCT

s )2 = 14, ωs =
100 cm−1, ωf = 1400 cm−1, and a linewidth of 420 cm−1. b) Origin of the dominant diabatic
couplings responsible for the low-energy excimer emission in a), where red shading emphasizes the
coupling between Frenkel and CT states near the CT minimum geometry. c) Lower-energy eigen-
state and d) higher-energy eigenstate origins of the dominant diabatic couplings responsible for the
high-energy "0-0" photoluminescent transitions in a) at 293 K.

d portray the dominant couplings involved in states providing the excimer-like emission at

0 K (4.6b) and the high-energy structured emission at T =293 K (4.6c,d). It is important to

recognize that the eigenstates of the Hamiltonian in Eq. (4.1) reflect a quantum mechanical

treatment of the nonlocal coupling involving the intermolecular coordinate. Accordingly,

the total emission spectrum is not simply the average over the qs-dependent emission spec-

tra, as would be the case if the intermolecular coordinate was treated classically via MD

simulations.

The low-temperature excimer emission in Fig. 4.6a is due to enhanced relaxation near

the CT well minimum (q0
s = λCT

s ), which is further induced by the nonlocal intermolecular

vibronic coupling to the dimer CT state. Strong nonlocal coupling arises mainly from

the experimentally motivated phases of t0e, t0h, ge and gh used in Fig. 4.6, which lead to

increases in both |te| and |th| as one progresses along the intermolecular coordinate towards

q0
s = λCT

s , (see Eq. (4.4)). When |ge| and |gh| are large enough, the resulting Frenkel-CT

splitting at q0
s = λCT

s is more than enough to drive the energy of the (k = π) excimer state
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low enough to compensate for the energy increase, ECT − EF , see Fig. 4.6b. Therefore, if

the nonlocal coupling is sufficiently strong, the lowest-energy states (which dominate the

emission at low-temperature) exhibit strong intermolecular vibronic coupling due to both

local and nonlocal relaxation energies, producing excimer-like features in the emission

spectrum.

The coupling between states with the strongest nonlocal interactions (near q0
s = λCT

s )

are mainly responsible for forming the k = π excimer states. Under the parameters con-

sidered in Fig. 4.6, the excimer states adopt dominant CT character since at q0
s = λCT

s the

diabatic CT energy is still lower than the diabatic Frenkel energy (see Fig. 4.6b). The re-

sulting emission at T = 0 K is substantially Stokes-shifted (red box Fig. 4.6a), resembling

the mechanism of excimer formation through local intermolecular coupling alone. Further

analysis shows that excimer emission can exist even when the energy of the diabatic CT

state is higher than the diabatic Frenkel state near qs = λCT
s , as long as nonlocal coupling

is sufficiently strong.

In contrast, the structured emission observed at higher temperatures derives from

thermally activated states which form from the coupling between low-energy Frenkel-

like states and low-energy CT states (see Fig. 4.6c,d), which are weakened by small in-

termolecular vibronic overlap factors. The resulting eigenstates have dominant (k = 0)

Frenkel exciton character and are responsible for the negligibly Stokes shifted "0-0" emis-

sion peak (light blue box Fig. 4.6a), which grows in with temperature. Tables C.2-C.4 in

Appendix C provide more characteristics of all the emitting states, for example their CT

character and average shift along the intermolecular coordinate.

Since all emitting states derive their oscillator strength from the k = 0 Frenkel com-

ponent, higher-energy states with dominant Frenkel character (and smaller intermolecular

local and nonlocal coupling), as shown in Fig. 4.6, require only a small population to be

observed in the fluorescence spectrum. These higher-energy states become more difficult
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Figure 4.7. a) Calculated room temperature absorption and fluorescence spectra for an HH-
aggregate based on the HP Hamiltonian in Eq. (4.1), demonstrating that the excimer peak grows
in with nonlocal coupling, g = gh = −ge > 0. g increases from 0 to 280 cm−1 in the left
panel and continues from 294 to 420 cm−1 in the right panel in increments of 14 cm−1. b) Cal-
culated room temperature absorption and fluorescence spectra demonstrating excimer formation
upon stabilizing ECT . ∆E = ECT − ES1 decreases from 2800 cm−1 (dark red) to 1400 cm−1

in the left panel and continues from 1260 cm−1 to 140 cm−1 in the right panel, in increments
of 140 cm−1. Absorption spectra are negligibly changed upon increasing g or stabilizing ECT .
Simulation parameters: JC = 333 cm−1, t0

h = −t0
e = 280 cm−1, ωs = 100 cm−1, ωf = 1400

cm−1, λ2
f = 0.7, (λCT

s )2 = 14, and with a linewidth of 420 cm,−1. ECT − ES1 = 1400 cm−1 in
a), and gh = −ge = 280 cm−1 in b).

to temperature-activate if the excimer state is relatively further stabilized. As displayed in

Fig. 4.7 this can occur either by a) increasing the nonlocal coupling or b) further stabiliz-

ing ECT relative to the monomer transition frequency. One observes from Fig. 4.7 similar

trends as seen in the isolated mechanisms due to the a) nonlocal and b) local intermolecular

vibrational coupling.

Interestingly, in the limit of ECT >> ES1, both the local and nonlocal intermolecular

coupling appear to have a negligible effect on the fluorescence spectrum (see Fig. C.5

in Appendix C) and previous exciton model approaches, which incorporate only the in-

tramolecular vibronic coupling to the fast mode ωf , are justified.
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4.5 Comparison to Experiment

In this Section we apply our model to account for the absorption and emission spec-

tra of two covalently-linked dimers of perylene-3,4:9,10-bis(dicarboximide) derivatives

referred to as bis-PDI A and bis-PDI B in Fig. 4.8. Furthermore, we have successfully

reproduced temperature-dependent trends for bis-PDI B. Unfortunately, we are not aware

of any temperature-dependent spectral recordings for bis-PDI A, to which to compare our

theory. Fig. 4.9 displays the experimental absorption and emission spectra, digitized from

Ref. [58, 197]. The figure also shows our simulations based on reasonable physical param-

eters. Notwithstanding the relative simplicity of the model described herein, it manages to

accurately describe the experimental spectra.

4.5.1 Methods and Parameters

Ground state and excited state geometries of the bis-PDIs in Fig. 4.8 were optimized in

Gaussian 16216 using the ω-B97XD functional217 with the def2-SVP basis set218 for DFT

and TDDFT methods respectively. The functional includes dispersion and has been pre-

viously applied to PDI dimers.219 The exciton coupling (JC) and the CT transfer integrals

(t0/R
e/h ) were calculated at each geometry. The exciton coupling was calculated using the

transition charge method,140 and screened by a dielectric constant (ϵ = 3) to account for

the solvent environment. The exciton coupling used in the model corresponds to the cou-

pling at the ground state geometry. Nonlocal perturbations to JC were assumed negligible,

where the screened couplings change only from 342 to 393 cm−1 in bis-PDI A and from

327 to 375 cm−1 in bis-PDI B in going from the ground to the first excited state geometries.

Transfer integrals were calculated using the B3LYP functional220 and the cc-pVDZ basis

set,221 where magnitudes and phases were determined through a procedure described
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Figure 4.8. a) Chemical structure of bis-PDI A and bis-PDI B. Gas phase optimized b) DFT
(TDDFT) ground state (first excited state) geometry of bis-PDI A with truncated R = n-C4H9 and
c) DFT (TDDFT) ground state (first excited state) geometry of bis-PDI B with truncated R =
CH(C3H7)2, optimized using ω-B97XD/def2-svp in Gaussian 16.

in Valeev et al.,164 and where the phase convention remains consistent with translational

symmetry between monomer orbitals within the dimer.

Table 4.1 lists parameters from the corresponding quantum mechanical methods cal-

culated for a bis-PDI A and bis-PDI B from Fig. 4.8 with truncated substituents, as well

as parameters optimized to fit experiment. A monomer frequency of ES1 = 18740 cm−1,

an effective intramolecular Huang-Rhys factor of 0.7, and an effective intramolecular fre-

quency of 1400 cm−1 were fit to the monomer emission spectrum recorded in Ref. [58] as

shown in Fig. C.2 in Appendix C. The calculated fluorescence spectra do not display any

additional spectral shifts outside of what is produced from the given set of parameters. We

did, however, add a small gas-to-crystal shift of about 250 cm−1 to the absorption spectrum

of bis-PDI A and bis-PDI B.

The nonlocal couplings listed in Table 4.1 were calculated from Eq. (4.7) using the fit

transfer integrals and λCT
s . The magnitudes of the experimentally adjusted transfer integrals

t
0/R
e/h are smaller than those calculated by DFT. However, calculations were performed in

the gas phase, neglecting solvation effects. Regardless of the discrepancies in the transfer

integrals, the relative trend of increasing t0/R
e/h in bis-PDI A in both the ground and excited
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Table 4.1. Calculated and optimized parameters for bis-PDI A and bis-PDI B. Definitions of pa-
rameters are given in the Model section of this paper, with the exception of

√
2γem/ab, which defines

the standard deviation of the Gaussian linewidth for the emission/absorption transitions. Note that
JC includes screening by the dielectric constant ϵ. QC refers to raw parameters obtained by Quan-
tum Chemical DFT calculations.

QC Fit QC Fit

bis-PDI A bis-PDI A bis-PDI B bis-PDI B

ECT − ES1 (cm−1) - 770 - 770

t0
e (cm−1) -575 -460 -440 -350

t0
h (cm−1) 444 355 208 166

tR
e (cm−1) -2600 -1490 -1733 -1185

tR
h (cm−1) 2240 1741 1946 1250

ge (cm−1) - -230 - -187

gh (cm−1) - 310 - 252

JC (cm−1) 342 342 327 327

ϵ - 3 - 3

γem (cm−1) - 700 - 700

γab (cm−1) - 490 - 490

λ2
f - 0.7 - 0.7

(λCT
s )2 - 20 - 20

ωs (cm−1) - 100 - 100

ωf (cm−1) - 1400 - 1400

states relative to bis-PDI B holds, which is justified by the changes in orbital overlap due to

the steric differences in their substituents. The truly adjustable parameters in our model are

mainly λCT
s andECT −ES1. We fixedECT −ES1 to a value within agreement with previous

calculated estimates obtained for PDI,222 and λCT
s was adjusted to fit the experimentally

observed Stokes shift and relative composite structured-unstructured emission observed in

bis-PDI B. Only electronic coupling parameters were changed in going from bis-PDI B to

bis-PDI A. In reality, bis-PDI A’s different geometry would induce a different ECT as well

as the reorganization energy for the intermolecular mode; however, it is assumed these

changes are small in order to highlight the trends involving changes in the Frenkel-CT

electronic and nonlocal couplings.
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4.5.1.1 Absorption

The absorption spectrum for bis-PDI A and bis-PDI B is reproduced using the fit param-

eters listed in Table 4.1, as shown in Fig. 4.9d,e. The simulated spectrum in each case cap-

tures the intensity ratio 0-0/1-0, which is significantly reduced from the monomer ratio (see

Fig. C.2 in Appendix C) in both cases. Comparing the vibronic ratios of bis-PDI A and bis-

PDI B with that of the monomer, reveals that bis-PDI A is a stronger HH-aggregate107,127

than bis-PDI B. While both dimers share similar-in-magnitude H-like Coulomb coupling,

bis-PDI A has stronger CT-mediated H-like behavior due to larger out-of-phase transfer

integrals t0e/h. Thus, the 0-0/1-0 ratio in the spectrum of bis-PDI A is smaller than that

observed in bis-PDI B.

4.5.1.2 Structured to Unstructured Excimer Emission.

Using the same set of parameters used to simulate the absorption spectra, the model

is able to capture discrepancies in the emission spectra between bis-PDI A and B. Inter-

estingly, we find that bis-PDI B exhibits weaker nonlocal couplings than bis-PDI A, due

to the smaller change in angle between the chromophores in going from the ground to ex-

cited state geometry (see Fig. 4.8). This relatively smaller nonlocal coupling in bis-PDI

B leads to a composite excimer emission spectrum: one that displays both vibronically

structured (1400 cm−1 mode) emission as well as unstructured emission (see Fig. 4.9b,e).

Previously, the structured portion was attributed to monomer contamination. Conversely,

stronger nonlocal coupling, as for bis-PDI A (in Fig. 4.9a,d), leads to a further Stokes-

shifted, structureless, more traditional excimer emission.

While the previous Sections imply that conventional excimer emission can arise from

a stabilization of the CT state, it is more physically justifiable that excimer emission in

bis-PDI A is due to an increase in the nonlocal coupling. This arises from an increase in
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Figure 4.9. a) Experimental absorption and emission spectrum of bis-PDI A measured in toluene
at room temperature. b) Experimental absorption and emission spectrum of bis-PDI B measured in
toluene at room temperature. c) Experimental temperature-dependent fluorescence spectra of bis-
PDI B from -10 ◦C to 60 ◦C in toluene. d) Calculated room temperature absorption and emission
spectra of bis-PDI A. e) Calculated room temperature absorption and emission spectra of bis-PDI
B. f) Calculated temperature-dependent spectra of bis-PDI B from -10 ◦C to 60 ◦C. Experimental
fluorescence data was digitized from Ref. [58] and converted to wavenumbers (cm−1) using the
appropriate Jacobian factor.224 Experimental absorption data was digitized from Ref. [197] such
that toluene is the consistent solvent. Calculated spectra are based on the complete HP Hamiltonian
in Eq. (4.1) using the fit parameters listed in Table 4.1.

molecular orbital overlap in the first excited state geometry of bis-PDI A as compared to

bis-PDI B (Fig. 4.8). This is not a new concept; previously, Yoo et al. proposed larger

orbital overlap in the solid-phase than solution-phase of PBI B, observing differences in

fluorescence intensity and lifetimes between the two phases and hypothesizing that the

rigid solid-phase structure favors orbital overlap.223 Other previous work has demonstrated

that varying the PDI linker can also result in different overlap between dimers and there-

fore different excimer spectra.202 However, the connection to the nonlocal intermolecular

vibrational coupling was not as clear, nor was there an obvious trend between the amount

of orbital overlap in the excited state and spectral features observed in the emission.
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The results of bis-PDI B displayed in Fig. 4.9e,f support the theory that the upper

k = 0 Frenkel-dominated states are activated with temperature, and the intramolecular

vibronic progression belonging to the Frenkel exciton also grows in with temperature. The

intramolecular vibronic structure is resolvable because the Frenkel component does not lo-

cally couple to intermolecular vibrations. In contrast, in the case of bis-PDI A, the nonlocal

coupling is just large enough for the excimer state(s) to be sufficiently stabilized prevent-

ing thermal activation of the states responsible for the vibronically structured emission

(Fig. 4.9d). It is quite interesting that the unstructured (excimer) emission in bis-PDI B

also increases with increasing temperature, as was also found for other covalently-linked

PDI dimers in Ref. [194]. Our simulations in Fig. 4.9f capture this effect as well. The

increase in excimer emission can be traced back to the presence of slightly higher lying

k = 0 excimer-like states with higher oscillator strengths than the lowest-lying k = π ex-

cimer states. The observed increase of both components with temperature provides further

evidence that the structured emission is not derived from a monomer, or strongly localized

dimer state in equilibrium with the excimer state, since in this case increasing temperature

would favor one state at the expense of the other.

While the basic temperature-dependence is well-reproduced, we acknowledge a dis-

crepancy in the highest energy transition peak in the emission spectrum of bis-PDI B com-

pared to that in experiment. In part, this could be due to the simplicity of our model.

However, it is also likely that our DFT/TDDFT calculations cannot accurately reproduce

the structure of the dimer in solution. Since the transfer integrals (and therefore the nonlo-

cal couplings) are very sensitive to small shifts in relative geometry, small changes in the

dimer’s geometry could influence the spectrum. We draw attention to the emergence of a

higher-energy transition, similar to that which we obtained in our calculations, for bis-PDI

B in a different solvent (2-ME-THF)197 Fig. 4.9 compares our simulations to experiments

done in toluene because this is the solvent at which the temperature-dependence was ex-
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perimentally recorded. However, overall the basic spectral trends strongly agree with the

proposed mechanisms in this paper.

4.6 Conclusion

The Holstein-Peierls based exciton model presented here treats excitons, charge transfer

states, intramolecular vibrations and intermolecular vibrations all on equal footing and was

shown to capture the basic photophysics of excimer formation in a set of two different

covalently linked bis-PDI dimer complexes. Insight from this model suggests that excimer

emission can be induced through both local and nonlocal electron-vibrational coupling with

respect to a slow intermolecular vibrational coordinate, but both mechanisms are required

to reasonably simulate experiment.

The model is supported by good agreement with the experimental fluorescence (and

absorption) spectra of two different bis-PDI dyes that display different excimer signatures.

The out-of-phase electron and hole transfer integrals, t0et
0
h < 0, in the ground state geom-

etry of the covalently-bound dimer reinforces H-like behavior, as reflected in the reduced

0-0/1-0 vibronic ratio in the absorption spectrum. Nonlocal coupling derives from the in-

creasing magnitudes of both te and th as the molecules progress along the slow coordinate,

bringing them into a more eclipsed ("relaxed") geometry where the CT integrals are signif-

icantly larger, |tRe | > |t0e| and |tRh | > |t0h|. We find that the bis-PDI-B complex has smaller

nonlocal coupling than bis-PDI A resulting in the former exhibiting a composite struc-

tured/unstructured emission spectrum, whereas bis-PDI A exhibits the more traditional

broad, structureless and red-shifted excimer spectrum. The smaller nonlocal coupling in

bis-PDI B is likely due to a large steric hinderance induced by substituents that disfavor an

eclipsed excited state geometry with strong molecular orbital overlap.
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According to our model, the structured features of excimer emission can be attributed

to higher-energy states that have dominant Frenkel exciton character which negligibly cou-

ple to intermolecular vibrations, but with much stronger coupling to intramolecular vibra-

tions. Hence, the model does not require the presence of monomers to observe structured

"monomer"-like emission. As demonstrated in the emission spectrum for bis-PDI B, these

upper-lying Frenkel-like states are thermally-populated so that vibronic structure grows in

with increasing temperature. Larger nonlocal Frenkel-CT coupling or further stabilization

of the diabatic CT state will induce a larger splitting between the lowest-energy excimer-

like state and the Frenkel-like states, resulting in a more traditional broad, structureless,

and red-shifted excimer emission.
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CHAPTER 5

THE IMPORTANCE OF ORBITAL PHASES AND CHANGES IN
ORBITAL PHASES IN EXCIMER FORMATION: FOUR TYPES OF

EXCIMERS

5.1 Introduction

Due to the extreme sensitivity of Frenkel-CT coupling to small slipping, stacking and

rotational motion between two closely stacked π-conjugated chromophores,107,127,225 it is

likely that the main mechanism involved in inducing the excimer fluorescence red-shift

and broadening occurs through the nonlocal Frenkel-CT coupling, which is introduced in

Chapter 4. While the previous Chapter explores an excimer formed by nonlocal Frenkel-

CT coupling to the k = π states of a dimer,226 the present Chapter highlights that either

the k = 0 or k = π dimer states can undergo nonlocal coupling, creating different excimer

signatures. Ultimately, the characteristics of each excimer’s fluorescence will depend not

only on the relative phase between the electron and hole nonlocal coupling strengths ge and

gh, but will also depend on the relative phase between the transfer integrals in the ground

state t0e and t0h, which reflect the relative phases in orbital overlap within a dimer in its

excited and ground state geometries respectively. There are four types of possible relative

phase combinations, which produce four different "types" of excimers.

The different relative phase combinations in t0e and t0h lead to different relative elec-

tronic splittings of the adiabatic (after-mixing) Frenkel-CT k-states, while different relative
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phase combinations between ge and gh lead to different nonlocal reorganization energies

for each adiabatic Frenkel-CT k-state. These two effects will stabilize the lower energy ex-

cited states, and can either reinforce each other within a given k-state or compete between

different k-states. Reinforcement leads to an increase in excimer red shift and broadening

in the emission as a function of electronic (ground state) couplings t0e/h, whereas competi-

tion can result in a decrease in excimer features as a function of electronic (ground state)

couplings t0e/h. While excimers can either form from k = 0 or k = π states, in general,

excimers originating from k = 0 states are more emissive compared to excimers arising

from k = π states. Furthermore, incorporation of a local intermolecular coupling of the

CT state along an intermolecular coordinate (as introduced in Chapter 4) can lead to ad-

ditional relaxation energies that likely constructively interfere with the nonlocal relaxation

energies. This further stabilizes the excimer states and increases the CT character in the

excimer species, leading to further quenched intensities. Similarly, Coulomb coupling be-

tween transition dipole moments can either reinforce or destabilize the excimer states, de-

pending on the sign of the coupling, and which k-state is responsible for the excimer. This

Chapter concludes by demonstrating that if a Coulomb J-dimer undergoes strong enough

nonlocal Frenkel-CT coupling, it is possible for the J-dimer’s photoluminescence to dis-

play excimer signatures. However, due to the large slipping distances between monomers

in a J-dimer, the nonlocal Frenkel-CT coupling is likely too weak for excimer signatures to

occur in the photoluminescent spectrum.

5.2 Nonlocal Frenkel-CT Coupling and Excimers

As discussed in Chapter 4, the nonlocal coupling, which modulates the Frenkel-CT

coupling along an intermolecular motion, will induce a reorganization energy and a shift of

the adiabatic Frenkel-CT harmonic potential along the corresponding intermolecular mode,
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inducing excimer emission. The nonlocal reorganization energy, as given by Eq. (4.12b)

in Chapter 4, partly induces the large Stokes shift observed in excimer emission, whereas

the adiabatic well shift, as given by Eq. (4.12a) in Chapter 4, induces broadening along

the intermolecular mode while also increasing the observed Stokes shift by allowing for

transitions to ground states which are higher in intermolecular vibrational energy. Inter-

estingly, the nonlocal reorganization energy and shift of the adiabatic potential depend on

the relative phase between the transfer integrals in the excited state geometry, expressed

through ge and gh, as defined in Eq. (4.7) in Chapter 4. The k = 0 Frenkel-CT states will

be stabilized by the nonlocal reorganization energy according to

E0
R = |ge + gh|2

4ℏωs

(5.1)

which accompanies a nonlocally-induced (NL) potential shift along the intermolecular

coordinate of magnitude

|λ0
NL| =

∣∣∣∣ge + gh

2ℏωs

∣∣∣∣. (5.2)

For the k = π states, the reorganization energy is governed by

Eπ
R = |ge − gh|2

4ℏωs

(5.3)

which accompanies a nonlocally-induced potential shift along the intermolecular coordi-

nate of magnitude

|λπ
NL| =

∣∣∣∣ge − gh

2ℏωs

∣∣∣∣. (5.4)

As observed in the systems studied in Chapter 4, when −ge ≈ gh, E0
R (Equation (5.1))

and |λ0
NL| (Equation (5.2)) are small while Eπ

R (Eq. (5.3)) and |λπ
NL| (Eq. (5.4)) are large in

magnitude, such that the k = π Frenkel-CT exciton states will couple most strongly to the

intermolecular vibrational coordinate. Therefore, when −ge ≈ gh, excimer emission will
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Figure 5.1. Adiabatic energy level diagrams demonstrating constructive stabilization of the ex-
cimer states in a dimer as shown in the out-of-phase combination a) −t0

e = t0
h and −ge = gh and

in-phase combinations b) t0
e = t0

h and ge = gh. Adiabatic energy level diagrams demonstrating
competitive energy stabilization, which occurs when either c) −t0

e = t0
h and ge = gh or d) t0

e = t0
h

and −ge = gh. Orange (maroon) adiabatic wells correspond to k = 0 (k = π) states. ∆NL

represents the energy activation that needs to be thermally overcome in order to emit from states
corresponding to the next highest adiabatic well.

occur from the lowest energy k = π states, as demonstrated in Fig. 5.1a,d. Neglecting the

CT transition dipole moment, one might wonder how emission is possible, given that dimer

k = π states are optically dark in the presence of only intermolecular vibrations. However,

if intramolecular vibronic coupling is present, emission from k = π states can occur to

ground states that possess a total phonon momentum q = π.107 Fig. 5.2a demonstrates

how the intensity of the k = π excimer grows in as the strength of the intramolecular

vibronic coupling increases. Therefore, as long as intramolecular vibronic coupling is

present, as is observed in many small organic chromophores, the k = π excimer states

involving nonzero intramolecular vibrational quanta are capable of emitting with nonzero,

albeit weak, oscillator strength.
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Figure 5.2. Dependence of the excimer photoluminescence intensity on the intramolecular vi-
bronic coupling strength λ2

f at 298 K, for excimers arising from a) k = π and b) k = 0 Frenkel-
CT states. In these calculations, (λCT

s )2 = 0, g = |ge/h| = 280cm−1, t = |t0
e/h| = 560

cm−1, ECT − ES1 = 770 cm−1, and the frequency factors in Eq. (2.29) in Chapter 2 are sup-
pressed.

Interestingly, the magnitudes of the k = π nonlocal reorganization energy Eq. (5.3) and

shift Eq. (5.4) and the magnitudes of the k = 0 nonlocal reorganization energy (5.1) and

shift (5.2) will invert when the relative phases invert and ge ≈ gh. Now, when ge and gh are

in-phase, excimer emission will be induced from the lowest energy k = 0 Frenkel-CT state,

as demonstrated in Fig. 5.1b,c. Since k = 0 states carry most of the oscillator strength and

transitions to the purely electronic ground state are optically allowed, no intramolecular

vibronic coupling is required to observe excimer emission when the nonlocal couplings

are in-phase. In fact, the intensity of the k = 0 excimer peak decreases as the strength of

intramolecular vibronic coupling increases, as observed in Fig. 5.2b.

Ultimately, the relative phase of ge and gh will determine whether or not the excimer

states will derive from k = 0 or k = π Frenkel-CT excitons. However, the photolumi-

nescence spectrum also strongly depends on the relative energetic ordering of eigenstates,

which is additionally influenced by electronic coupling parameters. When Frenkel and

CT excitons couple electronically in a dimer, the resulting eigenenergies are expressed in
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Eq. (2.9) in Chapter 2. For a dimer, the energetic ordering of the four eigenstates will

determine the photophysical properties. The energy-splitting between like-k-states in the

resonance regime (ECT ≈ EF ), is governed by

∆Ek = 2|t0e + eikt0h|. (5.5)

Hence it is obvious from Eq. (5.5) that the k = 0 Frenkel-CT states will split according to

2|t0e + t0h| and the k = π states will split according to 2|t0e − t0h|, and therefore the energetic

orderings of the k = 0 and k = π Frenkel-CT states highly depend on the relative phases

between the transfer integrals at the ground state geometry, t0e and t0h, just as the nonlocal

reorganization energies are dependent on the relative phase combination of ge and gh.

If upon excitation a large intermolecular geometry reorganization occurs within a

dimer, there are two possible phase combinations between transfer integrals in the start-

ing (ground state) geometry (t0e/h), and there are two possible phase combinations between

transfer integrals in the final (excited state) geometry (expressed through ge/h). Therefore,

there are ultimately four phase combinations that could influence the excimer emission

spectrum. Each combination of relative phases between t0e and t0h as well as ge and gh will

lead to different energy splittings, governed by Eq. (5.5), and different energy stabilizations

due to the nonlocal reorganization energy, governed by Equations (5.1) and (5.3), which

are illustrated by energy-level diagrams in Fig. 5.1. For a given Frenkel-CT k-state, the

energy stabilization due to the nonlocal reorganization energy can either enhance or com-

pete with the energy stabilization gained from the electronic splitting, leading to various

possible photoluminescence signatures at room temperature. Fig. 5.3 presents a phase map

that depicts possible geometric origins corresponding to these four phase combinations in

a perylene dimer.
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Figure 5.3. Transfer integral phase map depicting four possible excimer species. Stars (circles)
represent ground (excited) state geometries, where like-colors connect the ground and excited state
geometries involved in a specific excimer formation for a given dimer (hypothetically controlled by
different substituents or molecules). Each color corresponds to a specific combination of relative
phases between t0

e, t0
h and ge, gh, according to the red (blue) color on the phase map.

In the case of constructive energy stabilization, both the ground and excited state ge-

ometries share the same relative phase combination between the electron and the hole trans-

fer integrals (e.g. t0e = t0h and ge = gh), such that both the adiabatic energy splitting and the

nonlocal reorganization energy will stabilize the lowest energy excimer state by

Eδ
k,ex = 1

2∆Ek + Ek
R (5.6)

where the purely electronic adiabatic Frenkel-CT energy-splitting ∆Ek and the nonlocal

reorganization energy Ek
R for a given k-state are determined from Equations (2.9) in Chap-

ter 2, and 4.12 in Chapter 4 respectively (note that vibronic coupling will modulate the elec-

tronic definitions). Energy level diagrams corresponding to the constructively enhanced

excimer are depicted in Fig. 5.1a,b. In the case of competitive energy stabilization, the

ground and excited state geometries exhibit opposite relative phase combination between

the electron and the hole transfer integrals (e.g. t0e = t0h and −ge = gh), such that the adia-

batic energy splitting will stabilize the k-states that negligibly couple to the intermolecular

coordinate and therefore do not contribute to excimer emission. Energy level diagrams cor-

responding to the competitive excimer are portrayed in Fig. 5.1a,b. The excimer will be the
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lowest energy state only under the condition

1
2∆E0/π + E

0/π
R >

1
2∆Eπ/0. (5.7)

Equations (5.6) and (5.7) give rise to interesting photophysical trends for each k = 0 and

k = π excimer, which will be explored in the following section.

5.3 Absorption and Photoluminescence for the Four Types of Excimers

Figure 5.4 displays both absorption and emission features for the four different excimer

phase combinations corresponding to Fig. 5.3. The absorption features are dominated by

typical optical signatures induced by t0e and t0h, where the in-phase (out-of-phase) com-

bination induces J-like (H-like) CT coupling (see Eq. (1.13) in Chapter 1) resulting in an

enhanced (diminished)A0−−0 peak relative toA1−0 (compared to that in the monomer spec-

trum), as previously explored in Reference [127]. Furthermore, columns b) and d) exhibit

two-band absorption spectra, as is consistent with the experimental absorption spectra stud-

ied in Chapter 3 when t0e = t0h and the diabatic CT and Frenkel states are near resonance.98

Increasing the nonlocal coupling strength broadens the absorption bands in all four phase

combinations; however, the absorption spectra corresponding to k = 0 excimers (b) and (c)

experience more broadening than those corresponding to k = π excimers (a) and (d). This

difference arises from the large oscillator strength attributed to the k = 0 states, which are

now shifted along the intermolecular coordinate (see Eq. 5.2). Despite some broadening

in the absorption spectrum as a function of increasing nonlocal coupling, intramolecular

vibronic structure is still defined and the relative vibronic ratios remain unaltered. Even

at large nonlocal coupling to the k = 0 "bright" exciton (last row, columns b) and c))

the absorption spectrum is not a mirror image of the emission spectrum and maintains in-

tramolecular vibronic structure. This can be rationalized by the fact that absorption occurs
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Figure 5.4. Room temperature (298 K) absorption (solid) and emission (dotted) spectra deter-
mined from Eq. (4.1) in Chapter 4 as a function of increasing nonlocal coupling g = |ge/h|, where
local intermolecular vibrational coupling is neglected, for the four different phase combinations
a) −t0

e = t0
h and −ge = gh, b) t0

e = t0
h and ge = gh, c) −t0

e = t0
h and ge = gh, and d)

t0
e = t0

h and −ge = gh. All spectra were simulated with the parameters λ2
f = 0.7, (λCT

s )2 = 0,
ECT −ES1 = 770 cm−1, |t0

e| = |t0
h| = 560 cm−1, JC = 0, ωf = 1400 cm−1, and ωs = 100 cm−1.

from a state with very few "hot" intermolecular vibrations, while emission occurs to a state

that can have many intermolecular vibrations.

From Fig. 5.4, it is observed that all four different phase combinations can give rise

to excimer emission if the nonlocal coupling is strong enough (last row). However, ex-

cimers produced from each phase combination exhibit unique features at room tempera-

ture, depending on which k-states correspond to the excimer as well as which states can

be thermally activated. Calling upon the energy level diagrams in Fig. 5.1 can aid in un-

derstanding the different features within the corresponding excimer emission depicted in

Fig. 5.4. Columns a) and b) in Fig. 5.4 experience constructive energy stabilization between

the electronic splitting and the nonlocal reorganization energy, as observed in Fig. 5.1a,b. In
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this case, the excimer will always be the lowest energy state, from which emission occurs.

The phase combination in a) results in k = π excimer states, and the phase combination in

b) results in excimers arising from k = 0 states. When the Frenkel-CT nonlocal coupling

is relatively weak (first row), no obvious excimer emission occurs at room temperature for

any phase combination. Looking closely at the spectra in which the excimer is the lowest-

energy state, there is indeed a very small Stokes shift occurring in the vibronic sidebands

in a) and in the 0–0 band in b), which respectively corresponds to the k = π (Eq. (5.4)

and (5.3)) and k = 0 (Eq. (5.2) and (5.1)) nonlocally induced displacement along the in-

termolecular coordinate. However, this nonlocally induced relaxation energy and shift is

not large enough to generate the typical red-shift and intermolecular vibrational broadening

observed in excimer fluorescence.

As the nonlocal coupling strength increases (middle to bottom rows), the excimer red-

shift and broadening increase. As observed in Chapter 4, at moderate nonlocal coupling

strength, (Fig. 5.4a middle row), k = π excimers exhibits structured and unstructured com-

ponents at room temperature, where the higher-energy structured components correspond

to emission from higher-lying k = 0 states. Ultimately, as the nonlocal coupling becomes

strong enough (last row), these states are no longer able to be thermally activated. Con-

trarily, in the case of k = 0 excimer emission, there is no such composite emission upon

increasing nonlocal coupling, as observed in Fig. 5.4b. Instead, the 0–0 emission belonging

to the "bright" k = 0 states undergoes a Stokes shift with increasing nonlocal Frenkel-CT

coupling, while the next highest energy states correspond to the Frenkel-CT k = π adiabat

in Fig. 5.1b. The weak oscillator strength belonging to the temperature-activated k = π

states is not strong enough to compete with the k = 0 excimer emission that borrows suf-

ficient oscillator strength from the k = 0 Frenkel exciton. Furthermore, even if the k = π

oscillator strength competes with that of the k = 0 excimer, 0–0 emission cannot occur

from k = π states and there would be an inherent Stokes shift of an intramolecular vibra-
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tional quanta (ωf ≈ 1400cm−1) overlapping the excimer emission. Overall, the excimers

arising from k = 0 states emit with much stronger oscillator strengths: 50x difference

between a) and b) at the strongest nonlocal coupling (last row), and k = 0 excimers do

not exhibit composite intramolecular vibronically structured-unstructured emission as was

prominent in the PDI dimers explored in Chapter 4.

On the other hand, columns c) and d) in Fig. 5.4 demonstrate competitive energy sta-

bilization between k-states, (involving the electronic splitting and nonlocal reorganization

energy), and therefore the excimer is not always the lowest energy state. If Eq. (5.7) does

not hold, then the excimers will lie at higher energy, as depicted in Fig. 5.1c,d. At weak

enough nonlocal couplings, such that the inequality in Eq. (5.7) is not achieved, no excimer

emission will be observed at room temperature, as observed in the top row of Fig. 5.4c,d.

However, if the nonlocal coupling stabilizes the excimer states close enough to the lowest-

energy exciton state, the excimer states could be temperature-activated. While temperature-

activated excimers may not significantly contribute to the emission spectrum, they could

have significant consequences in dynamics studies and higher dimensional spectroscopy

studies. Nevertheless, if the nonlocal coupling is strong enough (i.e. there is a large enough

change in molecular orbital overlap in going from the ground to excited state geometries),

and Eq. (5.7) holds true, then the excimer states will be the lowest energy states from which

emission occurs, as observed in the bottom row of Fig. 5.4c,d.

While both columns c) and d) in Fig. 5.4 experience competitive energy stabilizations

between the nonlocal reorganization energy and the electronic splitting due to t0e/h, the

excimer feature is more pronounced when it arises from the k = 0 states (ge = gh, col-

umn c)) and therefore possess greater oscillator strength. Interestingly, this k = 0 excimer

produced from the largest nonlocal coupling (bottom row) emits with slightly more inten-

sity than the H-like exciton emission that occurs at small nonlocal coupling (top row). In

this case the excimer is counter-intuitively more emissive than the exciton. Column d) in-
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triguingly displays almost no typical excimer signatures at room temperature, for various

nonlocal coupling strengths. Consulting Fig. 5.1d and Eq. (5.7), the k = π excimer states

must experience a strong enough nonlocal coupling in order to compete with the large

k = 0 electronic splitting of the non-excimer states. Once this is overcome and the k = π

excimer is the lowest-energy state (last row in Fig. 5.4d). Seeing as the k = π and k = 0

states are stabilized in a competitive manner, the k = π excimer remains close in energy

to the higher-lying k = 0 states, which can thus be easily temperature-activated. Further-

more, the temperature-activated k = 0 non-excimer states have large oscillator strength to

significantly contribute to the photoluminescence, even at large nonlocal coupling strengths

(bottom row, Fig. 5.4d). This could deceptively imply no (or little) excimer formation based

on the steady-state room temperature photoluminescence alone. The composite emission

spectrum displayed in the bottom row of Fig. 5.4d is distinguished from that in the middle

row of a) in that the vibronic ratio of the structured emissive component resembles that of

a J-aggregate, with a larger 0–0/0–1 vibronic ratio compared to the monomer,102 reflecting

the J-like transfer integrals in the ground electronic state (t0e/h).

5.4 The Effect of Increasing Ground State Electronic Coupling on Excimer
Photoluminescence

Some literature suggests that by strengthening the electronic coupling (presumably at

the ground state geometry), the exciton states can become more stable than excimer states

and therefore avoid energy trapping.227,228 According to the model proposed in Chapter 4,

excimers and excitons are not separate entities and therefore stabilizing the exciton states

does not necessarily eliminate excimer formation. One can, however, approximately think

of one k-state as dominantly being excimer-like, while the other k-state as being domi-

nantly Frenkel-like. Unless there is a large difference in magnitude between |ge| and |gh|,

mainly one k-state will dominantly nonlocally couple to the intermolecular coordinate and
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form strongly-shifted excimer harmonic potentials (see Eq. (5.2) and (5.4)). Accordingly,

the influence of the electronic coupling now depends on which k-state the electronic cou-

pling stabilizes and which k-state is responsible for excimer emission. Only when the

energetic splitting at the ground state geometry stabilizes a different k-state than that which

couples most strongly to the intermolecular coordinate can an increase in the strength of

the electronic coupling (at the ground state geometry) diminish excimer emission.

Within the Frenkel-CT model proposed in Chapter 2, there are two ways to increase

the strength of the electronic coupling at the ground state geometry: 1) by increasing the

n.n. Coulomb interactions between transition dipole moments (|JC |), or 2) by increasing

the π-orbital overlap in the ground electronic state, thereby increasing |t0e/h|. Here, we

first focus on the effects of the latter since the electron and hole transfer integrals are so

easily modified with small shifts in intermolecular geometry,107,127 and, furthermore, the

transfer integrals are already introduced as part of the nonlocal coupling picture established

in Section 4.4.2 of Chapter 4 and elaborated in Fig. 5.1. Then we proceed with analyzing

the effects of JC on excimer formation.

5.4.1 Increasing π-Orbital Overlap in the Ground State Geometry

By increasing the ground state Frenkel-CT electronic couplings, the excimer photolu-

minescent features can only disappear when the relative phase between t0e and t0h in the

ground state geometry is opposite to the relative phase of the transfer integrals in the ex-

cited state (see Fig. 5.1c,d). Figure 5.5 (and Fig. D.1 in Appendix D) depicts energy di-

agrams and emission spectra for competitive phase combinations between t0e/h and ge/h,

demonstrating how the excimer features in the photoluminescence spectrum can disappear

with increasing electronic coupling in the ground state geometry. When Eq. (5.7) holds,

excimer emission will occur, as illustrated in Fig. 5.5a,b; however, this inequality can be
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Figure 5.5. Emission as a function of increasing |t| = |t0
e/h| when −t0

e = t0
h and ge = gh. a)

Excimer-like emission at room temperature (298 K) when |t0
e/h| = 0 (approximate energy diagram

depicted in b)). b) Adiabatic Frenkel-CT energy level diagram when E0
R > 1

2∆Eπ. c) Frenkel-like
emission at room temperature when |t0

e/h| = 1400 cm−1 (approximate energy diagram depicted in
d)). d) Adiabatic Frenkel-CT energy level diagram when 1

2∆Eπ > E0
R, when the excimer is no

longer the lowest-energy state.

overcome by increasing the electronic ground state couplings |te/h| (Figure d), eliminating

the excimer component of the photoluminescence (Fig.5.5 c).

However, when the relative phase between the electron and hole transfer integrals re-

mains the same in the ground and excited state geometries, then it follows that the same

k-state that experiences the largest Frenkel-CT coupling at the ground state geometry also

undergoes the strongest nonlocal Frenkel-CT coupling along the intermolecular coordinate

(see Fig. 5.1a,b). In this case of constructive phase combinations, the excimer is even

more stabilized when the strength of the electronic coupling at the ground state geometry

increases, as demonstrated through Eq. 5.6 and in Figure 5.6 (for the other constructive

phase combination see Fig. D.2 in Appendix D). In the case of weak molecular orbital

overlap in the ground state geometry (Fig. 5.6a,b), while the excimer is the lowest energy
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Figure 5.6. Emission as a function of increasing |t| = |t0
e/h| when −t0

e = t0
h and −ge = gh. a)

Excimer-like emission at room temperature (298 K) when |t0
e/h| = 0 (approximate energy diagram

depicted in b)). b) Adiabatic Frenkel-CT energy level diagram when the excimer is weakly stabi-
lized by 1

2∆Eπ + Eπ
R. c) Frenkel-like emission at room temperature when |t0

e/h| = 1400 cm−1

(approximate energy diagram depicted in d)). d) Adiabatic Frenkel-CT energy level diagram when
the excimer is strongly stabilized by 1

2∆Eπ + Eπ
R and temperature-activation of the higher-lying

k = 0 states is not probable.

state, higher energy Frenkel-like states might still be thermally activated, adding structured

emission. However, further stabilizing the excimer states by increasing the magnitude of

the ground state coupling (Fig. 5.6d) will further Stokes shift the excimer peak while si-

multaneously decreasing the probability to temperature-activate the Frenkel-like emission

features (Fig. 5.6c).

5.4.2 Enhancement or Attenuation of Excimer with Coulomb Coupling

Similarly, through Eq. 2.9 in Chapter 2 the electronic coupling parameter JC can either

stabilize the k-states that negligibly couples to the intermolecular mode or can enhance the

stabilization of the k-states responsible for the excimer features, depending on whether the
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Figure 5.7. The effect of positive and negative Coulomb coupling on the room-temperature
(298 K) absorption and photoluminescence spectra of a) k = π excimers (−te = th =
560 cm−1, −ge = gh = 280 cm−1) and b) k = 0 excimers (te = th = 560 cm−1, ge = gh =
280 cm−1) that are constructively enhanced via π-orbital overlap. Spectra are simulated with |JC | =
700 cm−1, ECT −ES1 = 770 cm−1, λ2

f = 0.7, (λCT
s )2 = 14, ωf = 1400 cm−1, and ωs = 100 cm−1.

Coulomb coupling is positive or negative. As described using Kasha’s exciton theory in

Section 1.4 of Chapter 1, an H-aggregate geometry induces positive Coulomb coupling,

which destabilizes the bright k = 0 exciton while simultaneously stabilizing the k = π

state. In the case of excimer formation, if the k = π state induces excimer emission by cou-

pling most strongly to the intermolecular coordinate, H-like Coulomb coupling (JC > 0)

will further enhance the excimer states, as demonstrated in Fig. 5.7a (blue line). However,

in the case that the k = 0 states induce excimer emission by coupling most strongly to the

intermolecular coordinate, JC > 0 will destabilize the excimer state, decreasing the mag-

nitude of its Stokes shift (Fig. 5.7b, red line). The reverse trend occurs with J-like Coulomb

coupling (JC < 0), in which case k = 0 excimers will be further stabilized (Fig. 5.7 b, red

line), while k = π excimers will be destabilized (Fig. 5.7a, red line).

Fig. 5.7 further demonstrates the effect of JC on the temperature-activated non-excimer

k-states. In the case of k = π excimers shown in Fig. 5.7a, JC < 0 (red line) destabilizes

the excimer states but further stabilizes the non-excimer k = 0 states, reducing the energy

gap required for temperature activation of the structured monomer-like emission at higher-
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Figure 5.8. Absorption and photoluminescence spectra of enhanced excimer emission as a func-
tion of increasing local intermolecular vibronic coupling λCT

s . Spectra are simulated with JC =
0, ECT − ES1 = 770 cm−1, |te| = |th| = 560 cm−1, |ge| = |gh| = 280 cm−1, λ2

f = 0.7, ωf =
1400 cm−1, and ωs = 100 cm−1.

energy, as evident from the appearance of the high-energy emission band at ≈ 1800 cm−1.

However, while a similar energetic effect occurs in the case of k = 0 excimers and positive

Coulomb coupling (blue line), Fig. 5.7b does not demonstrate a composite spectrum as ob-

served in a). In this case, the higher-lying k = π Frenkel-like states possess little oscillator

strength compared to the excimer and thus negligibly contribute to the emission profile.

5.5 Further Enhancement of Excimer Emission with Local Intermolecular
Coupling

In addition to the electronic coupling at the ground state geometry, local intermolecular

vibronic coupling can also enhance or diminish the excimer photoluminescence. In the

adiabatic limit (ωs << |t0e + eikt0h|) under the simple approximations that JC = 0 and

ECT = ES1, the reorganization energy of the Frenkel-CT states along the intermolecular

coordinate in the presence of local intermolecular coupling becomes

Ek
R =

[
λk

NL + λCT
s

2

]2
ℏωs − (λCT

s )2

2 ℏωs. (5.8)
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Figure 5.9. Absorption and photoluminescence (PL) spectrum of a) constructive
(−te = th = 560 cm−1, −ge = gh = 280 cm−1) and b) destructive (−te = th = 560 cm−1,
ge = −gh = 280 cm−1) interference between the nonlocally-induced adiabatic shift λπ

NL and
the locally-induced shift of the diabatic CT state λCT

s . Spectra are simulated with JC = 0,
ECT − ES1 = 770 cm−1, λ2

f = 0.7, (λCT
s )2 = 14, ωf = 1400 cm−1, and ωs = 100 −1.

Eq. (5.8) demonstrates how a relaxation energy corresponding to the local CT site ener-

gies can either constructively or destructively interfere with the nonlocally-induced relax-

ation energy given by Equations (5.1) and (5.3). The type of interference will depend

on whether the relative magnitudes of the transfer integrals increase or decrease as the

intermolecular orientation moves from the ground to the excited state geometry. If the

electron and hole transfer integrals increase in magnitude as the chromophores move along

the intermolecular coordinate, then λk
NL + λCT

s will be a larger positive value than λk
NL.

Hence, the constructive interference will further red-shift the excimer peak, as shown in

Fig. 5.8 and 5.9a. However, if |te/h| decrease in magnitude in the excited state geometry

compared to the ground state geometry, the interference will be destructive, decreasing the

total excimer shift along the intermolecular coordinate, and if the −λCT
s is large enough,

almost cancelling out excimer-like behavior (see Fig. 5.9b).

A linear decrease in the transfer integrals as they move toward the excited state min-

imum results in opposing phases between t0e and ge as well as between t0h and gh, ulti-

mately corresponding to a destructive interference in Eq. (5.8). Generally, π-stacked chro-
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Figure 5.10. Diabatic energy level diagram depicting nonlocal coupling a) without and b) with
the inclusion of local intermolecular vibrational coupling. These diagrams demonstrate how the
Frenkel and CT excitons become closer in resonance near the excited-state geometry upon addition
of local intermolecular vibronic coupling, ultimately enhancing Frenkel-CT mixing (according to
Eq. (2.9) in Chapter 2.

mophores tend to show an increase in MO orbital overlap in the excited state geometry

relative to the ground state geometry, which therefore suggests that the constructive inter-

ference in Eq. (5.8) is a more realistic picture. The tendency of π-conjugated chromophores

to increase the molecular orbital overlap within an excited dimer is partially driven from

the fact that an increase in |te| (due to more LUMO orbital overlap between monomers) sta-

bilizes the LUMO of the dimer (see Fig. 2.1 in Chapter 2). Therefore, larger orbital overlap

indicates larger |te|, which stabilizes the excited state of the dimer. Consequently, it is

most likely that the transfer integrals will increase in magnitude along the intermolecular

coordinate to qs = λCT
s , such that excimer emission is enhanced by the addition of local

intermolecular vibronic coupling to the CT states, as demonstrated in Fig. 5.8.

Furthermore, Fig. 5.10 demonstrates that in the presence of strong local intermolecular

vibronic coupling, a shift in the CT energies through λCT
s further modulates the Frenkel-

119



CT coupling by alternating the resonance condition ECT − ES1 along qs (see Eq. (2.9) in

Chapter 2). Ultimately, a large λCT
s brings the diabaticECT closer in resonance, or possibly

even lower in energy, to the diabatic Frenkel energy EF near the excited state geometry as

shown in Fig. 5.10. This change in relative ECT −EF near the excited state geometry will

increase the CT character of the excimer states. For example, in the simulations displayed

in Fig. 5.8, for both phase combinations shown, the CT character of the lowest energy

excimer state is 44% when (λCT
s )2 = 0, and steadily increases to 62% when (λCT

s )2 = 15.

The larger CT character induced by the local intermolecular coupling further decreases the

intensity of the excimer peak, which would contribute to even smaller fluorescent quantum

yields.

5.6 A Note on Excimers in Coulomb J-Dimers

While excimer features have dominantly been reported in Coulomb H-aggregate pho-

toluminescence spectra,58,202,212 some groups have claimed excimers, or self-trapped ex-

citons, also emit in J-aggregates of thiamonomethinecyanine,229 carbocyanine,230 and 1-

methyl-1’-octadecyl-2,2’-cyanine iodide.231 However, the assignment of the respective "J-

aggregates" is somewhat questionable. According to the model proposed in Chapter 4 and

elaborated on in the present Chapter, the only route to prevent excimer formation is to

inhibit large changes in molecular orbital overlap between the ground and excited state

geometries–i.e. no strong nonlocal Frenkel-CT coupling is present in the system. Even if

a dimer is well-approximated by the Kasha J-like Coulomb coupling and has no π-orbital

overlap in the ground state geometry (i.e. t0e/h = 0), if the dimer were to rearrange to

an excited state with substantial molecular orbital overlap (ge/h ̸= 0), theoretically excimer

formation is possible (see Fig. 5.11a) in such "Kasha" J-dimers. Interestingly, in the case of

J-like Coulomb coupling (JC < 0), and H-like transfer integrals in the excited state geome-
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Figure 5.11. Depiction of a) excimer photoluminescence when ge and gh are in-phase and b) lack
of excimer photoluminescence when ge and gh are out-of-phase, in a Kasha J-dimer (JC < 0 and
t0
e/h = 0) as a function of increasing nonlocal coupling g = |ge/h|. Spectra were simulated under

the following parameters: JC = 1000 cm−1, ECT − ES1 = 770 cm−1, λ2
f = 0.7, (λCT

s )2 = 0.

try (−ge = gh), excimer signatures are less likely in the emission spectrum (see Fig. 5.11b),

since the excimer k = π states need to overcome the stability of the Frenkel-like k = 0

states, as discussed in the previous section.

For perylene, a long-axis slip of ≈ 5.5-8 Å is required to induce J-like JC < 0

coupling.127,132 According to the CT coupling map in Fig. 5.3, both H- (blue) and J-like

(red) CT couplings are induced via molecular orbital overlap at these long-axis slipping

distances. Of course, if π-orbital overlap is present within a J-dimer, following the neces-

sary inclusion of CT coupling one must be careful as to how to define a "J"-dimer, since

now the J-like Coulomb coupling will interfere with either J- or H-inducing CT short-range

coupling, creating JJ- or JH-dimers. As long as either the Kasha or CT J-like (negative)

coupling is the dominating coupling source within the dimer, J-dimer spectral signatures

will be produced.107,127 So now the question arises: is excimer formation possible in JJ- or

Jh-dimers?

Again, in all of the above analysis, the main requirement for excimer formation is

the occurrence of substantial nonlocal Frenkel-CT coupling. Hence, as demonstrated in
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Figure 5.12. CT coupling (−teth) in a perylene dimer as a function of long-axis slip at short-axis
distance of 0 Å. Couplings were calculated using B3LYP/cc-pVDZ.

Fig. 5.4, any type of aggregate is capable of excimer formation, as long as the nonlocal

coupling is strong enough to induce broadening by coupling to the intermolecular coordi-

nate, as well as strong enough to stabilize the excimer states such that they are the main

source of emission. Now the question is: if J-dimers also allow for π-orbital overlap, and

changes in their overlap, why is excimer emission less commonly observed in J-aggregates?

While a more detailed analysis is required to fully answer this question, simple intuition

from our model guides us to notice that changes in CT-coupling (due to changes in π-

orbital overlap) at slip-distances corresponding to Coulomb J-like coupling (≈ 5.5-8 Å)

are relatively small compared to changes in the CT coupling strength closer to the eclipsed

(Coulomb H-like) origin at small long-axis distances ≈ 0-2 Å (see Fig. 5.12, which demon-

strates changes in JCT along the long-axis slipping motion). Therefore, smaller nonlocal

Frenkel-CT coupling at slip-distances corresponding to J-aggregates is likely the reason

that excimer emission is less common at Kasha J-dimer geometries, even if significant

structural rearrangements were to occur.

This final section is now concluded by pointing to the fact that hJ-dimers, where the

Coulomb coupling is H-like but the CT coupling is dominantly J-like, can also emit with
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J-like signatures while also displaying a red-shifted absorption band, as seen in tetraphenyl

PDI in Chapter 3, possibly being confused with Kasha J-aggregates if no X-ray structure is

easily measured. In this situation, the shorter slipping distances are more capable of large

changes in the CT coupling (if sterics allow), and hence may be more likely to display

excimer emission. In this case, spectral analysis may appear to exhibit J-like excimers,

even though the Coulomb coupling is H-like.

5.7 Conclusions

This Chapter further expanded upon the Holstein-Peierls excimer model, which was

proposed in Chapter 4, in order to theoretically investigate excimer signatures in different

types of PDI aggregates. We found that k = 0 excimers are more emissive than k = π

excimers, and that different relative phases between the transfer integrals corresponding

to the ground state geometry (t0e/h) can uniquely combine with different relative phase

combinations between the transfer integrals corresponding to the excited state geometry

(ge/h), leading to four phase combinations that each produce intricate photoluminescent

features. The unique features corresponding to each "type" of excimer intricately depend

on the relative coupling strengths between the different electronic couplings involved. We

explored the effects of the CT, Coulomb and local intermolecular vibronic couplings on

the excimer emission spectra. We concluded with a discussion on excimer formation in

J-dimers. While our model suggests that it is possible for J-dimers to display excimer

emission, the nonlocal coupling might be too small to induce excimer emission at these

largely slipped geometries. However, this discussion was limited to a perylene dimer, and

it would be of great interest if experimentalists could design a Coulomb J-aggregate in

which large changes in orbital overlap are possible, demonstrating a true Coulomb J-dimer

that demonstrates excimer fluorescence.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

Perylene diimide (PDI) dyes demonstrate high potential for application in organic elec-

tronics and photovoltaics, although they have still been in need of further optimization.

Throughout this thesis, a Frenkel-charge transfer (CT)-Holstein Hamiltonian is applied and

modified in order to gain physical insight into the steady-state absorption and photolumi-

nescent features of PDI aggregates. In particular, the investigation of the intermolecular

interactions and their impact on the photophysical properties is a rewarding task since

they significantly impact the performance and functionalities of devices. A Frenkel-CT-

Holstein approach has related aggregation-induced changes in vibronic ratios in the ab-

sorption and photoluminescence spectrum to Coulomb coupling strengths,102 Frenkel-CT

interferences,127 exciton band structure,107 and even exciton coherence lengths,103 all of

which aid in the experimental design of organic materials.

The exciton band dispersion is one such feature that can be extracted out of steady-

state absorption spectra. In π-stacks of conjugated organic chromophores, it is a critical

factor in determining the photophysical response and transport properties. In such stacks,

the exciton bandwidth and, in particular, the curvature at the band center, is determined by

an interference between short-range coupling due to wave function overlap and long-range

Coulomb coupling arising from transition dipole–dipole interactions. The interference can

be completely destructive, yielding a dispersionless "flat" band, resulting in an unusual sit-
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uation where the aggregate displays monomer-like optical properties, in the presence of

closely spaced chromophores. Coupled chromophores such as these are called "null ag-

gregates" and the perfect balance of interactions that leads to them are referred to as "null

points." In Chapter 3, we studied two PDI derivatives, which pack in unique arrangements

according to the different substituents attached to the perylene core. However, in both

systems a positive long-range coupling induces H-aggregate behavior, whereas a counter-

acting short-range coupling induces J-aggregate behavior. As such, both derivatives display

so-called HJ-aggregate properties but are shown to straddle a null point. In N-phenyl PDI

π-stacks, the stronger Coulomb coupling tilts the scales in favor of overall H-like behavior

resulting in Hj-aggregates, characterized by a weak 0–0 vibronic photoluminescence peak,

which increases with temperature. By contrast, in tetraphenyl PDI π-stacks, the short-range

coupling dominates, resulting in hJ-aggregates, as characterized by dominant 0–0 emis-

sion. Furthermore, in tetraphenyl PDI, the 0–0/0–1 PL ratio remains approximately twice

the monomer value, independent of temperature, indicating strong Peierls-like dimeriza-

tion. Identifying the null points in PDI derivatives provides reference geometries for band

shape engineering through, for example, chemically induced or pressure-induced changes

in molecular packing.

While Chapter 3 highlighted that vibronic ratios in the photoluminescence spectra can

help distinguish on which side of a Frenkel-CT "null" point an aggregate lies, unfortu-

nately many PDI derivatives display broad, structureless and red-shifted excimer emission,

which convolutes these informationally-rich vibronic ratios in the photoluminescence spec-

tra. The presence of excimers is not unique to PDI and is quite common in a great many

organic solution- and solid-phase systems. Hence, a fundamental theoretical account of

excimer creation and relaxation has generated great interest over the years. Accordingly,

in Chapter 4, the Holstein Hamiltonian was extended to a Holstein-Peierls Hamiltonian in

order to account for excimer formation, by incorporating both local and nonlocal coupling
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to a slow intermolecular vibrational mode within a dimer. The model demonstrated that ex-

cimer emission can be induced through either 1) local intermolecular coupling to the dimer

diabatic CT states or through 2) the nonlocal Frenkel-CT coupling terms. Finally, by in-

corporating both the local and nonlocal intermolecular vibrational coupling, the theory was

able to successfully reproduce the measured absorption and excimer emission spectra for a

set of two different bis(PDI)s. Bis-PDI A and bis-PDI B are both composed of two closely

π-stacked chromophores that are covalently-linked, but each system displays a unique rota-

tional angle between the chromophores, one that depends on the attached substituent at the

imide position. Bis-PDI A emits classical excimer features, with no "monomer"-like peaks

at the high-energy end of the spectrum. Bis-PDI B, however, exhibits a less Stokes-shifted

excimer peak (relative to bis-PDI A) and some vibronically structured emission near the

monomer transition frequencies. The model was able to successfully reproduce the dif-

ferences in the photoluminescence between bis-PDIs A and B, with physically justifiable

parameters.

According to the Holstein-Peierls model, Chapter 4 proposed that the "monomer"-like

transitions at high-energy (in bis-PDI B) are due to the temperature-activation of higher-

lying Frenkel exciton-like emitting states that do not couple strongly to the intermolecular

vibrational coordinate. The model is unique in being able to produce a composite emission

spectrum that displays both excimer-like features and structured "monomer"-like features,

both of which originate from the same dimer species (i.e. not invoking any monomer con-

tamination, as often assumed in literature). Furthermore, the evolution from obtaining a

fully structured (exciton) emission to obtaining that of a fully unstructured excimer can oc-

cur by either increasing the strength of the nonlocal coupling, (by increasing the π-orbital

overlap in the relaxed excited state geometry relative to that in the ground state geometry),

or by stabilizing the diabatic CT energy. By analyzing the DFT-optimized structures and

corresponding couplings of bis-PDIs A and B, it was found that bis-PDI A has stronger
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nonlocal coupling than bis-PDI B, due to the less sterically hindered substituents on bis-

PDI A, which allow for more molecular orbital overlap in the relaxed excited state geome-

try. This slightly larger nonlocal Frenkel-CT coupling in bis-PDI A is enough to stabilize

the excimer states such that the higher-lying Frenkel-like states are not easily thermally-

activated, therefore producing purely unstructured excimer emission.

Since the nonlocal couplings can be relatively easily tuned by changing the substituents

in the PDI core, Chapter 5 further expanded upon the mechanism of excimer formation

through nonlocal coupling, exploring how different relative phases within the ground state

Frenkel-CT couplings as well as the different relative phases within the nonlocal Frenkel-

CT couplings can result in four different types of excimer species. It was highlighted in

this Chapter that the nonlocal coupling of Frenkel-CT excitons to an intermolecular mode

has a strong preference for coupling with either the bright k = 0 Frenkel-CT exciton states

or for the weakly-emissive k = π Frenkel-CT exciton states, depending on the phases

of molecular orbital overlap within the dimer. The fact that only one of the dimer’s k-

states will couple to the intermolecular coordinate has important consequences for how

additional electronic couplings present in the system will influence the excimer photolu-

minescence. The Frenkel-CT coupling at the ground state geometry, the Coulomb exciton

coupling, and the local intermolecular vibronic coupling each can either stabilize the lower

excimer k-state, or stabilize the lower Frenkel-like k-state that does not couple strongly

to the intermolecular vibration. This leads to a broad array of possible photoluminescent

signatures that were discussed within Chapter 5. The Chapter concluded by hypothesizing

why excimer photoluminescence is less-commonly observed in Coulomb J-dimers.

The Holstein-Peierls model proposed in this thesis lays the foundation for many pos-

sible theoretical and experimental investigations on excimers. For example, parameters

extracted from experimental spectra using fits from our model can be applied to dynam-

ics studies of exciton transport in material design. There is also ample room to expand
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the model, for instance, by first extending the Hamiltonian to a trimer, a system in which

extended aggregation effects on excimers could be studied. Specifically interesting to PDI

dyes, it is possible that the model in this work could be extended to analyze the competition

between symmetry-breaking charge separation and excimer formation in covalently-bound

PDI dimers.232–235 A grand goal would be to unite excimers to singlet fission, since some

excimers are thought to possess triplet character and are hypothesized to be intermediates

in the singlet fission process. Singlet fission is of high interest due to its potential to signif-

icantly increase the power conversion efficiencies of organic photovoltaics.236 To capture

this process, spin would be explicitly added to the basis in the model that was proposed

in Chapter 4, such that triplet states would be incorporated, as well as additional coupling

terms involving the overlap between the HOMO of monomer A and the LUMO of monomer

B.237 And so, I conclude with the famous words of Winston Churchill, "Now, this is not the

end. It is not even the beginning of the end. But it is, perhaps, the end of the beginning."
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APPENDIX A

LIST OF ABBREVIATIONS AND IMPORTANT MATHEMATICAL
SYMBOLS
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A.1 Abbreviations

CT Charge transfer

CS Charge-separated

DA Donor-acceptor

DFT Density functional theory

eV Electron volt

FF Fill factor

H-aggregate An aggregate in which the transition dipole moments are aligned in a
sandwich-like configuration, inducing positive Coulomb coupling

HOMO Highest occupied molecular orbital

J-aggregate An aggregate in which the transition dipole moments are aligned in a
head-to-tail configuration, inducing negative Coulomb coupling

LUMO Lowest unoccupied molecular orbital

meV Millielectron volt

NFAs Non-fullerene acceptors

nm Nanometer

OFET Organic field effect transistor

OLED Organic light emitting diode

PCE Power conversion efficiency

PDI Perylene diimide

TDDFT Time-dependent density functional theory

UV-vis Ultraviolet-visible

vis-NIR Visible-(near infrared)
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A.2 Important Mathematical Symbols

ES1 Monomer transition energy corresponding to the S0 → S1 transition

ECT Energy of the diabatic charge transfer state

ge Nonlocal coupling of te along the intermolecular mode qs

gh Nonlocal coupling of th along the intermolecular mode qs

ℏ Planck’s constant divided by 2π
JC Nearest-neighbor Coulomb coupling between transition dipole moments

JCT Perturbative expression for the nearest-neighbor short-range CT exciton
coupling due to molecular orbital overlap

JF B Nearest-neighbor Coulomb coupling strength required for the "null" con-
dition (to cancel JCT )

te Electron transfer integral

th Hole transfer integral

qf Fast intramolecular vibrational coordinate

qs Slow intermolecular vibrational coordinate

λ2
f Huang-Rhys factor corresponding to the ES1 transition along the fast

intramolecular mode

(λCT
s )2 Huang-Rhys factor corresponding to the ECT transition along the slow

intermolecular mode

ωf Frequency of the fast intramolecular vibrational mode of the monomer

ωs Frequency of the slow intermolecular mode of the dimer

|k = 0⟩ Nodeless electronic exciton state

|k = π⟩ Electronic exciton state with the largest number of nodes
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Figure B.1. Experimental (black) and theoretical fit (red) for the monomer absorption spectrum
of N -phenyl PDI. Theoretical curve was fit using a Huang-Rhys factor of 0.6 and an effective
frequency mode given by ωf = 1400 cm−1.

Figure B.2. Time-resolved emission profiles of tetraphenyl PDI aggregates measured following
excitation at 420 nm. Time evolution of the emission spectrum is collected by streak camera over
the time window of 0-2 ns with a time resolution of ≈ 10 ps. Due to the limited spectral resolution
of the streak camera, the 0–0 and 0–1 peaks cannot be resolved. The time evolution of a red-shifted
shoulder peak is attributed to the excimer state which is located to the red of S0 → S1 emission
peak at ≈ 730 nm.
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Table B.1. Optimized parameters used in Fig. 3.4 simulations in Chapter 3. The raw Coulomb
couplings are screened by a dielectric constant ϵ, σab (σem) is the standard deviation of the absorp-
tion (emission) linewidth, and ∆0−−0 is the gas-to-crystal shift. All energies are given in units of
cm−1.

Tetraphenyl PDI N-Phenyl PDI Tetraphenyl PDI N-Phenyl PDI

Aggregate Aggregate Monomer Monomer

1 2

λ2 0.6 0.6 0.6 0.6

λ2
+ 0.3 0.3 0.3 0.3

λ2
− 0.3 0.3 0.3 0.3

ECT − ES1 700 980 - -

te 1050 585 795 - -

th 760 220 313 - -

ϵ 4.3 3.3 - -

σab 500 500 350 350

σem 400 400 350 350

∆0−−0 0 -750 - -

Stokes Shift 1230 1450 390 285
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Figure B.3. Temperature-dependent PL lifetime decays at different temperatures for a) N-phenyl
and b) tetraphenyl PDI aggregates in the solid state.
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C.1 Monomer Structure and Monomer Absorption and Emission Spectra

Figure C.1. Chemical structure of the monomer taken from Ref. [58]

Figure C.2. a) Experimental steady-state fluorescence of (C.1) in toluene taken from Ref. [58]
(black) and fit simulated monomer emission (light blue) with λf = 0.7, ES1 = 18740 cm−1,
and ωf = 1400 cm−1. b) Experimental steady-state absorption of (C.1) in toluene, digitized and
converted into cm−1 from Ref.[197]

C.2 Perturbative Limit ECT << ES1 and |te + th| << ES1 − ECT

To better understand this symmetry breaking which accompanies the energy ordering,
we turn to the perturbative limit. First we find the first order correction to the wavefunction
corresponding to the lowest energy state, from which emission occurs at T= 0 K. Then
we can solve for the oscillator strengths for transitions to the ground state with various
vibrational quanta in the intermolecular and intramolecular vibrational coordinates and
compare to the results from the code.
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Ignoring the small CT transition dipole moment in the dipole moment operator,

µ̂ =
∑

n

|n⟩⟨g| + h.c. (C.1)

with which we will analyze excimer formation in the limit that ECT << EF and
|te + th| << |ECT − EF |.

C.2.1 Pure Intramolecular Vibronic Coupling

The first-order corrected wavefunction for a lowest energy CT state, which couples to
higher energy Frenkel states with ν̃ intramolecular vibrational quanta is:

∣∣∣Ψ(1)
0

〉
=

∣∣∣k = 0; 0+; 0−
〉

CT
−

∑
ν̃

|k = 0; ν̃⟩F
F

〈
k = 0; ν̃

∣∣∣V̂ ∣∣∣k = 0; 0+; 0−
〉

CT

E ν̃
F − E0

CT

(C.2)

where the coupling element

F

〈
k = 0; ν̃

∣∣∣V̂ ∣∣∣k = 0; 0+; 0−
〉

CT
= |te + th|

〈
ν̃

∣∣∣0±
〉 〈

0
∣∣∣0±

〉
, (C.3)

recalling the definition of
∣∣∣kF = 0; ν̃

〉
and

∣∣∣kCT = 0; 0+; 0−
〉

from Ref. [107], and

where V̂ is the coupling term in Eq. 2.5 in Chapter 2. I0−0, the intensity of the purely
electronic transition from the lowest energy eigenstate to the ground state, is given by

I0−0 =
∣∣∣∣ 〈

Ψ(1)
0

∣∣∣µ̂∣∣∣G〉 ∣∣∣∣2 (C.4)

and therefore

I0−0 = 2µ2

∣∣∣∣∣∣
∑

ν̃

⟨ν̃|0⟩ |te + th| ⟨ν̃|0±⟩ ⟨0|0±⟩
E ν̃

F − E0
CT

∣∣∣∣∣∣
2

(C.5)

The factor of 2 demonstrates superradiance in a dimer.

For I0−1, the intensity of emission from the lowest energy eigenstate to the S0 potential
with 1 vibrational quanta, is given by

I0−1 =
2∑

n=1

∣∣∣∣ 〈
Ψ(1)

0

∣∣∣µ̂∣∣∣g; 1n

〉 ∣∣∣∣2 (C.6)

and therefore

I0−1 = µ2

∣∣∣∣∣∣
∑

ν̃

⟨ν̃|1⟩ |te + th| ⟨ν̃|0±⟩ ⟨0|0±⟩
E ν̃

F − E0
CT

∣∣∣∣∣∣
2

(C.7)
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where there is no factor of 2 superradiance for the vibronic sideband emission. Similar
expressions for additional sidebands can be derived using equations listed in Section 2.8 of
Chapter 2.

C.2.2 Pure Intermolecular Vibronic Coupling

The first-order corrected wavefunction for a lowest energy CT state, which couples to
higher energy Frenkel states with νF

s intermolecular vibrational quanta is:

∣∣∣Ψ(1)
0

〉
=

∣∣∣k = 0; 0CT
s

〉
CT

−
∑
νF

s

∣∣∣k = 0; νF
s

〉
F

F

〈
k = 0; νF

s

∣∣∣V̂ ∣∣∣k = 0; 0CT
s

〉
CT

E
νF

s
F − E0

CT

(C.8)

where the coupling element

F

〈
k = 0; νF

s

∣∣∣V̂ ∣∣∣k = 0; 0CT
s

〉
CT

= |te + th|
〈
νF

s

∣∣∣0CT
s

〉
(C.9)

The intensity formula for emission to a ground state with νg
s ground state intermolecular

vibrational quanta is expressed as:

I0−νg
s =

∣∣∣∣ 〈
Ψ(1)

0

∣∣∣µ̂∣∣∣g; νg
s

〉 ∣∣∣∣2 (C.10)

and therefore

I0−νg
s = 2µ2

∣∣∣∣∣∣
|te + th|

〈
νg

s

∣∣∣0CT
s

〉
E

νF
s

F − E0
CT

∣∣∣∣∣∣
2

(C.11)

which exhibits dimer superradiance, since the intermolecular vibration is common to both
chromophores.

C.2.3 Intramolecular and Intermolecular Vibronic Coupling

The first-order corrected wavefunction for a lowest energy CT state, which couples to
higher energy Frenkel states with both intramolecular and intermolecular quanta is:

∣∣∣Ψ(1)
0

〉
=

∣∣∣k = 0; 0+; 0−; 0CT
s

〉
CT

−
∑

ν̃

∑
νF

s

∣∣∣k = 0; ν̃; νF
s

〉
F

F

〈
k = 0; ν̃; νF

s

∣∣∣V̂ ∣∣∣k = 0; 0+; 0−; 0CT
s

〉
CT

E
ν̃,νF

s
F − E0

CT

(C.12)
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where the coupling element

F

〈
k = 0; ν̃; νF

s

∣∣∣V̂ ∣∣∣k = 0; 0+; 0−; 0CT
s

〉
CT

= |te + th|
〈
ν̃

∣∣∣0±
〉 〈

0
∣∣∣0±

〉 〈
νF

s

∣∣∣0CT
s

〉
(C.13)

For the intensity of emission from the lowest energy eigenstate to the ground state with
only intermolecular vibrational quanta, I0−0νg

s , is given by

I0−0νg
s =

∣∣∣∣ 〈
Ψ(1)

0

∣∣∣µ̂∣∣∣g; 0; νg
s

〉 ∣∣∣∣2 (C.14)

and therefore

I0−0νg
s = 2µ2

∣∣∣∣∣∣
∑

ν̃

⟨ν̃|0⟩
|te + th| ⟨ν̃|0±⟩ ⟨0|0±⟩

〈
νF

s

∣∣∣0CT
s

〉
E

ν̃,νF
s

S1 − E0
CT

∣∣∣∣∣∣
2

(C.15)

The factor of 2 demonstrates superradiance in a dimer.

The emission intensity from the lowest energy eigenstate to the ground state with 1
intramolecular vibrational quanta and νg

s intermolecular vibrational quanta, I0−1νg
s , is given

by

I0−1νg
s =

2∑
n=1

∣∣∣∣ 〈
Ψ(1)

0

∣∣∣µ̂∣∣∣g; 1n; νg
s

〉 ∣∣∣∣2 (C.16)

and therefore

I0−1νg
s = µ2

∣∣∣∣∣∣
∑

ν̃

⟨ν̃|1⟩
|te + th| ⟨ν̃|0±⟩ ⟨0|0±⟩

〈
νF

s

∣∣∣0CT
s

〉
E ν̃,νg

s
F − E0

CT

∣∣∣∣∣∣
2

(C.17)

One can see that in the case when ECT << EF (ES1), (neglecting Coulomb coupling),
the intensities broaden according to the intermolecular overlap factors

〈
νF

s

∣∣∣0CT
s

〉
, which

will have larger intensity with a large value of νF
s when the intermolecular Huang-Rhys

factor (λCT
s )2 is large. The broadening is induced by coupling of a dark CT state to a bright

Frenkel states with many intermolecular vibrations, giving the emitting state a Stokes
shifted character from the CT state, and broadened intermolecular character from the
higher level Frenkel states, even at T= 0 K. Similar expressions may be derived for side-
bands with > 1 vibrational quanta by using equations listed in Section 2.8 of Chapter 2.
We successfully checked our code by comparison to these analytical perturbation results.
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C.3 Local and Nonlocal Best Fit Parameters for bis-PDI B

Figure C.3. a) Calculated and experimental room temperature fluorescence spectra and b) calcu-
lated temperature-dependent fluorescence spectra of bis-PDI B in toluene using best fit parameters
in Table C.1, including only the local intermolecular coupling (ge/h = 0).

Figure C.4. a) Calculated and experimental room temperature fluorescence spectra and b) calcu-
lated temperature-dependent fluorescence spectra of bis-PDI B in toluene using best fit parameters
in Table C.1, including only the nonlocal intermolecular coupling term (λCT

s = 0).
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Table C.1. Local and Nonlocal Optimized Parameters for bis-PDI A and bis-PDI B

Local Fit Nonlocal Fit

ECT −ES1 (cm−1) -1330 5600

t0e (cm−1) -560 -350

t0h (cm−1) 140 166

ge (cm−1) 0 -530

gh (cm−1) 0 530

JC (cm−1) 1010 1000

ϵ 4 3

∆em−Stokes (cm−1) -340 0

γem (cm−1) 560 700

λ2
f 0.7 0.7

(λCT
s )2 27.5 0

ωf (cm−1) 1400 1400

ωs (cm−1) 100 100
*∆em−Stokes is an artificial shift used to align the spectra

C.4 Derivation of Nonlocal Reorganization Energy

Here, we restrict the analysis to the case whenECT = ES1 and JC = 0. We first expand
the nonlocal coupling Hamiltonian ωsb

†
sbs +Hs

NL in the Frenkel-CT basis set (Eq. (2.8) in
Section 2): ∑

k

∑
±

∣∣∣k±
F,CT

〉〈
k±

F,CT

∣∣∣ (ωsb
†
sbs +Hs

NL)
∣∣∣k±

F,CT

〉〈
k±

F,CT

∣∣∣ (C.18)

where
∣∣∣k±

F,CT

〉
≡ |k⟩±

F,CT for readability, and

∣∣∣k±
F,CT

〉
= ck,±

F

{
|1⟩ + eik |2⟩

}
√

2
+ ck,±

CT

{
|1+, 2−⟩ + eik |2+, 1−⟩

}
√

2
(C.19)

The change of basis gives

〈
k±

F,CT

∣∣∣ωsb
†
sbs +Hs

NL

∣∣∣k±
F,CT

〉
= ωsb

†
sbs + ge + eikgh

2 (b†
s + bs)

{
(ck,±

F )∗ck,±
CT + (ck,±

CT )∗ck,±
F

}
(C.20)
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Note, on resonance (ECT = ES1), |ck,±
F/CT | = 1√

2 , and

〈
k±

F,CT

∣∣∣Hs
NL

∣∣∣k±
F,CT

〉
= ωsb

†
sbs − sk

U/L

ge + eikgh

2 (b†
s + bs) (C.21)

where sk
U/L is a sign (+ or -) which matches the sign of the product −ck,±

F ck,±
CT of the adia-

batic Frenkel-CT state coefficients. Next, we complete the square to find the reorganization
energy corresponding to a shifted potential in the delocalized basis:

ℏωs

[
b†

sbs − λk
U/L

(
b†

s + bs)
]

= ℏωs

[(
b†

s − λk
U/L

)(
bs − λk

U/L

)
− (λk

U/L)2
]

(C.22)

where the dimensionless nonlocal shift, at resonance, is defined as

λk
U/L ≡ sk

U/L

ge + eikgh

2ℏωs

(C.23)

Completing the square, the reorganization energy at resonance, Ek
R is expressed as

Ek
R = ℏωs(λk

U/L)2 = |ge + eikgh|2

4ℏωs

. (C.24)

which is the same for the lower and upper states. Including also contributions from
HF + HCT gives the energy of the potential well minimums from Figure 4.4 of Chapter 4
as,

Ek
L/U = ECT ± |te + the

ik| − Eπ
R (C.25)

We note that a positive relaxation energy indicates a lowering in energy.
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C.5 Limit of Negligible Intermolecular Vibrational Coupling

Figure C.5. Comparison of emission with and without intermolecular local and nonlocal coupling,
increasing ∆E = ECT − ES1 from a) 4200 cm−1 to b) 7000 cm−1.

One can see from Fig. C.5 that in the limit that ECT >> ES1 the spectrum converges
to that in which no local or nonlocal intermolecular coupling terms are considered.

C.6 Wavefunction Composition Tables: Local & Nonlocal Intermolecular
Coupling

Listed in the following tables is information regarding the composition of the emit-
ting eigenstates highlighted in Fig. 4.6 in Chapter 4, simulated under the same parame-
ters. Listed are the fluorescence transition energies, the eigenvalue corresponding to this
transition, vg

f (vg
s ) is the number of fast (slow) vibrational quanta in the ground state to

which emission occurs, the number of slow vibrational quanta in the Frenkel (CT) poten-
tials νF

s (νCT
s ) that correspond to the largest diabatic coefficient in the emitting eigenstate,

the average number of slow quanta in the Frenkel (CT) potential in the emitting state
〈
νF

s

〉
(〈
νCT

s

〉)
, the percentage of CT character in the emitting state, the location of the emitting

state along the intermolecular coordinate 1
2 ⟨Ψ0|b†

s + bs|Ψ0⟩, and the oscillator strength of
the emitting state f 2

i . Only a small sample of states are shown.
One can see that the low energy peak has dominant CT character, a small oscillator

strength and a large shift along the intermolecular coordinate. Furthermore, emission oc-
curs to intramolecular sidebands in the ground state because of the k = π character.
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Table C.2. Composition Table for Lowest Energy Transitions with Large Oscillator Strength

Transition Energy (cm−1) 12413 13813 14413

Eigenvalue (cm−1) 17413 17413 17413

vg
f 2 1 1

vg
s 22 22 16

νF
s Max Character 22 22 22

νCT
s Max Character 1 1 1〈
νF

s

〉
8.8 8.8 8.8〈

νCT
s

〉
0.7 0.7 0.7

CT Character (%) 55.6 55.6 55.6
1
2 ⟨Ψ0|b†

s + bs|Ψ0⟩ 4.53 4.53 4.53

f2
i 4.54e-4 9.88e-4 5.16e-4

Table C.3. Composition Table for Lower-Energy Eigenstates in High Energy "0–0" Transitions
with Large Oscillator Strength

Transition Energy (cm−1) 18669 18797 18777 18786 18771

Eigenvalue (cm−1) 18769 18797 18977 19086 19271

vg
f 0 0 0 0 0

vg
s 1 0 2 3 5

νF
s Max Character 0 0 1 2 4

νCT
s Max Character 2 3 5 9 7〈
νF

s

〉
4.5 3.2 5.3 6.0 7.0〈

νCT
s

〉
0.7 0.6 1.3 1.6 1.9

CT Character (%) 26.6 19.4 24.9 24.4 22.4
1
2 ⟨Ψ0|b†

s + bs|Ψ0⟩ 2.53 1.86 2.07 1.92 1.55

f2
i 4.76e-2 0.26 9.7e-2 0.14 0.12
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Table C.4. Composition Table for Higher-Energy Eigenstates in High Energy "0–0" Transitions
with Large Oscillator Strength

Transition Energy (cm−1) 18784 18761 18740 18798 18793 18792

Eigenvalue (cm−1) 19484 19561 19640 19898 19993 20092

vg
f 0 0 0 0 0 0

vg
s 7 8 9 11 12 13

νF
s Max Character 7 7 8 11 12 13

νCT
s Max Character 10 11 12 13 13 16〈
νF

s

〉
8.3 8.8 9.3 11.1 11.9 12.6〈

νCT
s

〉
2.1 2.2 2.2 2.5 2.6 2.6

CT Character (%) 20.2 19.5 18.9 17.6 17.2 16.8
1
2 ⟨Ψ0|b†

s + bs|Ψ0⟩ 1.14 1.01 0.88 0.62 0.58 0.50

f2
i 0.21 0.156 0.104 0.285 0.270 0.249
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APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER 5
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D.1 Increasing t0e/h

Figure D.1. Excimer emission as a function of increasing |t| = |t0
e/h| when t0

e = t0
h and −ge = gh.

a) Low energy excimer-like emission at room temperature (298 K), and thermally-activated k = 0
Frenkel-like emission when |t0

e/h| = 0 (approximate energy diagram depicted in b)). b) Adiabatic
Frenkel-CT energy level diagram when Eπ

R > 1
2∆E0. c) Purely Frenkel-like emission at room

temperature when |t0
e/h| = 1400 cm−1 (approximate energy diagram depicted in d)). d) Adiabatic

Frenkel-CT energy level diagram when 1
2∆E0 > Eπ

R, when the excimer is no longer the lowest-
energy state.
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Figure D.2. Excimer emission as a function of increasing |t| = |t0
e/h| when t0

e = t0
h and

ge = gh. a) Excimer-like emission at room temperature (298 K) when |t0
e/h| = 0 (approximate

energy diagram depicted in b)). b) Adiabatic Frenkel-CT energy level diagram when the excimer
is weakly stabilized by 1

2∆E0 + E0
R. c) Increase in excimer Stokes shift and broadening when

|t0
e/h| = 1400 cm−1 (approximate energy diagram depicted in d)). d) Adiabatic Frenkel-CT energy

level diagram when the excimer is strongly stabilized by 1
2∆E0 + E0

R.

D.2 Local and Nonlocal Intermolecular Vibrational Reorganization Energy

In Section C.4 of Appendix C, the Frenkel-CT nonlocally-induced reoganization energy
was derived under the conditions ECT = ES1 and JC = 0. Here, we apply a similar
analysis to the total intermolecular vibronic Hamiltonian, Hs

vib = ωsb
†b+Hs

L +Hs
NL, and

approximately only consider the diagonal elements represented in the new basis:

Hs
vib ≈

∑
k

∑
±

∣∣∣k±
F,CT

〉〈
k±

F,CT

∣∣∣Hs
vib

∣∣∣k±
F,CT

〉〈
k±

F,CT

∣∣∣ (D.1)

where
∣∣∣k±

F,CT

〉
≡ |k⟩±

F,CT for readability, and

∣∣∣k±
F,CT

〉
= ck,±

F

{
|1⟩ + eik |2⟩

}
√

2
+ ck,±

CT

{
|1+, 2−⟩ + eik |2+, 1−⟩

}
√

2
(D.2)
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The change of basis for the diagonal elements gives〈
k±

F,CT

∣∣∣ωsb
†
sbs +Hs

L +Hs
NL

∣∣∣k±
F,CT

〉
=

ωsb
†
sbs − ωs|ck,±

CT |2
{
λCT

s (b†
s + bs) + (λCT

s )2
}

− ωsλ
k
NL(b†

s + bs)
(D.3)

where ℏ = 1 and the nonlocal intermolecular dimensionless shift λk
NL is explicitly defined

in Eq. 4.12a in Chapter 4. Under the conditions that ECT = ES1 and JC = 0, |ck,±
CT |2 = 1

2 .
Next, we complete the square to find the reorganization energy corresponding to a

shifted potential in the delocalized basis:

ℏωs

[
b†

sbs −
[
λCT

s

2 +λk
NL

](
b†

s + bs) + (λCT
s )2

2

]
= ℏωs

[(
b†

s −λk
s

)(
bs −λk

s

)
− (λk

s)2
]

(D.4)

where λk
s is the total shift, including both local and nonlocal coupling, of the adiabatic

Frenkel-CT k-state along the intermolecular mode. Completing the square, we find that
the total reorganization energy involving both the local and nonlocal coupling to the in-
termolecular mode is

Ek
R =

[
λk

NL + λCT
s

2

]2
ℏωs − (λCT

s )2

2 ℏωs, (D.5)

which is given as Eq. (5.8) in Chapter 5. We do recognize that unlike in the case of
purely nonlocal Frenkel-CT coupling (as in Section C.4 of Appendix C), even on reso-
nance (ECT = ES1), the off-diagonal elements in the change-of-basis of Hs

L are nonzero.
Hence, Eq. (5.8) is only valid when ωsλ

CT
s >> |t0e + eikt0h|.
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Figure E.1. Copyright permission 2019 American Chemical Society for use of Reference [98] in
this dissertation
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Figure E.2. Copyright permission 2022 American Chemical Society for use of Reference [226] in
this dissertation
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