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ABSTRACT

The field of organic electronics has received considerable attention over the past

several years due to the promise of novel electronic materials that are cheap, flexible and

light weight. While some devices based on organic materials have already emerged on the

market (e.g. organic light emitting diodes), a deeper understanding of the excited states

within the condensed phase is necessary both to improve current commercial products and

to develop new materials for applications that are currently in the commercial pipeline (e.g.

organic photovoltaics, wearable displays, and field effect transistors). To this end, a model

for π-conjugated molecular aggregates and crystals is developed and analyzed. The model

considers two types of electronic excitations, namely Frenkel and charge-transfer excitons,

both of which play a prominent role in determining the nature of the excited states within

tightly-packed organic systems. The former consist of an electron-hole pair bound to the

same molecule while in the later the electron and hole are located on different molecules.

The model also considers the important nuclear reorganization that occurs when the system

switches between electronic states. This is achieved using a Holstein-style Hamiltonian that

includes linear vibronic coupling of the electronic states to the nuclear motion associated

with the high frequency vinyl-stretching and ring-breathing modes.

Analysis of the model reveals spectroscopic signatures of charge-transfer mediated

J- and H-aggregation in systems where the photophysical properties are determined primar-

ily by charge-transfer interactions. Importantly, such signatures are found to be sensitive

to the relative phase of the intermolecular electron and hole transfer integrals, te and th,

and the energy of the charge-transfer state (ECT ) relative to the Frenkel state (ES1
− ∆0−0).

When the charge-transfer integrals are in phase and ECT > ES1
− ∆0−0, the system ex-

hibits J-aggregate characteristics including a positive band curvature, a red shifted main

absorption peak, and an increase in the ratio of the first two vibronic peaks relative to
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the monomer. On the other hand, when the charge-transfer integrals are out of phase and

ECT > ES1
− ∆0−0, the system exhibits H-aggregate characteristics including a negative

band curvature, a blue shifted main absorption peak, and a decrease in the ratio of the first

two vibronic peaks relative to the monomer. Notably, these signatures are consistent with

those exhibited by Coulombically coupled J- and H-aggregates. Additional signatures of

charge-transfer J- and H-aggregation are also discovered, the most notable of which is the

appearance of a second absorption band when te and th are in phase and ECT ≈ ES1
−∆0−0.

In such instances, the peak-to-peak spacing is found to be proportional to |te + th |.

Further analysis of the charge-transfer interactions within the context of an effec-

tive Frenkel exciton coupling reveals that the charge-transfer interactions interfere directly

with the intermolecular Coulombic coupling. The interference can be either constructive

or destructive resulting in either enhanced or suppressed J- or H- aggregate behavior rela-

tive to what is expected based on Coulombic coupling alone. Such interferences result in

four new aggregate types, namely HH-, HJ-, JH-, and JJ-aggregates, where the first letter

indicates the nature of the Coulombic coupling and the second indicates the nature of the

charge-transfer coupling. Vibronic signatures of such aggregates are developed and pro-

vide a means by which to rapidly screen materials for certain electronic characteristics.

Notably, a large total (Coulombic plus charge-transfer) exciton coupling is associated with

an absorption spectrum in which the ratio of the first two vibronic peaks deviates signif-

icantly from that of the unaggregated monomer. Hence, strongly coupled, high exciton

mobility aggregates can be readily distinguished from low mobility aggregates by the ratio

of their first two vibronic peaks.

Analysis of the spatial dependence of the intermolecular interactions reveals that

all four aggregate types (HH-, HJ-, JH-, JJ-) can be achieved by enforcing the appropriate

crystalline packing arrangement within π-conjugated systems. Such tunability is possible

due of the different length scales over which the natures of the two coupling sources in-
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terconvert from J-like to H-like; whereas the nature of the Coulombic coupling is known

to be sensitive to displacements on the order of half the molecular length, the nature of

the charge-transfer mediated exciton coupling is sensitive to geometric displacements of

approximately a carbon-carbon bond length. It is proposed that such sensitivity should

allow for fine tuning of the total excitonic coupling via modifications in the packing struc-

ture, as determined, for example, by the side chains. Several examples of the different

aggregate types are provided throughout this dissertation as the model is used to probe the

excited state character of several relevant conjugated organic systems. Such examples in-

clude pentacene and 7,8,15,16-tetraazaterrylene (TAT) along with several derivatives from

the perylene family. Overall, the research presented in this dissertation should prove useful

in designing the next generation of organic electronic materials.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Organic Electronics: A Brief Introduction

Electronic devices play a major role in our daily lives ranging from basic con-

veniences like indoor lighting and communication to luxurious applications for our en-

tertainment and enjoyment. Societal institutions including the economy and health care

system also rely heavily on modern electronics during the course of their day-to-day op-

erations. While electronic technology has become so commonplace that it is largely taken

for granted, its significance cannot be overstated.

Most modern electronics are based on inorganic semiconducting materials such as

silicon, germanium, and gallium arsenide. While such materials have formed the founda-

tion for the success of modern electronics, their mechanical and chemical properties have,

to a degree, restricted the types of devices that can be built. For example, inorganic materi-

als generally require high processing temperatures, thereby precluding the construction of

electronic devices on thermally sensitive substrates such as paper and plastic. An emerg-

ing class of electronic materials based on carbon has the potential to overcome some of

the shortcomings associated with inorganic materials and offers new and exciting opportu-

nities for the next-generation of electronic devices.1–8 Several such materials, commonly

referred to as “organic” due to their carbon-based composition, are shown in figure 1.1 and

an extensive recent review of organic electronic materials can be found in reference 8.

A common misconception concerning organic electronics is that they will eventu-

ally be able to outperform and replace the inorganic materials found in modern electronic

technology. However, this is likely not the case, and indeed not even the goal of most

research concerning organic electronics. Rather the main goal is to exploit the unique

properties of organic systems in order to develop new technologies that are currently not
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Figure 1.1. Popular materials for organic electronics. The systems shown here are
all small molecules which make up one class of organic electronic materials. Polymers
(not shown) constitute a second class. Note that all of the chromophores shown exhibit
alternating single and double bonds along the chromophore backbone. This so-called π-
conjugation is an important characteristic of organic electronic materials.

feasible.9 Organic materials are characterized by entirely different mechanical properties

than their inorganic counterparts; while inorganic materials are generally rigid and brit-

tle, materials based on organic small molecules and polymers are soft and flexible. Such

properties allow for electronic devices that are capable of bending, stretching, and twisting

without breaking.10–14 Organic materials can also be processed from solution15–18 and pos-

sess exceptional film forming qualities, both of which which facilitate manufacturing thin,

light weight, large area devices (e.g. for displays and lighting)13,14,19 using cost-effective

methods such as roll-to-roll processing and ink jet printing.9,20,21 Low temperature process-

ing requirements further allow for organic electronics to be built on substrates that cannot

survive the high-temperatures required to process inorganic semiconducting materials (e.g.

paper and plastic).5,9 Beyond their unique mechanical properties, the electronic properties

of organic materials can be controlled through conventional wet chemistry, allowing for

near endless tunability. Such versatility is advantageous as it allows for materials charac-

teristics to be tuned depending on the target application.
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Figure 1.2. Unique applications of organic electronics. (top left) Organic transistors and
circuits are printed on a banknote as a potential anti-counterfeiting feature, from reference
26. (top right) A flexible OPV printed on a paper substrate, from reference 31. (bottom) A
flexible OLED in operation at various stages of deformation, from reference 13.

The tremendous potential for organic electronics to source novel technologies has

resulted in a considerable effort from chemists, physicists, materials scientists and engi-

neers to understand and develop novel organic electronic materials. Indeed, the fruits of

this effort are beginning to be seen as organic electronics have entered the consumer mar-

ket in the form of organic light-emitting diode (OLED) display technology in smartphones,

TVs, and smartwatches. Electronic technologies based on organic field-effect transistors

(OFET) and organic photovoltaics (OPV) are also expected to enter the commercial mar-

ket in the near future. Other exciting applications that have been proposed, and many

of which have already achieved proof-of-principle demonstrations, include transparent dis-

plays,19,22 indoor light recycling,23 disposable radio-frequency identification tags,24,25 anti-

counterfeiting features on currency,26 biosensors,27,28 and even synthetic skin.29,30 The re-

ality of such applications, however, depends upon further improvements to the underlying

organic materials. Such improvements can be achieved, in part, through a deeper under-

standing of the fundamental excited state and photophysical properties of organic aggre-
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gates, films and crystals, which will facilitate the rational design of the next-generation of

organic electronic materials. Though a large body of research has already been undertaken

towards this goal (for example, see the recent reviews in references 32–39 ) there is still

more work to be done. In this regard, the research contained in this dissertation represents

my contributions towards achieving a deeper understanding of the optoelectronic processes

occurring in the condensed phase of conjugated organic materials.

1.2 Optical Spectra of Conjugated Organic Systems

For organic electronics involving the absorption or emission of light, such as

OLEDs, OPVs and optical sensors, an understanding of the spectroscopic characteristics

and how they can be controlled is necessary to design appropriate active materials. The

significance of the spectral characteristics is easy to appreciate for such optoelectronic

applications; the electroluminescence spectrum determines the color of light emitted from

OLEDs, while the absorption spectrum dictates the frequencies of radiation that can be

absorbed to later be converted to electrical energy in OPVs. Furthermore optical sensors

rely on changes in the absorption or emission spectrum of the active material in response to

an external stimuli. While the spectral characteristics of the active materials are obviously

important for such applications, the spectra also reveal the nature of the material’s excited

states. Hence, understanding the spectral response can lead to a better understanding of the

underlying electronic processes occurring in organic systems.

The photophysical response of organic chromophores is very sensitive to the sur-

rounding environment. Isolated molecules (or molecules in dilute solution) can exhibit en-

tirely different photophysical characteristics than the bulk material (i.e. the aggregate, film,

or crystal). In the bulk, such differences are driven by the nature of the intermolecular in-

teractions between chromophores. Hence, the photophysical response of the bulk material,

when compared to that of the isolated molecule, reveals the nature of the intermolecular in-
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Figure 1.3. Effect of conjugation length on the absorption maximum. As the conju-
gation length of a trans-polyene increases, the energy gap between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) decreases,
resulting in a lower transition energy. These experimental data are taken from reference 40.

teractions. Importantly, these same interactions are also responsible for facilitating energy

and charge transport throughout the system. Spectroscopy, therefore, is capable of provid-

ing a powerful diagnostic of electronic transport properties, given an understanding of how

the intermolecular interactions relate to spectroscopic features. The following subsections

outline some of the basic photophysical features associated with isolated and bulk conju-

gated organic systems and the traditional understanding of how spectroscopic signatures

are related to intermolecular interactions.

1.2.1 Spectroscopy of Isolated Conjugated Organic Molecules

A common feature to organic molecules used for electronics is π-conjugation,

which arises from overlapping pz-orbitals on neighboring carbon atoms and manifests as

alternating single and double bonds. The overlapping pz-orbitals constitute the basis for

the frontier molecular orbitals of the chromophore,41,42 i.e. the highest occupied molec-

ular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), which play a

significant role in absorption and emission processes. Indeed, absorption and emission in

conjugated organic chromophores usually involves the transition of an electron (mainly)

between the HOMO and LUMO. Hence the HOMO-LUMO energy gap, which generally
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Figure 1.4. Frontier molecular orbitals of ethylene. (left) The HOMO has significant
electron density between the carbon atoms and is thus a bonding orbital. (right) The LUMO
has a node between the carbon atoms and is thus an antibonding orbital. These molecular
orbitals were calculated using Hartree-Fock (HF) theory and the cc-pVDZ basis set. Ad-
ditional excited state calculations using the configuration interaction singles (CIS) method
show that the transition to the first excited state has 94% HOMO-to-LUMO character. Fur-
thermore, geometry optimizations of the ground and excited states predict a carbon-carbon
bond length of 1.3 Å in the ground state and 1.5 Å in the excited state. The 0.2 Å calculated
increase in bond length in the excited state is a result of the antibonding character of the
LUMO.

decreases with increasing conjugation length, determines the frequency of light that can be

absorbed and emitted. This phenomenon is illustrated in figure 1.3 for a series of polyenes.

When electrons move from the HOMO to the LUMO or vice versa, the nuclear

potential energy surface of the molecule changes in response to the new electron density.

Because the HOMO and LUMO of conjugated organic chromophores involve linear com-

binations of pz-orbitals centered on neighboring carbon atoms, the new electron density

results in changes to the equilibrium carbon-carbon bond lengths. In linear systems, op-

tical excitation results in a shortening of single bonds and a lengthening of double bonds,

while in ring systems, excitation results in more quinoidal and less aromatic character. As

an example, consider the HOMO and LUMO of ethylene, the smallest π-conjugated sys-

tem, shown in figure 1.4. In the HOMO, there is significant electron density between the

two carbon atoms (which are connected by a double bond) resulting in a bonding orbital.

The inter carbon electron density acts to pull the nuclei close together. In contrast, the
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Figure 1.5. Franck-Condon principle. The nuclear potential energy surfaces of the
ground and excited states, S0 and S1 respectively, are approximated as harmonic wells
displaced by the distance ∆0. Because the nuclei are much more massive than the elec-
trons, electronic excitation occurs so quickly that the nuclei are not able to adjust to the
new electron density instantaneously. This results in a vertical transition (represented by
the blue arrow) where the probability of a transition from a vibrational level in the ground
state to a vibrational level in the excited state is proportional to the overlap between the
respective vibrational wave functions. This principle leads to vibronic progressions in the
absorption and emission spectra.

LUMO contains a node between the two carbon atoms resulting in an antibonding orbital.

The lack of electron density between the carbon atoms in the LUMO results in a longer

carbon-carbon equilibrium bond length when the LUMO is occupied. Hence, in the ex-

cited state (when the LUMO is occupied), the carbon-carbon bond is expected to be longer

than it is in the ground state (when the HOMO is doubly occupied). Indeed, quantum me-

chanical calculations predict an excited state carbon-carbon bond length of approximately

1.5 Å and a ground state bond length of approximately 1.3 Å in ethylene (see figure 1.4

caption for calculation details).

Differences between the nuclear potential energy surfaces of the ground and ex-

cited states lead to vibronic progressions in the absorption and emission spectra in con-

jugated organic chromophores, a manifestation of the Franck-Condon principle43,44 (see
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Figure 1.6. Vibronic progressions in the solution spectra of conjugated molecules.
(left) The solution spectrum of a perylene diimide (PDI) derivative45 and (right) the solu-
tion spectrum of a carotenoid derivative.46 These molecules have very different chemical
structures yet both are characterized by a pronounced vibronic progression with a vibronic
peak spacing of approximately 1400 cm−1.

figure 1.5). In such progressions, the vibronic peak spacing is determined by the energies

of the normal vibrational modes that participate in the nuclear reorganization. Because this

reorganization involves mostly changes in the carbon-carbon bond lengths in conjugated

organic materials (vida supra), the vibronic spacings are generally around 1400 cm−1, ap-

proximately the energy of the symmetric vinyl stretching mode.39 Figure 1.6 shows the

absorption spectra of two very different conjugated organic molecules in solution. On the

left is the spectrum of a perylene diimide (PDI) derivative while the absorption spectrum

of the linear carotenoid Lutein is shown on the right. Though these molecules contain very

different conjugation topologies, they both exhibit pronounced vibronic progressions with

vibronic spacings of approximately 1400 cm−1. The photoluminescence spectrum (not

shown) is usually the mirror image of the absorption spectrum.

While both spectra in figure 1.6 contain pronounced vibronic progressions, the rel-

ative areas of the vibronic peaks vary between the two systems. For instance, in the PDI

system the ratio of the first two vibronic peaks (i.e. the 0-0/0-1 ratio) is greater than one

8



while in the carotenoid system the 0-0/0-1 peak ratio is less than one. This difference origi-

nates from the different degrees of nuclear deformation experienced in the excited state for

these two species, as quantified by the Huang-Rhys parameters,47
λ

2

0 (see section 2.1.5 for

further details). Assuming harmonic nuclear potential wells of identical curvature, the m
th

vibronic peak area (I0−m) is proportional to

I
0−m ∝

λ
2m
0 e
−λ20

m!
(1.1)

Throughout the remainder of this dissertation, we will frequently refer to the 0-0/0-1 ratio

of the monomer as a point of comparison with the aggregated state. For the monomer, the

0-0/0-1 ratio is given by

I
0−0

I
0−1 =

1

λ
2

0

(1.2)

Hence, when λ2

0 = 1 (a typical value for conjugated organic chromophores), the 0-0/0-1

ratio is unity.

1.2.2 Spectroscopy of Conjugated Organic Aggregates and Crystals

The intermolecular interactions between molecules in the aggregated or crystalline

state are a strong function of their relative orientations. The packing geometry within the

bulk thus has a significant influence on the photophysical and transport properties of the

material (see section 1.2). The most widely used model for understanding how packing

geometry affects photophysical properties was first introduced by Michael Kasha several

years ago,48–53 in which he showed that molecules packed “side-by-side” will exhibit a blue

shifted absorption maximum and suppressed radiative decay rate while those packed “head-

to-tail” will exhibit a red shifted absorption maximum and enhanced radiative decay rate.

The former eventually became known as H-aggregates (H stands for hypsochromic) while

the latter became known as J-aggregates (J stands for E. E. Jelley, one of the first to report

9



Figure 1.7. Aggregate spectra of conjugated molecules. The aggregated forms of the
molecules from figure 1.6 are shown in color. The aggregated form of the PDI deriva-
tive (left) is achieved by complexation with a cyanuric acid derivative while that of Lutein
(right) is achieved by adding water to the acetone solution. These spectra are from refer-
ences 45 and 46 respectively. The monomer spectra are also shown as black lines. Note
that in the aggregated form of the PDI derivative there is a substantial red shift in the ab-
sorption maximum signifying J-aggregation while there is a substantial blue shift in the
absorption maximum of Lutein signifying H-aggregation.

on the aggregation induced red shift in cyanines54). The most celebrated examples of J-

aggregates involve those composed of cyanine dyes such as psuedoisocyanine chloride,54,55

although certain perylene diimides and porphyrins also form J-aggregates.56 More exotic

nanotubular J-aggregates are also known.57–59 H-aggregating chromophores include certain

carotenoids,46,60,61 oligothiophenes,62,63 oligophenylene vinylenes,63–65 and most perylene

diimides.66–70 The traditional absorption spectral signatures of H- and J- aggregates are

exemplified by aggregates of the PDI and Lutein compounds from section 1.2.1; figure 1.7

shows that the PDI aggregate exhibits a red shifted absorption maximum while the Lutein

aggregate exhibits a blue shifted absorption maximum.

Kasha’s result is rooted in molecular exciton theory, which was originally pioneered

by Aleksandr Davydov.71,72 In Kasha’s theory, as applied to the spectroscopy of conjugated

organic chromophores, each molecule is treated as a two-level system characterized by

10



Figure 1.8. Point-dipole approximation. The various terms expressed in the point dipole
approximation of equations (1.3) and (1.4) are illustrated.

an electronic S0 → S1 (HOMO-LUMO) transition with energy ES1
and transition dipole

moment µ. The interaction between any two chromophores, n and m, is based on the long-

range Coulombic coupling between their transition dipole moments and is often expressed

according to the point-dipole approximation51,73,74

Jn,m ≈
1

4πε0ε

(

µn · µm

|R|3
− 3

(

µn ·R
) (

µm ·R
)

|R|5

)

(1.3)

where R is the vector connecting the molecular mass centers (see figure 1.8). Assuming

that the transition dipole moment vectors are independent of the molecule, i.e. µn = µm =

µ, equation (1.3) reduces to

Jn,m ≈
|µ|2

(

1 − 3 cos2 θ
)

4πε0ε |R|
3

(1.4)

where θ is the angle between µ and R (0 < θ < π/2) and ε is the optical dielectric constant

of the medium (see figure 1.8).

The Coulombic interaction leads to wave-like delocalized excitations, known as

Frenkel excitons,75 with energy

EF (k) = ES1
+ 2JCoul cos (k) (1.5)

assuming a one-dimensional, disorder free aggregate with N molecules, periodic bound-

ary conditions, and nearest-neighbor coupling, JCoul . In equation (1.5), k represents the
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wave-vector of the excitation and can take on the values k = 0, ± 2π/N, ± 4π/N, . . . , π.

Of the N Frenkel excitons, only the nodeless exciton with wave vector k = 0 is optically

allowed and all other excitons remain dark. Hence, when the sign of JCoul is negative,

the transition energy of the optically bright state is lower than the monomeric transition

energy, i.e. EF (k = 0) < ES1
. On the other hand, when JCoul is positive, the transition

energy to the bright state is higher than the monomeric transition energy (see figure 1.9),

i.e. EF (k = 0) > ES1
. Such behavior results in aggregation induced red and blue shifts

in the optical absorption spectrum of J-aggregate and H-aggregates, respectively. Further-

more, according to Kasha’s rule53 which states that emission derives primarily from the

lowest energy state, the energetic ordering of the excitons dictates that photoluminescence

is suppressed when JCoul is positive and enhanced when JCoul is negative, i.e. for H- and

J-aggregates respectively.

The aggregate geometries that result in J- and H-aggregate behavior can be found

by solving equation (1.4) for θ when Jn,m = 0. The resulting angle, θM = 54.7◦, represents

the J- to H-aggregate crossover point. When 0 < θ < θM , then JCoul < 0 giving rise

to J-aggregates while when θM < θ < π/2, then JCoul > 0 giving rise to H-aggregates.

Hence, in Kasha’s model, “head-to-tail” orientations (θ = 0) lead to J-aggregates while

“side-by-side” orientations (θ = π/2) lead to H-aggregates. More sophisticated treatments

of the intermolecular Coulombic coupling using atomic transition charge densities result in

a qualitatively similar picture.76,77

Spectral shifts have long served as the main spectroscopic signatures to identify

J- and H-aggregates since they were first identified by Kasha. However, such shifts can

be misleading as non-excitonic interactions are capable of significant contributions to the

overall spectral shift. Recently, Frank Spano identified additional signatures of J- and H-

aggregates that rely on aggregation induced changes to the vibronic progression.39,61,78,79

In the absorption spectrum, Spano noted that changes in the ratio of the first two vibronic
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Figure 1.9. Idealized absorption spectrum and band structures of one-dimensional J-
and H-aggregates. (top) The idealized absorption spectra for J- (red) and H-aggregates
(blue) are compared to the monomer (gray dash). H-aggregates are blue shifted relative
to the monomer while J-aggregates are red shifted. The band structures for J- and H-
aggregates are shown in the middle and lower panels respectively. In J-aggregates, the
optically bright (k = 0) exciton resides at the bottom of the exciton band, while in H-
aggregates it resides at the top. The classic packing geometries associated with J- and
H-aggregates are shown in the insets.

peaks (A1 and A2) depend on the nature of the Coulombic coupling, as embodied by the

ratio formula39,78

A1

A2

≈ 1

λ
2

0

[
1 − 2e

−λ20G(0, λ2

0)JCoul/~ωvib

]2
[
1 − 2e

−λ20G(1, λ2

0)JCoul/~ωvib

]2 (1.6)

where

13



Figure 1.10. Vibronic signatures of J- and H-aggregates. (top) The absorption spectrum
of a monomer with λ2

0 = 1. The spectra of (left) J-aggregates and (right) H-aggregates are
show as the magnitude of the nearest-neighbor Coulombic coupling |JCoul | increases from
100 to 1000 cm−1 in going from top to bottom. Note that in J-aggregates the A1/A2 ratio
increases with increasing |JCoul | while the ratio decreases in H-aggregates. These spectra
were simulated using a Holstein-like Hamiltonian similar to that in equation (2.1). The
Huang-Rhys factor and vibrational energy were set to λ2

0 = 1, and ~ω
vib = 1400 cm−1 re-

spectively. For the J-aggregate the Coulombic coupling was set to JCoul = −100, − 1000
cm−1 in going top to bottom while for the H-aggregate it was set to JCoul = 100, 1000 cm−1.
The simulations assume periodic boundary conditions and nearest-neighbor Coulombic
coupling within a 5 chromophore aggregate.
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G(v, λ2

0) =
∑

u=0,1,2,...,v

λ
2u
0

u!(u − v)
(1.7)

In the limit of λ2

0 = 1, equation (1.6) reduces to

A1

A2

≈
[1 − 0.96JCoul/~ωvib]

2

[1 + 0.29JCoul/~ωvib]
2

(1.8)

where ~ω
vib is the energy of a vibrational quantum. Equation (1.8) shows that when λ2

0 ≈ 1,

as is the case for most conjugated organic chromophores, the ratio of the first (A1) and

second (A2) vibronic peaks increases with the magnitude of the intermolecular coupling in

J-aggregates (JCoul < 0) and decreases in H-aggregates (JCoul > 0). In short, J-aggregates

can be identified by an A1/A2 ratio that is larger than the 0 − 0/0 − 1 ratio of the monomer

(JCoul = 0) while H-aggregates have an A1/A2 ratio that is less than the 0− 0/0− 1 ratio of

the monomer; this behavior is illustrated in figure 1.10. The vibronic signatures developed

by Spano offer a robust diagnostic of J- and H-aggregate behavior that is unadulterated by

non-excitonic effects.

1.3 Aim and Outline of this Dissertation

In this chapter, I have motivated the study of the excited states of aggregates of con-

jugated organic chromophores as well as provided a brief overview of their spectroscopic

signatures as understood through the lens of Kasha’s model. The basic understanding pro-

vide by Kasha’s model serves as the launching point for the chapters that follow. The

general theme of this dissertation is to extend Kasha’s model to account for short-range,

non-Coulombic intermolecular interactions that occur in tightly packed organic aggregates,

films, and crystals such as those forming the active materials in organic electronics. Such

interactions are based on charge-transfer within the conduction and valence bands aris-

ing due to the spatial overlap of neighboring molecular LUMOs and HOMOs respectively.
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These short-range interactions are capable of inducing J- and H-aggregate behavior, though

with a significantly different spatial dependence than that associated with Kasha’s H- and

J-aggregates. Importantly, the short-range interaction can be comparable in magnitude

to the Coulombic interaction, thereby rendering the conventional geometric classification

scheme of H- and J-aggregates due to Kasha incomplete at best. Ultimately, the fundamen-

tal understanding provided by the current model allows one to better appreciate the novel

photophysics inherent to many π-stacked systems while also providing spectral signatures

that allow for a simple diagnostic of their excited state properties. The results presented in

later chapters also form the basis for optimizing the exciton and charge transport properties

within organic materials.

The remainder of this dissertation is arranged as follows. Chapter 2 describes in

detail the model used to simulate the excited states of organic molecular aggregates. The

model is based on a Holstein-like Hamiltonian that includes both Coulombic and charge-

transfer interactions, as well as nonadiabatic vibronic coupling to the 1400 cm−1 vibra-

tional mode. For the reader less interested in the technical details, this chapter can be

skipped, although it should be referred to later on as several important terms and variables

are defined here.

In chapter 3, we show how the short-range, charge-transfer interactions can in-

duce J- or H-aggregate behavior and develop absorption spectral signatures of such charge-

transfer mediated aggregates. The notion of a competition between the Coulombic and

charge-transfer interactions is also introduced and the spatial dependence of the J-like or

H-like nature of the Coulombic and charge-transfer interactions are compared in ethylene

and PDI systems. Applications are then made to a PDI system that exhibits a reversible

transformation between H- and J-like photophysical behavior due to slight changes in the

packing geometry. In chapter 4 we further explore the idea of a competition between the
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Coulombic and charge-transfer couplings and the effects that this competition can have on

the dynamics of energy transfer within molecular aggregates and crystals.

In chapter 5 we apply our model to self-assembling perylene monoimide nanorib-

bons that act as a photosensitizers in an artificial photosynthetic system. These nanoribbons

spontaneously crystallize in solution after the addition of salt, and the high dielectric en-

vironment facilitates the formation of large-radii charge-transfer excitations. We analyze

the absorption spectral signatures of these unique systems and provide a spectral-based

diagnostic for achieving good photoinduced charge-separation in organic materials.

In chapters 6 and 7, we apply our model to molecular crystals of pentacene and a

PDI derivative, respectively. Both systems have more than one molecule per unit cell and

thus exhibit a Davydov splitting in their absorption spectra. We show that the short-range

charge-transfer interaction plays a dominant role in determining the Davydov splitting in

pentacene, while the Davydov splitting in the PDI derivative results from a constructive

interference between the Coulomb and charge-transfer couplings. Furthermore we show

that for these two systems, the lower Davydov component exhibits J-like spectroscopic

signatures while the upper Davydov component exhibits H-like spectroscopic signatures.

Finally, chapter 8 contains a summary and conclusion.
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CHAPTER 2

MODEL FOR VIBRONICALLY COUPLED AGGREGATES

2.1 Model Hamiltonian

To model the excited states of molecular aggregates and crystals, we employ a

Holstein-like Hamiltonian80 that includes both nuclear and electronic degrees of freedom.

Our Hamiltonian considers Frenkel and charge-transfer electronic excitations81 in addition

to nuclear excitations associated with the ~1400 cm−1 vinyl-stretching and ring-breathing

modes. Importantly, the coupling between electronic and nuclear degrees of freedom

is treated non adiabatically thereby going beyond the Born-Oppenheimer approximation.

Similar Hamiltonians have been used to describing the low energy excited states in aggre-

gates and crystals of conjugated organic chromophores with great success.82–90

The Hamiltonian can be written as a sum of terms describing the different types of

excitations and the pairwise interactions between them:

H = HN + HF + HCT + HF−CT + HF−N + HCT−N (2.1)

where the subscripts N, F, and CT stand for the nuclear, Frenkel, and charge-transfer re-

spectively. The following sections explain each of the terms in detail. Since we are mainly

interested in the low energy photophysics, we restrict equation (2.1) to the subspace of a

single electron and a single hole, i.e. equation (2.1) does not consider multiple exciton

states.

In general, this Hamiltonian can account for a fully 3-dimensional molecular ag-

gregate or crystal. Hence, in order to satisfy this most general case, we will assume trans-

lational symmetry within a three dimensional crystal and index the molecules according

to their lattice positions in fractional coordinates. For example, the molecule located at

lattice position naa + nbb + ncc where a, b, and c are the lattice vectors, will be indexed

18



as n = (na,nb,nc). For lower dimensional systems, as will be explored in several of the

following chapters, the dimensionality of the indexing vectors can be adjusted accordingly.

2.1.1 The Nuclear Hamiltonian

The first term on the right hand side of equation (2.1) describes the nuclear energy

of the system. Most conjugated materials are characterized by strong coupling of the elec-

tronic excitation to vibrational modes associated with vinyl-stretching and ring-breathing

motions. These modes typically have an energy of ~ω
vib ≈1400 cm−1and are responsible

for the pronounced vibronic progressions observed in the solution spectra of conjugated

systems (see section 1.2.1 and figure 1.6). In principle, equation (2.1) can be written to

account for any number of vibrational modes, however to keep the model computationally

tractable, we consider only the most important 1400 cm−1 mode. We approximate that the

nuclear potential wells associated with each electronic state are harmonic with identical

curvature and write HN as

HN = ~ωvib

∑

n

b
†
nbn (2.2)

where n runs over all molecules in the system. The terms b
†
n and bn are the usual creation

and annihilation operators associated with a quantum harmonic oscillator and are given by

b
†
=

√

mω
vib

2~
(x +

~

mω
vib

∂

∂x
) (2.3a)

b =

√

mω
vib

2~
(x − ~

mω
vib

∂

∂x
) (2.3b)

Hence, the term b
†
nbn is the number operator and it counts the number of vibrations on

chromophore n. Note that we have omitted the zero point energy which is common to all

molecules – since we will be interested in energy differences between the eigenstates of

equation (2.1), this omission does not affect our results.
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Figure 2.1. Energy level diagram depicting energy transfer within a dimer. Starting
with a Frenkel exciton on molecule 1 (left), the excitation can transfer to molecule 2 (right)
via the long-range Coulombic coupling J1,2.

2.1.2 The Frenkel Exciton Hamiltonian

The second term on the right hand side of equation (2.1) describes Frenkel exci-

tations. Such excitations consist of a tightly bound electron/hole pair with the electron

residing in the LUMO and the hole residing in the HOMO of a single chromophore, i.e.

the molecular S1 state. The energy of a local Frenkel exciton in the crystal is given by

ES1
− ∆0−0 where ES1

is the energy of the S0 → S1 transition in solution and ∆0−0 is

the solution-to-crystal red shift which accounts for nonresonant dispersion interactions be-

tween chromophores in the crystalline phase.91 Frenkel excitons located at different lattice

sites n and m couple via long-range Coulombic interactions, denoted by Jn,m. These

interactions, which scale as a function of R
−3 (see section 1.2.2), facilitate energy trans-

fer throughout the system (see figure 2.1).51,73 Taken together, the Frenkel Hamiltonian is

written as

HF =
∑

n

(

ES1
− ∆0−0

)

|en〉 〈en | +
∑

n,m

Jn,m |en〉 〈em | (2.4)

where the ket |en〉 denotes that molecule n hosts a Frenkel exciton while all other

molecules are implied to be in the electronic ground state.
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2.1.3 The Charge-Transfer Hamiltonian

The second type of electronic excitations considered in equation (2.1) are charge-

transfer excitations. These excitations consist of an electron/hole pair residing in the

LUMO and HOMO of different molecules. The energy of a charge-transfer state is deter-

mined by the Coulomb binding energy between electron and hole (V (R) = −e
2
/4πε0εs R)

in addition to the ionization potential (IP), electron affinity (EA), and polarization energy

(P) of the hosting chromophores, as

ECT (R) = IP − EA + P + V (R) (2.5)

In the expression for the Coulomb binding energy, V (R), εs is the static dielectric constant

of the medium.

Charge-transfer excitons couple to one another through the electron and hole trans-

fer integrals, te and th respectively, which facilitate charge migration throughout the sys-

tem (see figure 2.2). The charge-transfer integrals arise from HOMO-HOMO and LUMO-

LUMO interactions between chromophores and depend on the spatial overlap between the

relevant molecular orbitals. Hence, these integrals decay exponentially with distance and

are usually only significant between nearest-neighbors in tightly packed systems. Given

the energy of the charge-transfer states and the interaction between them, the third term in

equation (2.1) can be written as

HCT =
∑

n,s,0

ECT

(

Rs

)

|cn; an+s〉 〈cn; an+s |

+
∑

n,s,0,s
′

,0

te(s − s′) |cn; an+s〉 〈cn; an+s′ |

+
∑

n,s,0,s
′

,0

th(s − s′) |cn+s; an〉 〈cn+s′; an |

(2.6)

where the ket |cn; am〉 represents a charge-transfer state where the hole is located on the

molecule at lattice site n (i.e. molecule n is a cation) while the electron resides on the
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Figure 2.2. Energy level diagram depicting exciton dissociation within a dimer. Start-
ing with a Frenkel exciton on molecule 1 (bottom), the hole can transfer to molecule 2 via
Dh(1) (top left) or the electron can transfer to molecule 2 via De(1) (top right). In aggre-
gates larger than dimers, subsequent charge-transfer events via te and th lead to larger radii
charge-transfer excitons.

molecule at lattice site m (i.e. molecule m is an anion) and all other molecules are im-

plied to be in the electronic ground state. Furthermore, the vectors s and s
′ denote the

electron/hole separation (in lattice units) and are restricted to nonzero values. When s = 0

the electron and hole are located on the same molecule indicating a Frenkel exciton.

2.1.4 The Frenkel-Charge-Transfer Hamiltonian

Frenkel and charge-transfer excitations interact with one another through the elec-

tron and hole dissociation integrals, De and Dh respectively. As the name suggests, these

integrals describe the processes of electron and hole dissociation and recombination. Dis-

sociation of an electron/hole pair transforms a Frenkel exciton into a charge-transfer ex-

citon, while recombination transforms a charge-transfer exciton into a Frenkel exciton as

expressed by
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HF−CT =
∑

n,s

(

De(s) |en〉 〈cn; an+s | + H.c.
)

+
∑

n,s

(

Dh(s) |en〉 〈cn+s; an | + H.c.
)

(2.7)

with H.c. standing for the Hermitian conjugate. We note that the F-CT Hamiltonian is

significant for the current work in that it allows for the charge-transfer excitons to impact

the optical spectra by mixing with the Frenkel excitons.

2.1.5 The Frenkel-Nuclear Hamiltonian

As mentioned in section 1.2.1, the absorption spectra of most conjugated organic

molecules exhibit pronounced vibronic progressions as a result of nuclear deformation in

the excited state. To model this, the nuclear potential well of the molecular S1 state is

shifted by ∆0 from the ground state along the ~1400 cm−1 vibrational coordinate (see

figure 2.3). This shift is expressed by the vibronic coupling term of the Hamiltonian as

HF−N = −~ωvibλ0

∑

n

(

b
†
n + bn − λ0

)

|en〉 〈en | (2.8)

where λ2

0 = mω
vib∆

2

0/2~ is the neutral Huang-Rhys parameter. That HF−N acts to shift the

nuclear potential well of the Frenkel exciton can be most easily seen by noting that

−~ω
vibλ0

(

b
†
+ b

)

= −mω
2

vib∆0x (2.9)

where we have directly inserted equation (2.3) into the left hand side. Adding equation (2.9)

to the unshifted nuclear potential from equation (2.2), mω
2

vibx
2
/2, the equilibrium position

of the shifted well can be found by solving for x when the derivative is set to zero, i.e.
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Figure 2.3. Harmonic potential wells of the ground and excited states. The excited
state (|e〉) nuclear equilibrium is shifted by the distance ∆0 relative to the ground state (|g〉)
nuclear equilibrium.

∂

∂x
*,

mω
2

vibx
2

2
− mω

2

vib∆0x+- = 0

=⇒ mω
2

vibx = mω
2

vib∆0

x = ∆0

(2.10)

Hence, the nuclear well of the Frenkel exciton is shifted by ∆0 relative to the ground state.

The remaining term in equation (2.8), ~ω
vibλ

2

0, accounts for the relaxation energy associ-

ated with the shifted excited state geometry (see figure 2.3).

2.1.6 The Charge-Transfer-Nuclear Hamiltonian

Our model also accounts for the nuclear reorganization that occurs when a molecule

is in an ionic state. Similar to equation (2.8), the anionic and cationic Huang-Rhys factors,

λ
2

− and λ2

+, define the nuclear displacement when the molecules are in the anionic and

cationic electronic states, respectively. Hence, the vibronic coupling to the charge-transfer

states is given by
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HCT−N = −~ωvibλ+

∑

n,s,0

(

b
†
n + bn − λ+

)

|cn; an+s〉 〈cn; an+s |

−~ω
vibλ−

∑

n,s,0

(

b
†
n+s + bn+s − λ−

)

|cn; an+s〉 〈cn; an+s |
(2.11)

The first summation in equation (2.11) accounts for vibronic coupling to cationic states

while the second term accounts for the vibronic coupling to anionic states.

2.2 The Multi-particle Basis Set

To solve for the eigenstates of equation (2.1), the Hamiltonian matrix is expressed

in a multi-particle basis set and numerically diagonalized. The multi-particle basis set,92–95

originally introduced by Michael Philpott, is well suited to represent the low energy ex-

cited states of the Holstein Hamiltonian in the regimes of weak and intermediate electronic

coupling (i.e. ���Jn,m��� , ��te
�� , ��th

�� ≤ λ0~ωvib). Put simply, the multi-particle basis set is

composed of the eigenstates of equation (2.1) in the absence of electronic coupling (i.e.

Jn,m = te = th = 0). These states can be revealed through a simple transformation of

the Hamiltonian as we now show. We introduce the the shifted creation and annihilation

operators b̃
†
n = b

†
n − λ0 and b̃n = bn − λ0 that create and annihilate vibrational excitations

in the nuclear potential wells of the Frenkel excitons. Similarly, we introduce the shifted

operators b̃
+†
n = b

†
n − λ+ and b̃

+
n = bn − λ+ which create and annihilate vibrational excita-

tions in the cationic nuclear potential wells and b̃
−†
n = b

†
n − λ−, and b̃

−
n = bn − λ− which

create and annihilate vibrational excitations in the anionic nuclear potential wells. Using

these shifted operators equation (2.1) can be diagonalized straightforwardly in the absence

of electronic coupling. For example, neglecting the charge-transfer part of the Hamiltonian
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(i.e. taking HCT = HF−CT = HCT−N = 0), equation (2.1) can be rearranged to read

HN + HF + HF−N = ~ωvib

∑

n,m,n

b
†
mbm |en〉 〈en |

+
(

ES1
− ∆0−0

)
∑

n

|en〉 〈en | + ~ωvib

∑

n

b̃
†
nb̃n |en〉 〈en | (2.12)

From the form of equation (2.12) it is easy to appreciate that the eigenstates can be de-

scribed by the electronic configuration of each molecule in the system and the number

of vibrations at each molecular site. For example, for a system containing two molecules,

|e1, ν̃1; g2, ν2〉 is an eigenstate with energy ~ω
vib

(

ν̃1 + ν2
)

+ES1
−∆0−0. Here νn denotes the

number of vibrational quanta on molecule n while the tilde emphasizes that the vibrations

resided in the nuclear potential well associated with the Frenkel exciton.

An analogous transformation can be made to the charge-transfer part of the Hamil-

tonian so that, in the absence of electronic coupling, equation (2.1) can be rewritten as

H = ~ω
vib

∑

n,s,m<{n,n+s}
b
†
mbm

(

|en〉 〈en | + |cn; an+s〉 〈cn; an+s |
)

+
∑

n

(

~ω
vibb̃

†
nb̃n + ES1

− ∆0−0
)

|en〉 〈en |

+
∑

n,s,0

[
~ω

vibb̃
+†
n b̃
+
n + ~ωvibb̃

−†
n+sb̃

−
n+s + ECT

(

Rs

)

]
|cn; an+s〉 〈cn; an+s |

(2.13)

where Rs is the distance between molecules displaced by s. The first summation in equa-

tion (2.13) accounts for the energy of molecules in the electronic ground state while the

second and third summations account for the energy of molecules hosting Frenkel excitons

and charge-transfer excitons respectively. The multiparticle basis set is comprised of the

eigenstates of equation (2.13) as described in the sections below.
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Figure 2.4. The multi-particle basis set. The state of each molecule in a 3 molecule
aggregate is indicated by the red wave function. (top left) A one-particle Frenkel exciton
consists of a single vibronically excited molecule (n = 2) while all other molecules are
in the ground electronic and vibrational states. (top right) A two-particle Frenkel exciton
consists of a single vibronically excited molecule (n = 2) and an additional vibrationally
excited molecule (n = 3). (bottom left) A two-particle charge-transfer exciton consists
of a vibronically excited anion (n = 2) and a vibronically excited cation (n = 3) while
all other molecules are in the ground electronic and vibrational states. (bottom right) A
three-particle charge-transfer exciton consists of a vibronically excited anion (n = 2), a
vibronically excited cation (n = 3) and a vibrationally excited molecule in the ground
electronic state (n = 1).

2.2.1 One-Particle Basis States

The simplest eigenstates of equation (2.13) are states in which a single molecule is

vibronically excited while all other molecules are in their ground electronic and vibrational

states. Such states are referred to as one-particle states (see figure 2.4 top left) and are

denoted as |en, ν̃n〉 where n denotes the lattice position of the excited molecule and ν̃n

denotes the number of vibrational quanta residing on molecule n. All remaining molecules

are implied to be in their electronic and vibrational ground states. We emphasize that the
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vibrational quanta ν̃n are characterized by the shifted potential well of the Frenkel exciton.

From equation (2.13), the energy of a one particle state is given by

〈en, ν̃n |H |en, ν̃n〉 = ν̃n~ωvib + ES1
− ∆0−0 (2.14)

2.2.2 Two-Particle and Higher Basis States

More complex eigenstates of equation (2.13) are those in which multiple molecules

host excitations. The next level of complexity beyond one-particle states are states in which

two molecules host excitations. Such states are referred to as two-particle states. There

are two classes of two-particle states: Frenkel two-particle states and charge-transfer two-

particle states. The former consist of a single vibrationally excited molecule in addition

to a vibronically excited molecule and are denoted as |en, ν̃n; gm, νm〉 (see figure 2.4 top

right). According to equation (2.13), the energy of a Frenkel two-particle state is given by

〈en, ν̃n; gm, νm |H |en, ν̃n; gm, νm〉 =
(

ν̃n + νm
)

~ω
vib + ES1

− ∆0−0 (2.15)

Similarly, two-particle charge-transfer states are states in which one molecule is in a

vibronically excited anionic state while a second molecule is in a vibronically excited

cationic state (see figure 2.4 bottom left). These are the simplest allowable charge-transfer

states that conserve charge neutrality. Two-particle charge-transfer states are denoted as

|cn, ν̃
+
n; an+s, ν̃

−
n+s〉 where the vibrational excitations are characterized by the ionic nuclear

potential wells. The energy of a two-particle charge-transfer state is given by

〈cn, ν̃
+
n; an+s, ν

−
n+s |H |cn, ν̃

+
n; an+s, ν

−
n+s〉 =

(

ν̃
+
n + ν

−
n+s

)

~ω
vib + ECT (Rs) (2.16)

Successively higher particle states (e.g. three-particle, four-particle, etc. . . ) can be built

up by considering additional vibrationally excited molecules (see figure 2.4 bottom right).
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Generally, truncating the basis set at the two-particle level is appropriate to achieve suf-

ficiently converged eigenstates to calculate spectral observables.93,94 However, in the in-

termediate coupling regime, three-particle states can become important.96,97 In this dis-

sertation, most numerical simulations employ a multi-particle basis set truncated at the

two-particle level, although occasionally three-particle basis functions are used.

2.2.3 Vibrational Overlap Factors in the Multi-particle Basis Set

Once the electronic couplings are turned back on, the Hamiltonian is no longer di-

agonal in the multi-particle basis set. Since the nuclear equilibrium geometry depends on

the electronic state of the molecule, the vibrational wave functions associated with the dif-

ferent electronic states are no longer orthonormal. Hence, the off-diagonal matrix elements

consist not only of the electronic coupling terms but also vibrational overlap factors (see

figure 2.5). As an example, consider the matrix element between the pair of one-particle

states

〈en, ν̃n |H |em, ν̃m〉 = Jn,m 〈ν̃n |0n〉 〈0m | ν̃m〉 (2.17)

Here, the terms 〈ν̃n |0n〉 and 〈0m | ν̃m〉 correspond to the overlap between the vibrational

wave functions in the initial and final states of molecules n and m. (Note that |0n〉 and |0m〉

correspond to unshifted vibrational wave functions and are implied by the one-particle no-

tation |em, ν̃m〉 and |en, ν̃n〉 respectively.) These overlap factors can be evaluated straight-

forwardly using the formula

〈ν | ν̃〉 = 〈ν̃ |ν〉 =
√
ν!ν̃!e−λ

2

0/2
min(ν,ν̃)
∑

k=0

(−1) ν̃−k

(ν − k)!k! (ν̃ − k)!
λ
ν+ν̃−2k (2.18)

which can be derived from the recursion relations presented by Manneback98,99 (see fig-

ure 2.5). Note that in equation (2.18) ν corresponds to the unshifted vibration and ν̃ cor-

responds to the shifted vibration. Similarly, the overlap between vibrational wave func-
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Figure 2.5. Vibrational overlap factors and their dependence on the relative nuclear
equilibrium of two harmonic potential energy surfaces. The vibrational wave functions
and overlap factors for the lowest vibrational excitations when (left) λ0 = 1/2 and (right)
λ0 = 1. Assuming mω

vib/~ = 1/Å2, this corresponds to a shift of ∆ =
√

2/2 and ∆ =
√

2
respectively (see section 2.1.5). In each case, the potential energy surfaces of the reference
and shifted wells are shown as red and blue dashed lines respectively. For convenience, the
energy of the nuclear potential well has been set so that the energy of the states of interest
are resonant. The corresponding vibrational wave functions are shown as solid red and blue
lines. The product of the nuclear wave functions are also shown; positive values are shaded
purple while negative values are shaded yellow. The area under this product is equal to the
overlap factor 〈ν | ν̃〉, as indicated in the figure insets.

tions characterized by the ionic nuclear potentials can be found by using the appropriate

Huang-Rhys factor in equation (2.18). Note that the overlap between vibrational wave

functions characterized by the nuclear potentials associated with Frenkel excitons and ionic

molecules depend on the factors λ0+ = λ+ − λ0 and λ0− = λ− − λ0 which measure the
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equilibrium displacement between the Frenkel exciton nuclear potential and the cationic

and anionic nuclear potentials respectively.

2.2.4 The k-space Multiparticle Basis Set

Intermolecular electronic coupling (Jn,n, te, and th) leads to delocalization of the

electronic excitations into wave-like eigenstates. Assuming periodic boundary conditions

and translational symmetry, as is appropriate for large, disorder free aggregates and crys-

tals, each eigenvector of equation (2.1) is characterized by a wave vector k. These k-vectors

are good quantum numbers of the system Hamiltonian such that when the multi-particle ba-

sis set is written in the delocalized k-space (as opposed to when it is written in local space

as in sections 2.2.1 and 2.2.2) only basis states having the same wave vector couple. This

results in a dramatic simplification of the problem that is useful not only for reducing com-

putational cost, but also for understanding of the underlying physics of this system. For

this reason, the k-space representation is utilized throughout this dissertation.

The multiparticle basis set can be written in the k-space representation by taking the

appropriate linear combinations of local basis states. One-particle k-states are expressed

as

|k,σ, ν̃〉 = 1
√

Na NbNc

∑

n∈σ
e

ikn |en, ν̃n〉 (2.19)

where i is the imaginary unit, σ denotes a set of molecules that are translationally equiv-

alent (i.e. a translationally symmetric sub lattice of the system), and Na(bc) denotes the

number of unit cells along each lattice dimension. Note that k is a vector (in fractional

coordinates) with acceptable values given by k = laka + lbkb + lckc where ka(bc) are the

reciprocal lattice vectors and la (lblc) = 0, ± 2π/Na(bc), ± 4π/Na(bc), ..., π. Similarly,

Frenkel two-particle k-states are expressed as

31



|k,σ, ν̃; s, ν〉 = 1
√

Na NbNc

∑

n∈σ
e

ikn |en, ν̃n; gn+s, νn+s〉 (2.20)

and charge-transfer two-particle k-states are expressed as

|k,σ, ν̃+n; s, ν̃
−
n+s〉 =

1
√

Na NbNc

∑

n∈σ
e

ikn |cn, ν̃
+
n; an+s, ν̃

−
n+s〉 (2.21)

Three-particle and higher k states can be formed in a similar manner.

2.3 The Absorption Spectrum and Progressive Line Width

Once the eigenstates of the equation (2.1) have been found, the j polarized absorp-

tion spectrum can be calculated using the equation

A(E) =
∑

i

j · fiΓi (E) (2.22)

where fi is given by

fi =
Ei

|µ|2
��〈G | µ̂|Ψi〉��2 (2.23)

and Γi is a line broadening function. In equation (2.23), |Ψi〉 is the i
th eigenvector of

equation (2.1) with energy Ei, |G〉 represents the vibrationless ground state, which we have

taken to have energy zero, and µ̂ is the transition dipole moment operator

µ̂ =
∑

n

µn |gn〉 〈en | + H.c. (2.24)

Hence, fi is essentially the oscillator strength to the i
th excited state as it is equal to the

product of the transition dipole moment squared and the transition energy.

Throughout this dissertation, the line broadening function is taken to be either a

normalized Gaussian or Lorentzian function given by

32



Figure 2.6. Simulation of pentacene absorption spectrum in dichlorobenzene. The
simulations with and without the progressive line width (i.e. σ′ = 140 cm−1 and σ′ =
0 cm−1) are compared to experiment. All other parameters are kept constant for these
simulations. While the progressive line width does not change the eigenstates of the system,
it allows for a much better theoretical description of the experimental line shape.

Γi (E) =
1

√

2σ2

i π

exp
−

(

E − Ei

)2

2σ2

i

 (2.25)

or

Γi (E) =
1

πσi


σ

2

i
(

E − Ei

)2
+ σ

2

i

 (2.26)

respectively, where σi is the line width of the i
th transition. The state-dependent line

width was originally introduced by Yamagata et. al. in order to account for the increased

line width observed in the higher energy peaks in the solution spectrum of 7,8,15,16-

tetraazaterrylene (TAT).90 In the solution spectrum of many conjugated organic chro-

mophores, including TAT and pentacene,100 the line width of the m
th vibronic peak can

be approximated by σ0−m
= σ

0−0
+ mσ

′ where σ0−0 is the line width of the 0-0 peak

and σ0−0
+ σ

′ is the line width of the 0-1 peak. The increased line broadening, σ′, likely

the results from a cluster of unresolved vibrational modes that together form the vibronic
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progression. Figure 2.6 illustrates the progressive line broadening observed in in the ab-

sorption spectrum of pentacene in dichlorobenzene solution. Also show in figure 2.6 are

simulations with and without the progressive line broadening (i.e. σ′ = 0 and σ′ , 0)

while all other simulation parameters are kept the same. From figure 2.6 it is clear the

accounting for the increased line width allows for a much better theoretical description of

the the experimental line shape.

While the implementation of the progressive line width is straightforward for mod-

eling solution spectra since the number of vibrations in a given eigenstate is a good quantum

number. The situation is somewhat more complex when modeling the interacting system

since the number of vibrations is no longer a good quantum number. We thus determine

the line width of each eigenstate from σi = σ
0−0
+ 〈v〉σ′ where 〈v〉 = 〈Ψi |HN |Ψi〉 /~ωvib

is the expected number of vibrations in the i
th excited state.
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CHAPTER 3

INTERFERENCE BETWEEN COULOMBIC AND CHARGE-TRANSFER
INTERACTIONS IN MOLECULAR AGGREGATES

3.1 Introduction

In many tightly packed molecular aggregates, such as π-stacks, nearest-neighbor

separations are typically in the range of 3.3-4 Å. Molecules in such close proximity inter-

act via both long-range Coulombic coupling, as included in Kasha’s exciton model (sec-

tion 1.2.2), and short-range coupling arising from intermolecular wave-function overlap.

The former is responsible for Förster energy transfer73,101 while the latter includes Dexter

and superexchange transfer processes.102–106 Historically, (singlet) excitons in molecular

aggregates have been analyzed almost entirely in terms of long-range Coulombic coupling

which is often described using the point-dipole approximation from equation (1.4). As dis-

cussed in section 1.2.2, the point-dipole approximation is the source of the often-quoted

axiom that “side-by-side” molecular orientations lead to H-aggregates while “head-to-tail”

orientations lead to J-aggregates. However, such an association fails when the short-range

coupling is comparable in magnitude to the Coulombic coupling, as is often the case within

molecular π-stacks.87,90,107 In such situations, a competition between the Coulombic and

short-range couplings exists, resulting in geometric realizations of H- and J-aggregates that

depend on the spatial dependence of both coupling sources.

In this chapter, the competition between the long- and short-range coupling is dis-

cussed. We focus on the superexchange contribution to the short-range coupling as the Dex-

ter exchange integral has been shown to be negligible in π-stacked systems.105 We show

how the superexchange interaction, which is mediated by charge-transfer, can give rise to

either J- or H-aggregate behavior. When the charge-transfer interactions are perturbative,

the spectral signatures of such aggregates are identical to those of Coulombically coupled
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J- and H-aggregates. In the non-perturbative regime, novel spectral signatures of charge-

transfer J- and H-aggregates arise. We devote significant attention to the different spatial

dependencies of the Coulombic and charge-transfer coupling and we show how charge-

transfer interactions can lead to J- and H-aggregates with non-traditional geometries. The

theory developed herein is then used to explain the unique spectroscopic signatures ob-

served in PDI π-stacks that exhibit reversible H- to J-aggregate transformations.45,108 The

majority of this chapter is based on the work originally published in references 107 and

109.

3.2 Charge-Transfer Induced J- and H-Aggregate Behavior

We first examine how charge-transfer interactions can lead to J- and H-aggregate

behavior, as unambiguously defined by the exciton band curvature. This definition is un-

ambiguous in the sense that the exciton band curvature is determined solely by excitonic

interactions. This is in contrast to definitions based on spectral shifts which might also

arise from non-excitonic processes such as nonresonant gas-to-crystal red shifts. As a

reminder, in J-aggregates the exciton band has a positive curvature placing the optically

allowed k = 0 exciton at the bottom of the band, while in H-aggregates the exciton band

has a negative curvature so that the k = 0 exciton resides at the top of the band (see fig-

ure 1.9). As we will show, the charge-transfer interactions can induce either a positive or

negative curvature in the lowest energy exciton band, depending on the relative sign of the

nearest-neighbor charge transfer integrals te and th. These one-electron integrals closely

approximate the nearest-neighbor electron and hole dissociation integrals De and Dh,110

and equivalence will be assumed throughout this dissertation.

In order to most easily appreciate the fundamental photophysics, we utilize a

stripped down version of equation (2.1) in which we neglect vibronic coupling and assume

a one-dimensional, linear N molecule aggregate with periodic translationally symme-
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try, nearest-neighbor Coulomb coupling Jn,m = JCoulδ |n−m|,1, and nearest-neighbor

charge-transfer integrals te(s) = teδ |s|,1 and th(s) = thδ |s|,1. We furthermore restrict

charge-transfer excitons to remain on nearest-neighbor molecules by taking

ECT (Rs) =


ECT , |s| = 1

∞, |s| > 1
(3.1)

and we set ∆0−0 = 0. Given these assumptions and neglecting Frenkel/charge-transfer

mixing by setting te and th to zero, the excited state wave functions of equation (2.1) are

either delocalized Frenkel excitons or delocalized charge-transfer excitons. The former are

described according to their (one-dimensional) wave vector k = 0,±2π/N,±4π/N, ..., π as

|k〉 = 1
√

N

∑

n

e
ikn |en〉 (3.2)

with energy EF (k) (see equation (1.5)). The charge-transfer excitons are similarly de-

scribed according to wave vector as

|k,±〉 1
√

2N

∑

n

e
ikn+iθ(k) |cn,an+1〉 + e

ikn−iθ(k) |cn,an−1〉 (3.3)

and form a 2N fold degenerate band with energy ECT . The phase factor θ(k) is determined

from

e
iθ(k)
= (te + the

ik )/|te + th | (3.4)

and simplifies the form of the Frenkel/charge-transfer matrix element (see equation (3.5).

The excitons in equations (3.2) and (3.3) are referred to as diabatic because they are not yet

coupled to each other.

Once te and th are activated, the Frenkel and charge-transfer excitons with the same

wave vector mix leading to three eigenstates per k. The phase factor θ(k) ensures that the

|k,−〉 states remain uncoupled from the Frenkel excitons leading to a dispersionless charge-

transfer band with energy ECT . As these states have no affect on the absorption spectrum
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(since we assume that the diabatic charge-transfer states carry no oscillator strength), we

ignore them from here on. The remaining states, |k,+〉 and |k〉, couple via the matrix

element

〈k |H |k,+〉 =
√

2 ���te + the
ik ��� (3.5)

such that the eigenspectrum is readily obtained by diagonalizing N 2 × 2 matrices (one per

k) resulting in the general dispersion relationship,

E±(k) =
ECT + EF (k)

2
±

√

(

ECT − EF (k)
2

)2

+ 2
(

t
2

e + t
2

h + 2teth cos (k)
)

(3.6)

One of the most important features of equation (3.6) is the profound dependence of E± (k)

on the relative sign of te and th. For example, the two k = 0 states responsible for absorp-

tion undergo far greater splitting when te and th have the same sign as opposed to the case

when they have opposite signs.86,88 This is most dramatic when the magnitudes of te and

th are similar: when te = −th the k = 0 diabatic Frenkel and charge-transfer excitons

do not mix at all. As originally shown in reference 111, the relative sign between te and

th also controls the H and J-like photophysical properties in charge-transfer mediated ag-

gregates, a point that will be further explored below. In general, the understanding provided

by the free-exciton band dispersions of equation (3.6) serve as a guide to understand the

dispersion and spectroscopy when vibronic coupling is reintroduced.

The dependence of the band dispersions on the relative sign of te and th is il-

lustrated in figure 3.1 where we have taken ECT ≫ ES1
. We have also taken the limit in

which JCoul = 0 so that the dispersion, and therefore the J- or H-aggregate behavior, is

controlled completely by the charge-transfer interaction. While such a situation may seem

unnatural, it is actually a fairly accurate description for tetracene and pentacene crystals

where the Coulomb coupling within the lowest energy exciton band is compromised due to
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Figure 3.1. Effects of charge-transfer interactions on the band structure of rigid ag-
gregates. The energy level diagrams depict the interaction between the diabatic charge-
transfer band, |k,+〉 with energy ECT , and the (flat) Frenkel band with energy ES1

, in
charge-transfer J-aggregates (left) and H-aggregates (right) with |th | = |te |. The magni-
tude of the k-dependent Frenkel/charge-transfer coupling is illustrated by the intensity of
the red and blue shading in the left and right panels respectively (see equation (3.5)).

a weakly-allowed, short-axis polarized S0 → S1 transition. The resulting photophysics are

dominated by strong Frenkel/charge-transfer mixing.87,89

In the left panel of figure 3.1, te and th are taken to have the same sign so that

the interaction between k = 0 excitons is much stronger than the interaction between states

characterized by other wave vectors (see equation (3.5)). This k-dependent interaction

induces a positive curvature in E−(k) and a negative curvature in E+(k). Hence, the lower

exciton band is J-like and the upper exciton band is H-like. In the right panel of figure 3.1,

the sign of th has been reversed so that te and th now have opposite signs. In this case,

the interaction between the k = 0 excitons is identically zero while the interaction between

k = π excitons is at a maximum. This k-dependent interaction induces a negative curvature

in the lower exciton band and a positive curvature in the upper exciton band. Hence, the

lower exciton band is H-like while the upper exciton band is J-like. Whenever ECT ≫ ES1
,

as is the case in figure 3.1, the lower exciton band is dominated by Frenkel character and
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thus determines the aggregate’s photophysics. Hence, we refer systems such as those in the

left panel of figure 3.1 as charge-transfer J-aggregates and those in the right panel as charge-

transfer H-aggregates. These assignments are confirmed by the spectroscopic signatures,

as discussed in section 3.2.1.

Equation (3.6) also predicts the existence of dispersionless bands. Such “flat” bands

develop when the Coulombic coupling satisfies the “null” relation, JCoul = J
±
Coul where

J
±
Coul =

4teth

(

ECT − ES1

)

±
√

(

ECT − ES1

)2

+ 8
(

t
2

e + t
2

h

)

(3.7)

Inserting either JCoul = J
+
Coul or JCoul = J

−
Coul into equation (3.6) yields a flat band

E1 (k) = ECT − 4teth/2J
±
Coul (3.8)

as well as a band which retains the dispersion of the Frenkel exciton,

E2 (k) = EF (k) + 4teth/2J
±
Coul (3.9)

For other values of the Coulomb coupling, curvature exists in both bands. In general,

passage through the null point can be associated with an H- to J-aggregate transformation

(or vice versa).

3.2.1 Spectral Signatures of Charge-Transfer H- and J-aggregates in the Perturbative
Regime

We now turn our attention to the absorption spectral signatures of charge-transfer

J- and H-aggregates. We assume that JCoul = 0 as above in order to focus solely on the

impact of the charge-transfer interactions. We also reintroduce vibronic coupling in order

to analyze the vibronic signatures of charge-transfer H- and J-aggregates. In this section

we are concerned with the limit of weak Frenkel/charge-transfer exciton coupling – the

limit in which the dissociation integrals and vibrational energies are small compared to

40



Figure 3.2. Absorption spectra of charge-transfer J- and H-aggregates in the pertur-
bative regime. The simulated absorption spectrum of a charge-transfer (left) J-aggregate
and (right) H-aggregate corresponding to the dispersion curves in figure 3.1 after local vi-
bronic coupling has been introduced. Both cases consider a disorder free linear π-stack
with parameters ECT − ES1

= 10, λ2

0 = 2λ2

± = 1, and JCoul = 0 where all energies are
expressed in units of the vibrational, ~ω

vib. In the J-aggregate te = th = 1 while in the
H-aggregate te = −th = 1. The aggregate spectra should be compared to the monomer
absorption spectrum shown in gray.

the energetic separation between between the diabatic charge-transfer and Frenkel exciton

states

��JCoul
�� , ��te

�� , ��th
�� , ~ωvib ≪

���ECT − ES1

��� (3.10)

In this limit, the majority of oscillator strength is concentrated in the lower energy Frenkel

dominated exciton bands while the higher energy charge-transfer dominated bands remain

dark.

Figure 3.2 shows the absorption spectra associated with the charge-transfer aggre-

gates in figure 3.1 after allowing for local vibronic coupling. We assume λ2

0 = 1 so that

for a single molecule, the first two vibronic peaks in the absorption spectrum have equal

intensity (see the gray-colored spectrum). The left panel of figure 3.2 shows the absorp-

tion spectrum for the charge-transfer J-aggregate; the spectrum exhibits an overall red shift

and an larger A1/A2 ratio than the 0 − 0/0 − 1 ratio of the monomer – both signatures of

J-aggregation. The absorption spectrum of the charge-transfer H-aggregate is shown in the
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right panel of figure 3.2 and exhibits a smaller A1/A2 ratio than the 0 − 0/0 − 1 ratio of the

monomer, as well as an overall red shift. This red shift represents the only departure from

what is expected of conventional “Kasha” J- and H-aggregates (see page 45 for further dis-

cussion). Significantly, the vibronic signatures of charge-transfer J- and H-aggregates are

identical to those displayed by conventional “Kasha” J- and H-aggregates (see section 1.2.2

and reference 39 ). Hence, in the perturbative regime, the A1/A2 ratio, when compared to

the 0− 0/0− 1 ratio, reveals the H- or J-like nature of the Frenkel/charge-transfer coupling

in charge-transfer mediated aggregates.

3.2.2 Spectral Signatures of Charge-Transfer H- and J-aggregates in the Resonance
Regime

When the energy of the diabatic Frenkel and charge-transfer states are close to

resonance, the spectra show a dramatic departure from what is expected in the perturbative

limit. This is illustrated in figure 3.3 where we have recalculated the spectra for the charge-

transfer J- and H-aggregates of figures 3.1 and 3.2 while taking ECT = ES1
. When te = th

(figure 3.3 left) two prominent absorption bands emerge as oscillator strength is shared

evenly between the lower and upper exciton bands. In marked contrast only a single band

results when te = −th (figure 3.3 right). The single or double band nature can be understood

by examining the matrix elements (equation (3.5)) coupling the diabatic k = 0 vibronic

Frenkel excitons, which carry the bulk of the oscillator strength, and the diabatic k = 0

charge-transfer excitons which have no oscillator strength.86 When the matrix element is

large compared to ECT − ES1
(as when te and th are in phase), the oscillator strength

is effectively distributed over both bands of equation (3.6). Conversely, when the matrix

element is small compared to ECT − ES1
(as when te and th are out of phase), there is little

mixing amongst the k = 0 states and the oscillator strength is confined to a single band.
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Figure 3.3. Absorption spectra of charge-transfer J- and H-aggregates in the reso-
nance regime. The simulated absorption spectrum of a charge-transfer (left) J-aggregate
and (right) H-aggregate in the resonance regime, ECT = ES1

. All other simulation pa-
rameters are the same as in figure 3.2. The aggregate spectra should be compared to the
monomer absorption spectrum shown in gray in figure 3.2. The insets show the dispersion
of the lowest energy exciton calculated from equation (3.6).

The magnitude of the band-to-band splitting can be understood by analyzing the

electronic band dispersions of equation (3.6). In the limit of ECT = ES1
and JCoul = 0,

equation (3.6) reduces to

E± = ES1
±

√

2
(

t
2

e + t
2

h + 2teth cos (k)
)

(3.11)

such that the splitting between the bright states is equal to

��E+(k = 0) − E−(k = 0)�� = 2
√

2 ��te + th
�� (3.12)

Figure 3.3 demonstrates that the splitting (indicated by the double-headed arrow) re-

mains essentially unchanged in the presence of vibronic coupling. The influence of

Frenkel/charge-transfer coupling on the overall absorption line width was studied in detail

by Gisslen and Scholz86,88 for a series of perylene based dye aggregates. Gisslen and

Scholz attributed larger bandwidths to enhanced values of ��te + th
��, in good agreement with

equation (3.12).

Beyond the single or double band nature of the spectra in figure 3.3, the spectral

signatures (within the lowest band) are also suggestive of H- and J-aggregate behavior.
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When te = th there is a pronounced red shift of the absorption maximum and the A1/A2

ratio is larger than the 0 − 0/0 − 1 ratio of the monomer – both signatures of J-aggregation.

On the other hand, when te = −th, there is a pronounced blue shift of the main absorption

peak and the A1/A2 ratio is smaller than the 0 − 0/0 − 1 ratio of the monomer – both

signatures of H-aggregation. Such signatures are corroborated by the dispersion curves of

the lowest energy excitons as shown in the insets of figure 3.3; when te = th, the band

exhibits a positive curvature (J-aggregate) and when te = −th, the band exhibits a negative

curvature (H-aggregate).

3.3 Interference Between Coulombic and Charge-Transfer Interactions

While our discussion so far has focused on the limit in which JCoul = 0 so that

the aggregate photophysics are driven entirely by the charge-transfer interactions, in many

π-stacked systems both coupling sources are present with similar magnitudes. Such cir-

cumstances allow for interferences between the two coupling sources, as exemplified in the

π-stacked nanopillars of 7,8,15,16-tetraazaterrylene (TAT)112,113 where opposing Coulomb

and charge-transfer interactions yield a significantly reduced exciton band width.90

The interference between coupling sources is most easily understood within the

perturbative limit (see equation (3.10)). When the conditions of equation (3.10) are met,

the charge-transfer states can be considered virtual and the electronic Hamiltonian in equa-

tion (2.1) can be simplified to an effective Frenkel exciton Hamiltonian111

Heff =
∑

n

(

ES1
+ ∆CT

)

|en〉 〈en | +
∑

n

(

JCoul + JCT

) (

|en〉 〈en+1 | + |en+1〉 〈en |
)

(3.13)

In equation (3.13), ∆CT is a self-energy correction, JCT is the effective short-range exciton

coupling and the remaining terms have been defined in chapter 2. (Note also that we have

set ∆0−0 = 0.) The effective short-range coupling
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JCT = −2
teth

ECT − ES1

(3.14)

describes a two-step superexchange process103,105 whereby an exciton is transferred from

one chromophore to its neighbor through a virtual charge-transfer state. According to equa-

tion (3.14), JCT can be positive or negative depending on the signs of teth and ECT − ES1
.

Assuming the latter to be positive, for example, results in J-like coupling whenever teth > 0

and H-like coupling whenever teth < 0. Note that this behavior is consistent with the dis-

cussion in sections 3.2.1 and 3.2.2. Furthermore, the self-energy correction is given by

∆CT = −2
t
2

e + t
2

h

ECT − ES1

(3.15)

and is the result of exciton recombination on the original chromophore. The sign of ∆CT

is determined entirely by ECT − ES1
such that whenever ECT − ES1

> 0, this term is neg-

ative. This is the origin of the curious red shift of the first vibronic peak observed in the

absorption spectrum of the charge-transfer H-aggregates in figures 3.2 and 3.3. Note also

that when the gas-to-crystal shift (∆0−0) is included, the denominators of equations (3.14)

and (3.15), which correspond to the energy difference between the local Frenkel excitons

and the nearest-neighbor charge-transfer state, become ECT − ES1
+ ∆0−0.

The most important feature of equation (3.13) for our current discussion is that the

net exciton coupling is given by

Jeff = JCoul + JCT (3.16)

and is thus susceptible an interferences between JCoul and JCT when they have similar

magnitudes. Notably, the interference can be either constructive or destructive depending

on the relative signs of JCoul and JCT . A particularly interesting case is when JCoul =

−JCT = 2teth/
(

ECT − ES1

)

so that the total coupling between nearest neighbors vanishes.

In this case, a null aggregate results where the exciton bands are dispersionless. (This result
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also follows from equation (3.7) after assuming the perturbative limit of equation (3.10)).

Indeed, in the perturbative limit the dispersion relationship presented in equation (3.6) can

be recast as

E−(k) = ES1
+ ∆CT + 2

(

JCoul + JCT

)

cos(k) (3.17a)

E+(k) = ECT − ∆CT − 2JCT cos(k) (3.17b)

so that whenever JCoul = −JCT , the lower, Frenkel-dominated exciton band is dispersion-

less.

To describe aggregates characterized by interfering Coulomb and charge-transfer

interactions, we employ a two-letter notation such as hJ. The first letter indicates the nature

of the Coulomb coupling, while the second designates the nature of the charge-transfer

mediated coupling. The former is dictated by the sign of JCoul while the latter is simply

dictated by the sign of JCT in the perturbative limit (see equation (3.14)) but depends only

on the sign of teth in the resonance regime (see equation (3.11)). We also use upper and

lower case letters to indicate the relative magnitudes of the coupling strengths; in cases

where the couplings are comparable, two upper-case letters are used.

The competition embodied in equation (3.16) is illustrated by the band dispersions

in figure 3.4. These figures are similar to those shown in figure 3.1 but we no longer as-

sume JCoul = 0. In the left panel of figure 3.4, we consider a hJ-aggregate in which the

Coulomb coupling is H-like while the short-range coupling is dominant and J-like (i.e.

JCoul > 0, JCT < 0, |JCoul | < |JCT |) so that the two coupling sources interfere destruc-

tively. In this situation, the diabatic Frenkel band has a negative curvature due to the H-like

Coulomb coupling. Once the charge-transfer interactions are activated however, the band

curvature is reversed. The aggregate is thus expected to behave photophysically like a J-

aggregate, even though the Coulombic coupling is H-like. In a similar manner, one could

envision a situation in which the Coulomb coupling is J-like, but the photophysics are H-
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Figure 3.4. Effects of the interference between Coulombic and charge-transfer inter-
actions on the band structure of rigid aggregates. The energy level diagrams depict the
interaction between the diabatic charge-transfer band |k,+〉 and the H-like diabatic Frenkel
band in (left) hJ-aggregates and (right) hH-aggregates with |th | = |te |. The magnitude of
the k-dependent Frenkel/charge-transfer coupling is illustrated by the intensity of the red
and blue shading in the left and right panels (see equation (3.5)). The gray dash indicates
ES1

.

like due to a dominant H-like charge-transfer interaction. Such a system would be referred

to as a jH-aggregate. This result is important because it illustrates that systems can dis-

play photophysical behavior contrary to what is expected based on their geometry and the

understanding provided by Kasha’s model, a fact further emphasized in section 3.4.

In the right panel of figure 3.4, we consider the case when both the Coulombic

and superexchange couplings are H-like, as in an hH-aggregate (i.e. JCoul > 0, JCT > 0,

|JCoul | < |JCT |). As in the left panel, the diabatic Frenkel band has negative curvature,

however the band curvature increases significantly when the short-range coupling is acti-

vated. Such behavior is due to the reinforced couplings and results in more pronounced

H-like behavior.

The spectral consequences of the destructive and constructive interferences corre-

sponding to the band structure demonstrations in figure 3.4 are shown in figure 3.5. In

the left panel of figure 3.5 the spectrum corresponding to diabatic band dispersions of the
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Figure 3.5. Spectral consequences of the competition between the Coulombic and
charge-transfer interactions in the perturbative regime. These spectra correspond to
the band dispersions in figure 3.4. The spectrum of a Coulombically coupled H-aggregate
calculated using JCoul = 0.2 and te = th = 0 is shown on the left. Activating the charge-
transfer integrals with te = th =

√
2 and ECT−ES1

= 10 results in J-aggregate photophysics

(right, top). Taking an out-of-phase relationship, te = −th =
√

2 gives reinforced H-
aggregate behavior (right, bottom). All energies are expressed in units of vibrational energy
(~ω

vib = 1400 cm−1) and the Huang-Rhys factors are λ2

0 = 2λ2

± = 1.

Coulombically coupled H-aggregates of figure 3.4 is shown. This spectrum exhibits char-

acteristic H-aggregate features: it is blue shifted relative to the monomer and the ratio of

the first two vibronic peaks is less than it is in the monomer. The spectra on the right side of

figure 3.5 correspond to the adiabatic band dispersions of the hJ- (top) and hH-aggregates

(bottom) in figure 3.4. The hJ spectrum displays J-like signatures including a red shifted

main absorption peak and an increase in the ratio of the first two vibronic peaks relative to

the monomer; even though the Coulombic coupling is H-like, the larger J-like short-range

coupling dominates the photophysical response. In contrast, the hH-spectrum displays H-

like signatures even more pronounced than the Coulombically coupled H-aggregate: the

main absorption peak is further blue shifted and the ratio of the first two vibronic peaks is

further reduced.
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Figure 3.6. Spectral consequences of the competition between the Coulombic and
charge-transfer interactions in the resonance regime. The calculated absorption spectra
(black) for π-stacks containing N = 10 chromophores based on the Hamiltonian in equa-
tion (2.1) with te = th = 1 (left) and te = −th = 1 (right). In all cases ECT − ES1

= 2.

All energies are expressed in units of a vibrational quantum ~ω
vib = 1400 cm−1. In going

from top to bottom, the Coulomb coupling increases from 0 to 1 with the values indicated
in the figure. Vibronic coupling is described with a Huang-Rhys factor λ2

0 = 1 so that the
first two vibronic peaks of the monomer spectrum (gray dash) are of equal intensity. The
ionic Huang-Rhys parameters are λ2

± = 0.5. The calculated band dispersions for the lowest
energy excitons are shown as insets.

As ECT approaches the diabatic Frenkel exciton band, the superexchange mecha-

nism based on the second order expressions in equations (3.14) and (3.15) begins to break

down and results based on equation (3.13) become more approximate. Despite being be-

yond the perturbative regime, however, there are still several spectroscopic features that can

be understood, at least qualitatively, in terms of interfering Coulomb and charge-transfer
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couplings. This is demonstrated in figure 3.6 for the cases te = th = 1 and te = −th = 1

as a function of Coulomb coupling. In all cases we took ECT − ES1
= 2, only twice the

value of |te | or |th |. In the left panel, JCT = −1 (see equation (3.14)) and in the absence

of Coulombic coupling (top spectrum), the low-energy absorption band is clearly J-like.

Increasing the Coulomb coupling to JCoul = 0.7 (second spectrum) leads to a null point at

which the band becomes dispersionless. However, based on equation (3.16), the null point

is expected to occur when JCoul = 1. The value of JCoul = 0.7 at the null point can be

better understood by considering the dispersions in the limit of no vibronic coupling: in-

serting the system parameters into equation (3.7), the null condition becomes JCoul = 0.62,

a value in much better agreement with the value of 0.7. The remaining small discrepancy

is due to vibronic coupling. The second spectrum also shows that at the null point, the

A1/A2 ratio is about 10% larger than the 0 − 0/0 − 1 ratio of the monomer. The ratio be-

comes the monomer value (which is unity in the current example) only when the Coulomb

coupling is slightly increased to JCoul = 0.78 (third spectrum, left panel). Hence, in the

resonance regime, the vibronic ratio does not accurately reflect the band curvature near the

null region. Further increases in JCoul result in an increase in the exciton band width and

the low-energy band becomes H-like. The spectrum responds accordingly with the A1/A2

ratio driven significantly below the 0 − 0/0 − 1 ratio of the monomer (fourth spectrum, left

panel).

When the sign of the hole transfer integral is negated (te = −th), the series of spec-

tra in the right panel of figure 3.6 result. The spectra are now dominated by a single band

due to the lack of mixing between the k = 0 Frenkel and charge-transfer states (see equa-

tion (3.5)). The curvature of the lowest energy band is universally negative as predicted

in the perturbative limit since JCT = +1, thereby reinforcing the positive Coulombic cou-

plings throughout the series and leading to enhanced H-like behavior. Indeed all spectra in
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the right panel of figure 3.6 have a reduced A1/A2 ratio and a strongly blue shifted main

absorption peak.

3.4 Dependence of the Coulombic and Charge-Transfer Interactions on Molecular
Packing

Before applying our theory to real systems, we take a brief excursus to examine the

spatial dependence of the superexchange interaction and compare it to that of the Coulom-

bic interaction. Indeed, if the geometric dependencies of JCoul and JCT were the same, the

full range of interferences between the two coupling sources could never be realized. If

different however, controlling the molecular packing may provide a means by which the

total exciton coupling in molecular aggregates and crystals can be tuned. We begin this

section by examining the origin of the charge-transfer integrals and how they depend on

the relative orientation of neighboring molecules. Specifically, we examine how the nodal

patterns of the choromphore’s frontier molecular orbitals impact the integrals. The follow-

ing discussion closely follows that presented by Gisslen and Schulz in reference 86 and

Kazmaier and Hoffman in reference 114.

3.4.1 Origin and Geometric Dependences of the Charge-Transfer Integrals

The charge-transfer integrals between a pair of chromophores are given by the

Hamiltonian matrix elements86,115–117

te = 〈φ
L
1 | ĥ|φ

L
2 〉 (3.18a)

th = − 〈φ
H
1 | ĥ|φ

H
2 〉 (3.18b)

where the φH
n and φL

n represent the molecular HOMO and LUMO wave functions on

molecule n, and ĥ is the single-electron Hamiltonian operator. Equation (3.18) assumes

that the molecular orbitals on different molecules are orthogonal to one another, as appro-

priate for the tight-binding approximation91 implicitly assumed by equation (2.1). There-
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fore there is no contribution to te or th from orbital overlap factors (i.e. from 〈φL
1 |φ

L
2 〉 or

〈φH
1 |φ

H
2 〉).

115–117 To avoid confusion, we point out that orthogonality does not entail vanish-

ing spatial overlap of the molecular orbitals, but only that the relative phase is such that the

overlap integral vanishes. Indeed, the magnitudes of the charge-transfer integrals are ex-

pected to drop off exponentially with increasing separation as the spatial overlap between

molecular orbital wave functions vanishes. Importantly, however, te and th depend not

only on the distance separating chromophores, but also on the registry and nodal patterns

of the frontier molecular orbitals. This idea was championed by Kazmeier and Hoffman

who showed that te and th are hypersensitive to the transverse registry of neighboring chro-

mophores.114 They demonstrated that such sensitivity was responsible for the broad range

of colors exhibited by crystalline perylene derivatives, a phenomenon known as crystal-

lochromy,86,88,114 due to the fact that conduction and valence bandwidths, which determine

the optical gap, scale directly with |te| and |th|. In Kazmeier and Hoffman’s original work,

they began their analysis by investigating the conduction and valence band widths in ethy-

lene, the simplest π-conjugated system, in order to gain a fundamental understanding of

how the bandwidths depend on the system geometry. The ensuing discussion closely fol-

lows their original work, but with the emphasis placed on the sign of te and th rather than

on the overall conduction and valence bandwidths.

In an ethylene dimer, the frontier molecular orbitals of a π-stacked system, ΦH−1;

Φ
H ; ΦL; and ΦL+1 (which correspond to the HOMO-1; HOMO; LUMO; and LUMO+1

respectively), derive mainly from the frontier molecular orbitals of the individual ethylene

molecules. In the dimer, φH
1 and φH

2 , interact via th to form ΦH−1 and ΦH , while φL
1 and

φ
L
2 interact via te to form ΦL and ΦL+1.114 This is illustrated in figure 3.7 which shows

the energy level diagram of ΦH−1, ΦH , ΦL, and ΦL+1 for an ethylene dimer as a function

of longitudinal registry. When the ethylene molecules are eclipsed (displacement=0 Å),

Φ
H−1 is formed by the bonding configuration of φH

1 and φH
2 , as shown by the molecular
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Figure 3.7. Frontier molecular orbital energies of an ethylene dimer as a function of
longitudinal displacement. The energies of the system HOMO-1, HOMO, LUMO and
LUMO+1, i.e. ΦH−1, ΦH , ΦL, and ΦL+1 respectively, as calculated using CIS and the
cc-pVDZ basis, are shown. An edge-on view of the antisymmetric supersystem molecular
orbitals (with respect to periodic translation) are shown as insets (the symmetric supersys-
tem molecular orbitals are not shown). The wave function expressions are also shown and
are color coded according to the lines representing their energies. Note that the symmetry
of the system LUMO and LUMO+1 change at approximately 1.6 Å due to a change in the
sign of te.

orbitals inset in figure 3.7, while ΦH is formed by the anti-bonding combination. These

system orbitals can be expressed as ΦH−1
= (φH

1 − φ
H
2 )/
√

2 and ΦH
= (φH

1 + φ
H
2 )/
√

2

where the phase has been assigned using translational symmetry and assuming periodic

boundary conditions. Using these expressions, the sign of th can be determined using

equation (3.18b): assuming φH
1 and φH

2 are degenerate with energy εH , the energy of ΦH−1

is

〈ΦH−1 | ĥ|ΦH−1〉 = εH + th (3.19)
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while the energy of ΦH is

〈ΦH | ĥ|ΦH〉 = εH − th (3.20)

Hence, because the energy of ΦH−1 is less than the energy of ΦH (by definition) the sign of

th must be negative. The sign of te can similarly be found by analyzing the matrix elements

between ΦL and ΦL+1, which are given by ΦL
= (φL

1 −φ
L
2 )/
√

2 and ΦL+1
= (φL

1 +φ
L
2 )/
√

2

respectively. Such an analysis reveals that the sign of te must be positive when the ethylene

molecules are eclipsed.

As the ethylene molecules are slipped along the long molecular axis, the energy

gaps between ΦH−1 and ΦH , and ΦL and ΦL+1 decrease due to the reduction in spatial

overlap between the molecular orbitals. This bandwidth reduction indicates smaller |te| and

|th|, but with the same sign as in the totally eclipsed case. Notably, however, when the ethy-

lene molecules have been slipped slightly past a carbon-carbon bond length (displacement

~1.6 Å), the gap between ΦL and ΦL+1 vanishes completely, indicating that te = 0. This

anomalous behavior results from the exact cancellation of bonding and anti-bonding inter-

actions between φL
1 and φL

2 as a result of the registry of their nodal patterns.114 (In contrast,

note that this behavior is not due to vanishing spatial overlap of φL
1 and φL

2 ). Importantly,

this geometry represents the point at which the sign of te changes from positive to negative

upon further longitudinal displacements.

When the ethylene molecules are slipped further along the long axis, ΦH−1 and

Φ
H are still formed by the same combination of φH

1 and φH
2 as in the less staggered cases.

Hence the sign of th does not change upon a longitudinal slip in ethylene, but does decrease

in magnitude due to the decreasing spatial overlap between φH
1 and φH

2 . In contrast, ΦL and

Φ
L+1 are now formed byΦL

= (φLU MO
1 +φ

LU MO
2 )/

√
2 andΦL+1

= (φLU MO
1 −φLU MO

2 )/
√

2,

exactly opposite of that in the eclipsed case. Hence the sign of te must be opposite of what

it is in the totally eclipsed case. The fact that the relative sign of te and th changes as
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a function of geometry is what allows for the short-range coupling to induce both J- and

H-aggregate behavior (see equation (3.14)).

The understanding afforded by the simple analysis of ethylene can be extended to

appreciate the geometric dependence of te and th in more complex systems. In general, sign

changes of th and te can be correlated to the nodal patterns within the molecular HOMO

(φH) and LUMO (φL). The number of sign changes expected upon displacement along a

given coordinate is equal to the number of nodes perpendicular to the displacement coor-

dinate. For example in ethylene, there are zero nodes in the molecular HOMO (φH) and

one node in the molecular LUMO (φL) that are perpendicular to the long molecular axis.

Hence, the sign of th will not change as a function of longitudinal displacement, while the

sign of te will change only once.

3.4.2 A Brief Discussion Concerning the Phase of te and th

To determine the signs of te and th in section 3.4.1 we expressed the frontier

molecular orbitals of the ethylene dimer in terms of the monomeric HOMOs and LUMOs

assuming a phase convention consistent with periodic translational symmetry. However

the choice of phase convention is arbitrary. If we had used inversion symmetry instead,

for example, the frontier molecular orbitals in the eclipsed configuration would be given

by ΦH−1
= (φH

1 + φ
H
2 )/
√

2, ΦH
= (φH

1 − φ
H
2 )/
√

2 ΦL
= (φL

1 − φ
L
2 )/
√

2 and ΦL+1
=

(φL
1 + φ

L
2 )/
√

2 resulting in th > 0 and te > 0. Hence, the sign of JCT would be opposite

what it is when periodic translational symmetry is used. Does this mean that our chosen

phase convention determines the J- or H-like nature of the JCT ? No, it does not; even though

the sign of JCT is opposite when using translational and inversion symmetry to assign the

signs of te and th, the photophysics will be exactly the same so long as the chosen phase

convention is consistently applied throughout the model. Specifically, the transition dipole

moments, as well as JCoul , should be calculated using the same symmetry relations used to
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calculate te and th. Reference 111 contains excellent examples concerning this point for

the interested reader.

3.4.3 Comparing the Geometric Dependencies of JCoul and JCT

We now compare the spatial dependencies of JCT and JCoul in order to appreciate

how the competition in equation (3.16) is embodied geometrically. We again begin this

section using ethylene as our prototype. The top two contour plots of figure 3.8 show the

charge-transfer integrals for ethylene as a function of longitudinal and transverse displace-

ment. The sign is indicated by the color of the plot with red regions indicating a negative

sign and blue regions indicating a positive sign. As expected from our discussion above,

the sign of th does not change over the geometric slip-space while the sign of te changes

once at a longitudinal displacement of about a carbon-carbon bond length. JCT is shown

in the middle left panel of figure 3.8, as calculated using equation (3.14) and assuming

ECT − ES1
= 10. We note that sign of JCT changes at the same point as te since the sign of

th remains constant. Such a sign change denotes a transformation in the nature of JCT from

H-like (blue regions) to J-like (red regions). The spatial dependence of JCoul , as calculated

using transition charge densities,76,118,119 is shown in the middle right plot of figure 3.8. As

expected from equation (1.3), “side-by-side” orientations give rise to a positive Coulomb

coupling (H-like) while “head-to-tail” orientations give rise to negative Coulomb coupling

(J-like).

In order to better appreciate the geometric dependence of the competition between

JCoul and JCT , the lower left plot of figure 3.8 shows the regions of the geometric slip space

where the two coupling sources interfere constructively (denoted with a +) and destruc-

tively (denoted with a -). Notably, we observe that the couplings reinforce on another for

the majority of dimer geometries with the exception of the region between about 2 and

3 Å where the couplings interfere destructively. Hence, for the most part the geometric
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Figure 3.8. Spatial dependence of the intermolecular interactions within a π-stacked
ethylene dimer. The electron (top left) and hole (top right) transfer integrals between two
ethylene molecules as a function of geometric displacement (∆) evaluated from HF/cc-
pVDZ calculated energy splittings. (middle left) The superexchange coupling as a function
of geometric displacement calculated from equation (3.14) using ECT −ES1

= 14 000 cm−1.
(middle right) The Coulombic coupling as a function of geometric displacement evaluated
using CIS/cc-pVDZ calculated transition charge densities. (bottom left) The interference
pattern of JCT and JCoul ; positive regions (+) indicate a constructive interference while
negative regions (-) indicate a destructive interference. (bottom right) The HF/cc-pVDZ
calculated frontier molecular orbitals of ethylene with the molecular length indicated. In
all calculations, the intermolecular separation is 3.5 Å.

57



dependence of the J- or H-like behavior of the total exciton coupling (see equation (3.16))

is well described by the traditional understanding that “head-to-tail” geometries lead to J-

aggregates while “side-by-side” geometries lead to H-aggregates. The exception is when

the dimer is in the destructively interfering region where the relative magnitudes of JCoul

and JCT determine the H- or J-like nature of the system. In this region, the system could

display J-aggregate photophysics if |JCT | > |JCoul |, even though it is expected to display

H-aggregate photophysics based on Kasha’s exciton model.

Now that we have presented the simple example of ethylene, we move on to a

slightly more complex system in perylene. Perylene systems have been studied by many

groups86,114,120–122 and have been shown to exhibit substantial deviations in the conduction

and valence band widths as a function of transverse geometry. Such deviations are respon-

sible for the remarkable range of pigment colors observed from the crystalline phases of

perylene derivatives.114

The HOMO and LUMO of perylene are shown in the bottom right panel of fig-

ure 3.9 and are significantly more complex than the frontier molecular orbitals of ethylene.

Notably, there are several nodes in both the HOMO and LUMO which we expect to re-

sult in a geometric phase space that exhibits numerous variations in the signs of te and

th. Indeed, the contour plots of the perylene charge-transfer integrals, shown in the top two

panels of figure 3.9, are much more complex than those of ethylene in figure 3.8. Neverthe-

less, the nodal patterns of te and th can still be understood in light of the insight provided

by the ethylene prototype. When slipped along the long molecular axis te does not change

sign since the perylene LUMO contains no nodes perpendicular to the long molecular axis.

Comparatively, th will change sign three times as a consequence of the three nodes en-

countered along the long molecular axis in the perylene HOMO. These results are entirely

consistent with the findings of Kazmaier and Hoffman114 and Gisslen and Scholz.86
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Figure 3.9. Spatial dependence of the intermolecular interactions within a π-stacked
perylene dimer. The electron (top left) and hole (top right) transfer integrals between
two perylene molecules as a function of geometric displacement (∆) evaluated from den-
sity functional theory (DFT) calculated energy splittings. (middle left) The short-range
coupling as a function of geometric displacement calculated from equation (3.14) using
ECT − ES1

= 14 000 cm−1. (middle right) The Coulombic coupling as a function of geo-
metric displacement evaluated using time-dependent density functional theory (TD-DFT)
calculated transition charge densities. (bottom left) The interference pattern of JCT and
JCoul ; positive regions (+) indicate a constructive interference while negative regions (-)
indicate a destructive interference. (bottom right) The DFT calculated frontier molecular
orbitals of perylene. In all calculations, the intermolecular separation is 3.5 Å and all DFT
calculations employ the the Becke three-parameter Lee-Yang-Parr (B3LYP) functional and
cc-pVDZ basis.
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As for ethylene, relative sign changes between te and th have a profound impact on

the J- or H-like nature of JCT , as illustrated in the middle left panel of figure 3.9. In contrast

to ethylene, the sign of JCT changes several times as the perylene dimer is displaced along

both the transverse and longitudinal axes. Importantly, the sign of JCoul is much less sen-

sitive to geometric displacements and changes only once after a longitudinal displacement

of about 5 Å, or a little over half of the molecular length.123 Such discrepancy between the

spatial dependence of JCT and JCoul gives rise to a rich competitive landscape between the

coupling sources as shown in the lower left panel of figure 3.9. Such competition leads to

the possibility of unique relationships between the aggregate geometry and photophysical

behavior. For example, in a perylene system characterized by |JCT | > |JCoul |, it is pos-

sible that a slightly slipped “side-by-side” π-stack will exhibit J-aggregate photophysics,

thereby defying the conventional understanding of how packing geometry relates to J- and

H-aggregate behavior.

While the the signs of JCoul and JCT are similar over the range of geometric dis-

placements considered in ethylene (assuming ECT > ES1
) so that the couplings usually

interfere constructively, our analysis of perylene shows that such behavior is not typical

among conjugated chromophores. Indeed, we observe that the sign of JCT is sensitive to

geometric displacements on the order of a carbon-carbon bond length, while the sign of

JCoul is sensitive to geometric displacements on the order of half the molecular length.123

Hence, for longer molecules like perylene, the stacking geometry can be exploited to tune

the total exciton coupling using the constructive and destructive interference between JCT

and JCoul , thereby offering a novel design strategy for optimizing materials for organic elec-

tronics. We emphasize, however, that the spatial dependencies of te and th (and therefore

JCT ) are strongly dependent on the conjugation topology. Hence, the general conclusions

reached here should not be applied too liberally to other conjugated systems, rather one

should calculate the spatial dependence of te and th for the particular systems of interest,
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Figure 3.10. Twist dependence of the intermolecular interactions within a π-stacked
ethylene dimer. (left) The electron (black) and hole (red) charge transfer integrals as a
function of twist angle θ in an ethylene dimer. The integrals were evaluated using HF/cc-
pVDZ calculated energy level splittings. (right) The unscreened Coulombic coupling (blue)
evaluated using CIS/cc-pVDZ calculated transition charge densities, and the short-range
coupling (green) evaluated using equation (3.14) and ECT − ES1

= 14 000 cm−1 as a

function of twist angle. In all cases the intermolecular separation was set to 3.5 Å. Note
that JCT has been scaled by 0.25 in order to more easily compare it with JCoul . The regions
of constructive (+) and destructive (-) interference are also shown. Over the entire twist
space, the two couplings sources interfere constructively (assuming ECT > ES1

).

as we have done here. We also note that we have neglected changes in the Coulombic

component of ECT due to the changing geometry when calculating JCT . However, while

such considerations are necessary for a quantitative description, it is not expected that it

will change the interference patterns in figures 3.8 and 3.9. Indeed, it was recently shown

that in terrylene, the Coulombic component of ECT changes by less than 300 cm−1 after a

longitudinal displacement of nearly 8 Å.124

Before moving on, we also want to consider how the charge-transfer integrals and

the interference pattern depend on a rotation of neighboring molecules relative to one an-

other about the axis connecting their mass centers. We first consider the effect of rotation on

the various coupling sources between two ethylene molecules in figure 3.10. The Coulom-

bic coupling is at a maximum when the molecules are parallel (θ = 0◦) and is reduced with

increased relative rotation until it completely vanishes at θ = 90◦. This is consistent with

the behavior predicted by the point dipole approximation in equations (1.3) and (1.4). The

behavior of the charge transfer integrals is slightly more complex. Due to the nodeless na-
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Figure 3.11. Twist dependence of the intermolecular interactions within a π-stacked
perylene dimer. (left) The electron (black) and hole (red) charge transfer integrals as a
function of twist angle θ in an perylene dimer. The integrals were evaluated from DFT
(B3LYP/cc-pVDZ) calculated energy level splittings. (right) The unscreened Coulombic
coupling (blue), evaluated from TD-DFT (B3LYP/cc-pVDZ) calculated transition charge
densities, and the superexchange coupling (green) evaluated using equation (3.14) and
ECT − ES1

= 14 000 cm−1 as a function of twist angle. In all cases the intermolecular

separation was set to 3.5 Å and all energies are in units of vibrational quanta, ~ω
vib = 1400

cm−1. The regions of constructive (+) and destructive (-) interference are also shown.

ture of the upper hemisphere of the ethylene HOMO (see figure 3.8), th remains relatively

constant for all rotation angles. However, te obtains its maximum when the molecules

are parallel (θ = 0◦) and decreases in magnitude with increasing rotation until it vanishes

at θ = 90◦. This behavior is a result of the single node in the upper hemisphere of the

ethylene LUMO (see figure 3.8). Notably, the twist dependence of te and th results in JCT

having a constant sign over the entire range of rotation angles, which is positive (or H-like)

assuming ECT > ES1
. Hence, assuming ECT > ES1

, the couplings are expected to reinforce

one another for all rotation angles. On the other hand, if ECT < ES1
the couplings would

interfere destructively for all rotation angles.

The situation is more complex for the perylene system shown in figure 3.11 due to

the complex nature of the HOMO and LUMO nodal patterns (figure 3.9). As in ethylene,

the Coulomb coupling is maximized when the molecules are parallel (θ = 0◦) and vanishes

completely at a twist angle of θ = 90◦. However, te and th now undergo sign variations as

the twist angle increases, a result in good agreement with calculations by Ide et al.122 Inter-
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estingly, both te and th change sign as the twist angle approaches θ = 27◦. This results in

a H-like short-range coupling (assuming ECT > ES1
) that reinforces the H-like Coulombic

coupling until the molecules are twisted past θ = 48◦ and the sign of te, and therefore JCT ,

changes. Past this point and until about θ = 77◦, the interference between the Coulomb

and charge-transfer couplings is destructive. Hence, twisted perylene molecules can exhibit

both constructive and destructive interferences between JCoul and JCT as a function of twist

angle.

As in the case of transverse and longitudinal displacements discussed earlier, the

interference landscape between JCoul and JCT as a function of twist angle is expected to be

highly dependent on the nodal structures of the HOMO and LUMO. While the Coulomb

coupling is expected to follow the trends predicted by the point-dipole approximation, the

short-range coupling is expected to vary significantly among compounds. Again, we em-

phasize that te and th should be calculated for the compounds of interest in order to

accurately predict the interference pattern between JCoul and JCT .

3.5 Applications to PDI π-stacks: H- to J-Aggregate Transformations

We now apply the theory developed above to the H- to J-aggregate transformations

observed in several PDI derivatives in solution and in the solid state.45,108 In reference 45,

the H- to J- transformation was induced in a (core-unsubstituted) PDI-melamine complex

through a change in the hydrogen bonding pattern mediated by the addition of a cyanuric

acid derivative. A similar transformation for a hydrogen bonding PDI derivative was re-

cently observed by Sarbu et al.
108 in the solid phase, where the addition of an organic non

solvent triggered the H- to J-aggregate transition. Figure 3.12 contains the spectra from the

former set of experiments. The monomer spectrum (black dash) consists of a well-defined

Franck-Condon progression, which can be fit with a Huang-Rhys factor of approximately

λ
2

0 = 0.7. The spectrum shown in red is associated with the J-aggregate form because of
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Figure 3.12. H- to J-aggregate transformations in a PDI derivative: Experiment ver-
sus theory. (top) Measured absorption spectra for the monomer in solution (black dots)
and the J- (red) and H-aggregated (blue) forms of the PDI-melamine complexes from ref-
erence 45. (bottom) Simulated monomer absorption spectrum (black dots) using λ2

0 = 0.7
and a vibrational energy ~ω

vib = 1400 cm−1. The progressive line width is not considered,
i.e. σ′ = 0. The three solid spectra correspond to π-stacks containing N = 10 pery-
lene chromophores based on the Hamiltonian in equation (2.1) assuming nearest-neighbor
charge-transfer (i.e. equation (3.1)) and ECT − ES1

+ ∆0−0 = 0. The charge-transfer inte-
grals, te and th, and Coulombic coupling, JCoul , were obtained from figures 3.8 and 3.10
for the orientations indicated in the figure inset. The Coulombic coupling was additionally
screened by the optical dielectric constant ε = 3. The two slip-stacks correspond to the
local ground state minima calculated in reference 125, while the twisted stack is the global
minimum, also determined in 125. The ionic Huang-Rhys factors are taken to be λ2

± = 0.35
and the Gaussian homogeneous line width is σ0−0

= 400 cm−1 (blue and cyan spectra) and
σ

0−0
= 800 cm−1 (red spectrum). Finally, the solution-to-crystal shift for all calculated

aggregate spectra is ∆0−0 = 500 cm−1. A complete list of simulation parameters can be
found in tables A.1 to A.3
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the emergence of a low-energy band, red shifted by approximately 3000 cm−1 from the

main monomer peak. However, there is also a broader, blue shifted band, peaked a roughly

22 000 cm−1. Both bands are symmetrically positioned around the main monomer peak.

In marked contrast, the spectrum in blue exhibits a single band with vibronic structure,

the peak of which is modestly blue shifted by approximately 800 cm−1 from the main

monomer peak. Hence, the blue spectrum is assumed to arise from a H-aggregate. Consis-

tent with this assignment is the substantially diminished A1/A2 peak ratio compared to the

monomer.

As described in reference 45, neighboring chromophores in the J-stack are believed

to be significantly slipped relative to each other along the long molecular axis, by per-

haps 3-4 Å. The reasoning is based on Kasha’s theory and the geometric dependence of

the Coulomb coupling. Accordingly, in the H-aggregate, the slip is believed to be much

smaller. In both aggregate forms, a relative twist between neighboring chromophores has

also been suggested; indeed helical π-stacks based on chiral substituted PDIs exhibit ab-

sorption spectra very similar to the H-form in figure 3.12.70 Detailed density functional the-

ory (DFT) calculations by Fink et.al
125 have shown that in closely packed PDI dimers, there

exist two local ground-state minima which correspond to translations at approximately (3.5

Å, 1 Å) and (1.5 Å, 1 Å), where the first and second numbers indicate the longitudinal and

transverse displacements relative to an eclipsed configuration. Subsequent DFT calcula-

tions by Vura-Weis et al.
120 support the existence of two stable regions at approximately

the same locations as Fink et al. for a host of PDI derivatives. According to reference 125

the global minimum corresponds to a configuration with no relative translation at all, (0

Å, 0 Å), but rather a relative rotation of approximately 30° around the axis connecting the

mass-centers.

To better appreciate the spatial dependence of the competition between JCT and

JCoul within perylene π-stacks, we show in figure 3.13, a slice of the contour plots in
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Figure 3.13. Interference between JCT and JCoul in perylene as a function of longi-
tudinal displacement. (top) The calculated electron and hole transfer integrals, (second)
short-range coupling, (third) Coulombic coupling assuming a dielectric constant of ε = 3,
and (bottom) total electronic coupling as a function of longitudinal displacement assum-
ing an intermolecular separation of 3.5 Å. JCT , was evaluated from equation (3.14) using
ECT −ES1

= 7000 cm−1. White regions indicate H-like behavior while gray shaded regions
indicate J-like behavior.

figure 3.9 along the line (x,0), corresponding to a relative displacement along the long

molecular axis. Here, JCT was evaluated from equation (3.14) using ECT − ES1
= 7000

cm−1. The figure also plots the total coupling Jeff = JCT + JCoul/ε, which determines the

J- or H-aggregate behavior of the aggregate in the perturbative limit. Here, the unscreened

Coulomb coupling, JCoul is reduced by the spatially averaged optical dielectric constant of

PDI, which we take to be ε = 3.126 Interestingly, the charge-transfer mediated coupling

dominates over most of the slip range so that the total coupling changes sign (intercon-

verts between H- and J-aggregate behavior) at roughly the same points that JCT changes

sign. The spectral response corresponding to longitudinal displacements at select points

are shown in figure 3.14. By comparing to the monomer spectrum (dashed curves) it is
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Figure 3.14. Calculated perylene absorption spectra as a function of longitudinal dis-
placement. The Calculated aggregate absorption spectra (red) at select longitudinal dis-
placements for a π-stack containing N = 10 perylene molecules using the full Hamiltonian
in equation (2.1) and assuming nearest-neighbor charge-transfer (equation (3.1)). In the
top series of spectra, ECT − ES1

= 7000 cm−1, while in the bottom series, ECT − ES1
= 0

cm−1. The Huang-Rhys factors were set to λ2

0 = 0.7 and λ2

± = 0.35. For this value of λ2

0,
the first vibronic peak dominates the monomer spectrum (black).

easy to appreciate that the H- or J-aggregate behavior depends on the total coupling by

evaluating the A1/A2 ratio. It is important to note that H-like (J-like) behavior is indicated

by an A1/A2 ratio that is diminished (enhanced) relative to the monomer value. Since we

have used a Huang-Rhys factor of λ2

0 = 0.7, the 0 − 0/0 − 1 ratio in the monomer is 1.43

(equation (1.2)).

For many perylene-based dyes, it is more likely that the charge-transfer and Frenkel

states are closer to resonance, with the resulting Frenkel/charge-transfer mixing promot-

ing excimer like formation consistent with the emissive behavior of many PDI aggre-

gates.127–129 In order to account for this important nonperturbative regime we also evaluate

the absorption spectra for ECT − ES1
for select longitudinal displacements in figure 3.13.

In the resonance regime, the much stronger Frenkel/charge-transfer mixing is expected to

result in a two-band or one-band spectrum, depending on the relative magnitudes of te + th
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and te − th. This is indeed the case; when the transverse displacement is only 0.5 Å, the an-

tisymmetric sum dominates ( |te−th | ≫ |te+th |, see figure 3.13), and the spectrum consists

of a single main peak, blue shifted from the monomer spectrum. For slip distances between

approximately 2 and 3 Å, |te + th | dominates yielding two distinct bands with a separation

between the band maxima approximately given by the free-exciton value, 2
√

2|te + th |.

Interestingly, the large red shift of the lower energy band, which has led researchers to

label such species as “J-aggregates” has nothing to do with the Coulombic coupling, as in

Kasha’s theory. Rather, it is due to the strong coupling between Frenkel and charge-transfer

excitons. In the vicinity of a 5 Å longitudinal displacement, |te − th | once again dominates

yielding a single absorption band. Finally, after yet another reversal beyond approximately

6 Å the two-band spectrum is recovered, but with a significantly diminished splitting com-

pared to the spectrum at 3 Å. This type of merged two-band structure resembles what is

found in TAT nanopillars.90

We next consider how a relative twist between neighboring perylene molecules im-

pacts the absorption spectrum through the competition illustrated in figure 3.11. Interest-

ingly, for twist angles close to 30°, te and th both approach zero, thereby completely

inactivating charge-transfer. At this value of θ, Frenkel and charge-transfer excitons can-

not mix and the chromophores interact entirely by Coulombic coupling, which leads to

a conventional H-aggregate. Figure 3.15 shows the calculated spectra for selected twist-

ing angles in the resonance regime, where we have taken ECT − ES1
= 0. As expected,

for θ = 30◦ the spectrum resembles that of a Coulomb-coupled H-aggregate, as was also

shown by Fink et al.
108 Beyond approximately 48°, the large value of |te + th | results in

a destructive interference between the Coulomb and charge-transfer couplings and a two-

band spectrum as illustrated in the lower panel of figure 3.15. Hence, in perylene one can

interconvert between J- and H-aggregate behavior by changing the twist angle θ.
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Figure 3.15. Calculated perylene absorption spectra as a function of relative twist.
The calculated aggregate absorption spectra (red) at select angles of nearest-neighbor rela-
tive twist for a π-stack containing N = 10 perylene molecules using the full Hamiltonian
in equation (2.1) and assuming nearest-neighbor charge-transfer (equation (3.1)). The di-
abatic charge-transfer energy is taken to be resonant with the molecular excitation energy,
i.e. ECT − ES1

= 0 cm−1. The Huang-Rhys factors were set to λ2

0 = 0.7 and λ2

± = 0.35. For

this value of λ2

0, the first vibronic peak dominates the monomer spectrum (black).

We conclude this section by comparing the spectra calculated for the three geome-

tries which minimize the total ground state energy as determined by Fink et al.
108 with the

J- and H-aggregate spectrum of Yagai et al.;45 the bottom panel of figure 3.12 shows the

result. The geometry with the greatest longitudinal displacement (3 Å, 0.8 Å) is associated

with large, in-phase values of the charge-transfer integrals (te and th are 606 cm−1 and

1248 cm−1, respectively) resulting in a pronounced two-band spectrum which agrees quite
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well with the J-aggregate form of reference 45 (red curve in figure 3.12). In particular, the

peak-to-peak separation is quantitatively reproduced. Upon transforming to the other two

geometries, the spectrum dramatically changes to that resembling an H-aggregate, which

can be reconciled quite well using Kasha’s theory, as done in reference 108. At the point

(1.5 Å, 1 Å) the electron and hole transfer integrals are quite weak, 347 and -20 cm−1 re-

spectively, allowing the positive Coulomb coupling to dominate. As mentioned earlier, at

the twist angle of 30° only the positive Coulomb coupling exists. Both calculated spectra

agree very well with the observed H-aggregate PDI spectrum shown in figure 3.12.

3.6 Discussion

In this chapter, we demonstrated how charge-transfer interactions can give rise to

both H- and J-aggregate behavior and introduced the notion of a competition between the

Coulombic and charge-transfer couplings. In order to arrive at the essential photophysics

in the most direct manner we utilized a pared down electronic Hamiltonian – one that

includes only nearest-neighbor Coulombic coupling (a rather good approximation in one-

dimension) and limits electron-hole separation to neighboring chromophores. Including

local vibronic coupling involving the ubiquitous 1400 cm−1 mode allowed us to track H-

and J-aggregate behavior through vibronic spectral signatures. As outlined in references

39 and 111 the ratio of oscillator strengths between the first two vibronic absorption peaks

increases (decreases) relative to the monomer ratio in Coulombically coupled and charge-

transfer mediated J- (H-) aggregates. Here, these results were generalized for integrated

Coulomb/charge-transfer aggregates. We found that the vibronic ratio rigorously tracks the

band curvature in the perturbative limit: a peak ratio greater than the monomer ratio indi-

cates a positive band curvature (band minimum at k = 0) as defines J-aggregates, while a

peak ratio less than the monomer ratio indicates a negative band curvature (band maximum
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at k = 0) as defines H-aggregates. Even in the resonance regime, we find that the vibronic

ratio strongly correlates to the band curvature.

The interference between the charge-transfer (superexchange) and Coulombic cou-

plings is most easily appreciated in the perturbative limit where optical absorption is ac-

curately described using an effective Holstein-style Hamiltonian (equation (3.13)). In this

limit, the total exciton coupling between nearest neighbors is simply Jeff = JCoul + JCT .

Hence the ratio of the first two vibronic peaks can be described by equation (1.6)39,78,79 after

replacing the Coulombic coupling with the total coupling. For a J-aggregate, (JCoul+ JCT <

0), the ratio becomes greater than the monomer value while in a H-aggregate (JCoul+ JCT >

0), the ratio is less than the monomer value (see equation (1.6)) for λ2

0 near unity.

The effective Hamiltonian leads naturally to the existence of so-called “null aggreg-

ates” where the total coupling is equal to zero, i.e. total destructive interference between

the Coulomb and charge-transfer mediated couplings. In a null aggregate, the exciton band

is flat and the ratio formula, equation (1.6), predicts that the aggregate will exhibit a ra-

tio exactly matching the monomer value. In fact, in the perturbation regime, the entire

absorption spectral line shape for a null aggregate is essentially identical to the monomer

spectrum but for a small red shift due to the second order correction to the band energy,

∆CT .107 As we will show in chapter 4, the exciton mobility is also severely compromised

in null aggregates.130

Interestingly, even when the diabatic charge-transfer and Frenkel bands are close to

resonance, the concepts of a null aggregate persists. This is readily appreciated from the

free-exciton dispersion in equation (3.6), which predicts a flat band in any coupling regime

when equation (3.7) is satisfied. For example, when the diabatic charge-transfer energy is

resonant with the center of the diabatic Frenkel band, a flat band occurs when
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JCoul = ±
√

2teth
√

t
2

e + t
2

h

(3.21)

and the flatness persists even when vibronic coupling is activated (see figure 3.6).

In the perturbative regime, passage through the null point is accompanied by a J-

to H-aggregate transformation as evidenced primarily by a change in A1/A2 compared to

the 0 − 0/0 − 1 monomer ratio. In the resonant or near-resonant regime, the change is far

more dramatic with the absorption spectral line shape evolving from a two-band shape (the

“J” form) to a single band (“H” form) or vice versa. The change is most pronounced when

the k = 0 free exciton splitting, 2
√

2|te + th |, is large compared to a vibrational quantum

so that both bands of the “J” form are well resolved. Single band line shapes result when

the k = 0 free exciton splitting becomes small compared to a vibrational quantum, which

can arise if te and th remain large in magnitude but carry opposite signs (“H” form), or

simply if |te| and |th| both become small compared to a vibrational quantum so that the

two bands of the “J” form are indistinguishable. The latter scenario is most likely relevant

to the single band spectra observed in the “H” aggregate forms of reference 45. In those

systems, the single absorption band is H-like because the (positive) Coulombic coupling,

typical of side-by-side packing, dominates the charge-transfer mediated coupling in either

the slipped configuration (1.5 Å, 1 Å) or the twisted configuration (θ = 0). Assuming

the slipped configuration, a H- to J-aggregate transformation occurs with an increase in

the longitudinal slip of only 1.5 Å. This scenario is consistent with the work of Gregg and

Kose131 who showed a reversible transformation from a “black” phase to a “red” phase in an

oriented film of liquid crystal PDI molecules upon exposure to water vapor. The absorption

spectrum of the red phase strongly resembles the H-form in references 45 and 108, while

the black phase resembles the J-form. Interestingly, x-ray diffraction measurements showed

the red-to-black phase (H to J) transition is associated with a 1.6 Å slip (about a carbon-
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carbon bond length), consistent with our estimate. (Unfortunately, the direction of the slip

in the transverse plane could not be determined in reference 131.) Moreover, Gregg and

Kose concluded that the red phase aggregate (the “H”-form) is due primarily to Frenkel

excitons while the black phase (the “J”-form) arises from mixed Frenkel/CT excitons, in

full agreement with our analysis.

It is likely that the J- to H-aggregate transformation may also be accompanied by

a relative twist between the perylene chromophores. Analysis of electron diffraction data

by Sarbu et al. supported a H-aggregate form consisting of helical π-stacks with a relative

twist between neighboring PDIs of approximately 20°. In addition, Ghosh et al.
70 have

shown that the H- and J-forms can be controlled through the selection of peripheral alkyl

side-groups: linear alkyl side-chains favored H-aggregate formation while branched alkyl

chains favored J-aggregate formation. Rotational offsets in both forms were supported by

circular dichroism measurements, and were required to enable efficient hydrogen-bonding

and close π-π contacts. Based on steric considerations, the H-form was hypothesized to

consist of a (0 Å, 0 Å) (no slip) helical π-stack, while the J-form was believed to also be

helical but with a significant longitudinal slip.

Our analysis is semi-quantitative as it ignores extended Coulombic interactions,

electron-hole separations beyond nearest-neighbors, the small but finite transition dipole

moment of the charge-transfer states, and the presence of intermolecular, excimer forming

vibrational modes. Although such effects should not significantly alter the essential effects

of the Coulomb/charge-transfer interference, their inclusion should lead to better agreement

with experiment, at the level that was obtained in reference 90 for TAT. There, it was shown

that in the presence of extended Coulombic interactions, there remains a dramatic reduction

in the exciton band width in HJ-aggregates, even though an entirely flat band is likely not

possible due to uncompensated Coulombic interactions between non nearest-neighbors.
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In chapter 5 we deal specifically with the effects of charge-transfer states with extended

electron-hole separations.

Although we have focused primarily on the destructive interference between the

charge-transfer and Coulombic couplings, the constructive interference operative in HH-

and JJ-aggregates is far more interesting for device applications since an enhanced exciton

bandwidth generally leads to greater exciton mobility, which is a desirable property for

organic electronics materials. An example of such a constructively interfering system is

discussed in chapter 7. We believe that other constructively interfering systems can be de-

signed due to the different geometric dependencies of the Coulombic and charge-transfer

couplings; the J- or H-like nature of the Coulombic coupling is sensitive to longitudinal

displacements of approximately half a molecular length while that of the charge-transfer

coupling is sensitive to displacements on the order of a carbon-carbon bond length. Hence,

designing HH- or JJ-aggregates starting from interfering HJ- or JH- aggregates should be

possible by inducing small packing modifications via chemical tuning56,66,132,133 or through

covalent linking to a scaffold using variable-length spacer groups.124,127,134 Such high-

mobility aggregates with large exciton bandwidths should be readily distinguished from

low-mobility aggregates (which are near the null point) by the vibronic ratio: the larger the

ratio deviates from the monomer, the greater the exciton mobility.130 We believe the design

paradigm championed here should guide the design of the next generation of materials for

organic electronics.
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CHAPTER 4

EXCITON MOBILITY CONTROL THROUGH SUB-Å PACKING
MODIFICATIONS IN MOLECULAR CRYSTALS

4.1 Introduction

In this chapter we apply the idea of interfering Coulomb and charge-transfer (or

superexchange) couplings, as developed in chapter 3, towards optimizing energy transport

in π-stacked molecular aggregates and crystals. Optimizing energy transport is a crucial

element in the design of efficient OPV devices, which require that the absorbed energy (i.e.

the exciton) be transported to regions within the device that facilitate charge-separation

before it is lost via either radiative or non radiative decay processes. Transport in such

devices is usually attributed to incoherent hopping,32 although there is increasing evidence

of a sub picosecond coherent contribution.135–138

The mobility of singlet excitons within aggregates of organic molecules usually

derives from the Coulombic coupling between chromophores, consistent with the funda-

mental excitations being Frenkel excitons where the electron and hole remain bound to

the parent molecule. However, in tightly packed, π-stacked crystals, such as a variety of

perylene-based dyes,66,139,140 the close proximity of neighboring molecules leads to signif-

icant charge-transfer between chromophores, as discussed in chapter 3. In this chapter, we

explore how such interactions impact the rate of energy transport and apply our findings to

crystals of 7,8,15,16-tetraazaterrylene (TAT).

In a recent paper,90 the unusual photophysical properties of TAT nanopillars grown

on silica substrates112 (see figure 4.1) were explored. It was shown that the two-band nature

of its crystalline phase absorption spectrum112,113 can be understood to arise from a destruc-

tive interference between Coulombic coupling, which promotes H-aggregate behavior, and

charge-transfer mediated coupling, which promotes J-aggregate behavior.111 In TAT, calcu-
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Figure 4.1. Crystalline packing and chemical structure of TAT. (left) The crystalline
packing structure of a TAT nanopillar viewed down the π-stacking axis. Our simulations
consider only a single π-stack within the nanopillar.90 (right) The chemical structure of
TAT.

lations reveal a screened nearest-neighbor Coulombic coupling of approximately 300–400

cm−1 which is compensated by a short-range superexchange coupling of comparable mag-

nitude but opposite sign, JCT ≈ −300 cm−1 (see equation (3.14): te = 435 cm−1, th = 402

cm−1, and ECT = ECT (Rs=1) − ES1
+ ∆0−0 = 1209 cm−1).90 TAT is thus classified as an

HJ-aggregate.

The competition between Coulombic and charge-transfer coupling sources is most

easily appreciated from the effective, one-dimensional electronic Hamiltonian in equa-

tion (3.13) where the total exciton coupling is given by the sum of the two couping sources

(see equation (3.14)). Although the concept of competing Coulombic and charge-transfer

mediated couplings is rigorous only for the second order electronic Hamiltonian in equa-

tion (3.13) (which assumes the nearest neighbor charge-transfer energy is much larger than

the energy of a singlet exciton, |ECT (Rs=1) − ES1
+ ∆0−0 | ≫ 0), it remains a valid quali-

tative description for the behavior derived from the more complex vibronic Hamiltonian in

equation (2.1) parameterized for TAT where ECT (Rs=1) approaches ES1
− ∆0−0. When the

full Hamiltonian was analyzed for TAT, it was shown that the exciton bandwidth narrows

by a factor of three when charge-transfer coupling is activated (compared to when only
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Coulombic coupling is considered), thereby suggesting a reduction in the exciton mobil-

ity.90 However, if the sign of only one of the coupling sources could be changed so that

the interference between JCoul and JCT became constructive, the exciton mobility should

increase dramatically. Such a situation would occur if the sign of either te or th changed

while all other parameters remained constant.

In this chapter, we investigate the exciton dynamics in TAT π-stacks using the full

Hamiltonian in equation (2.1) at various TAT packing geometries. We find a dramatic

dependence of the exciton velocity on small displacements of one TAT molecule relative

to its neighbor due to a change in the nature of the charge-transfer coupling (from J-like

to H-like) while the nature of the Coulombic coupling remains constant (H-like). Such

displacements turn the destructive interference present in TAT nanopillars (HJ-aggregates)

into a constructive one, resulting in an HH-aggregate with an enhanced exciton bandwidth.

Hence, we propose that the interference between the Coulombic and charge-transfer medi-

ated couplings can be exploited to control the rate of energy transfer in organic materials.

The work presented in this chapter is based on the work originally published in reference

130.

4.2 Spatial Dependence of the Coulomb and Charge-Transfer Couplings

The nearest neighbor Coulombic and charge-transfer couplings for TAT are shown

in the contour plots of figure 4.2 as a function of longitudinal and transverse displacement.

Red regions indicate a negative value (J-like) for the coupling while blue regions indicate

a positive value (H-like). The charge-transfer coupling, JCT , was calculated using equa-

tion (3.14) with ECT = ECT (Rs=1) − ES1
+∆0−0 = 1209 cm−1 and the charge-transfer inte-

grals evaluated from DFT calculated energy splittings.33 The DFT calculations employed

the Becke three-parameter Lee-Yang-Par functional and cc-pVDZ basis. Furthermore, the

DFT calculations assumed the TAT monomer geometry provided in the published crys-
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tal structure and an intermolecular π-stacking distance of 3.3 Å, also in accord with the

published crystal structure.112 The calculated values of te and th were scaled by a fac-

tor of 0.8 in order to be consistent with the TAT simulations presented in reference 90.

The nearest-neighbor Coulombic couplings, JCoul , were calculated using atomic transition

charge densities76,118,119 derived from time-dependent density functional theory (TD-DFT)

(B3LYP/cc-pVDZ) calculations and assuming a dielectric constant of ε = 4.90 As was the

case for perylene in figure 3.9, the sign of the charge-transfer mediated coupling, JCT , is

seen to be sensitive to displacements on the order of about a carbon-carbon bond length

whereas the sign of the Coulombic coupling is sensitive to displacements of about 7 Å,

slightly more than half of the molecular length.

The green dots in figure 4.2 indicate the relative orientation for neighboring TAT

molecules within a π-stack as determined from x-ray analysis.112 In the plot of JCT , the

natural geometry of TAT is in a red region, indicating J-like behavior. In contrast, in the

plot of JCoul the natural geometry of TAT is in a blue region, indicating H-like behavior. The

natural geometry of TAT is thus that of a destructively interfering HJ-aggregate. However,

figure 4.2 also shows that only a slight change (~1 Å) in the packing geometry can result in a

sign change in JCT while the sign of JCoul remains constant. The two yellow dots separated

from the green dot by less than 0.5 Å indicate orientations in which the sign of JCT becomes

positive but with a magnitude unchanged from that of the natural TAT geometry. At these

same orientations, JCoul changes by less than 3%. Hence, small transverse or longitudinal

displacements can readily transform the TAT HJ-aggregate into a HH-aggregate with an

anticipated marked increase in exciton mobility, as will be established below.

4.3 Exciton Dynamics in Disorder-Free TAT Aggregates

To accurately assess the impact of a sign change in JCT on the photophysics of

TAT, we simulated a disorder-free TAT π-stack using the complete vibronic Hamiltonian
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Figure 4.2. Spatial dependence of the intermolecular interactions within a π-stacked
TAT dimer. The calculated electron (top left) and hole (top right) transfer integrals be-
tween two TAT molecules as a function of geometric displacement (∆) evaluated from
DFT (B3LYP/6-31G(d)) calculated energetic splittings. (middle left) The charge-transfer
mediated coupling as a function of geometric displacement calculated from equation (3.14)
using ECT = ECT − ES1

+ ∆0−0 = 1209 cm−1. (middle right) The Coulombic coupling as
a function of geometric displacement evaluated using (B3LYP/6-31G(d)) calculated tran-
sition charge densities and subsequently scaled by the procedure outline in reference 90.
(bottom left) The interference pattern of JCT and JCoul ; positive regions (+) indicate a con-
structive interference while negative regions (-) indicate a destructive interference. (bot-
tom right) The frontier molecular orbitals of terrylene with the molecular length indicated.
In all calculations, the intermolecular separation is 3.3 Å. The green dots represent the
natural geometry of TAT while the yellow dots indicate geometries of hypothetical TAT
HH-aggregates where the sign of JCT is opposite that of the HJ-aggregate.
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Figure 4.3. Absorption spectrum of TAT. The calculated TAT HJ-aggregate absorption
spectrum (red) is compared to the experimental nanopillar spectrum (black dots) from ref-
erence 90. The spectrum of a hypothetical HH-aggregate (blue), effected by reversing the
sign of te, is also shown. The HH-aggregate spectrum shows enhanced H-like behavior,
most notably an A1/A2 ratio that is strongly suppressed relative to the monomer 0−0/0−1
ratio (gray dots). See table A.4 for simulation parameters.

in equation (2.1). Figure 4.3 shows the simulated absorption spectrum of TAT plotted

against the measured spectrum from reference 90, using a phenomenological Lorentzian

line broadening. The merged two-band spectrum consists of red shifted and blue shifted

features relative to the monomer absorption peak at approximately 18 000 cm−1and can

be understood in terms of an HJ aggregate in which the Coulombic and charge-transfer

couplings interfere destructively, consistent with where the natural geometry TAT appears

in figure 4.2 (green dots). Also shown in figure 4.3 is the spectrum obtained when just

the sign of te is changed (corresponding to a yellow dot in figure 4.2), thereby changing

the sign of JCT . In this case the destructive interference is transformed into a constructive

one, and the TAT HJ-aggregate is transformed into a hypothetical HH-aggregate. The HH-

aggregate spectrum shows all of the classic H-like features38,39 (see section 1.2.2), most

notably a significant drop of the A1/A2 ratio and an overall blue shift relative to the solution

spectrum.

We now consider how the exciton dynamics respond to a change in the sign of

the short-range coupling, facilitated by a change in the sign of te, by evaluating the

time-dependent Schrödinger equation using the complete vibronic Hamiltonian of equa-
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Figure 4.4. Exciton dynamics in TAT HJ- and HH-aggregates. The evolution of
the n-dependent exciton population in time for a one-dimensional π-stack containing 10
molecules in (top) a TAT HJ-aggregate, (middle) a hypothetical TAT HH-aggregate, (bot-
tom) and a Coulomb coupled H-aggregate. At t = 0 the exciton is localized at n = 1 and
data are shown at 10 femtosecond (fs) intervals. See table A.4 for simulation parameters.
Open boundary conditions were employed.
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tion (2.1). We chose an initial condition in which the first chromophore within a one-

dimensional π-stack containing 10 molecules is vibronically excited to the S1 state with

zero vibrational quanta in the shifted S1 nuclear potential, i.e., Ψ(t = 0) = |e1, 0̃1〉. The

wave function at subsequent times is determined from

Ψ(t + ∆t) = exp (−iH∆t/~)Ψ(t) (4.1)

where H is given by equation (2.1). The top panel of figure 4.4 shows how the expecta-

tion value of the n-dependent exciton probability density (〈|en〉 〈en |〉) evolves in time for a

TAT π-stack using the same parameters which best reproduced the HJ-absorption spectrum.

As can be seen, the exciton remains practically immobilized on the first chromophore for

the entire duration of the simulation (0.5 ps). Such behavior is a direct result of the de-

structive interference between the Coulombic and charge-transfer couplings. The slight

decrease in exciton population on the first chromophore for t > 0 can be explained as a

result of both an imperfect cancellation between JCT and JCoul and due to uncompensated,

non nearest-neighbor Coulombic interactions that facilitate direct exciton transfer beyond

nearest-neighbors.

The middle panel of figure 4.4 shows the n-dependent exciton probability density

for a hypothetical TAT HH-aggregate. All parameters are the same as for the TAT HJ-

aggregate in the top panel, except that the sign of te has been changed (physically, this

corresponds to a geometric displacement to one of the yellow dots in figure 4.2). The

corresponding change in the rate of exciton transfer across the stack is quite dramatic – the

exciton now traverses the length of the stack in less than 200 fs, which amounts to a velocity

of approximately 2 × 104 m/s. The enhanced rate is essentially due to the constructive

interference between JCoul and JCT .

Finally, the bottom panel figure 4.4 shows the n-dependent exciton probability den-

sity for a Coulombically coupled H-aggregate. Here we have simply turned off the charge-
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Figure 4.5. Exciton population accumulated in a trap site as a function of time. In
the TAT HJ-aggregate, the exciton cannot quickly reach the end of the chain (i.e. the trap
at n = 10) due to the destructive interference between the Coulombic and charge-transfer
couplings leading to a slow buildup of population on the trap site. On the other hand, the
exciton moves swiftly across the chain in the HH-aggregate resulting in a rapid buildup of
population at the trap site. The parameters for the simulations are the same as in figure 4.4.

transfer coupling by setting both te and th to zero while retaining all other TAT simulation

parameters. It can be seen that in the H-aggregate, the exciton traverses the stack in approx-

imately 350 ps. When compared to the other aggregates in figure 4.4, it is observed that the

H-aggregate exciton transfer rate lies between that of the HH- and HJ-aggregates. Hence,

it is important to note that the constructive interference present in HH-aggregates not only

increases the rate of exciton transfer from that of the HJ-aggregates, but also from the

Coulombically coupled H-aggregate. Hence, by judiciously manipulating the π-stacking

geometry, exciton transfer rates can be enhanced over those expected based on Coulombic

coupling by exploiting the charge-transfer mediated superexchange processes.

A quantitative measure of the rate of exciton transfer in the TAT HJ- and HH-

aggregates is shown in figure 4.5. Here the 10th chromophore was considered a trap state141

whose population represents the amount of excitation that has traversed the length of the

π-stack after a given amount of time. Upon propagation of the wave function, this site was

excluded from the system Hamiltonian; instead, the population at site 9 (〈|e9〉 〈e9 |〉) was

transferred to the trap site at a rate of 0.15 〈|e9〉 〈e9 |〉 fs−1, a reasonable value to compare the

exciton transfer rates between the HJ- and HH-aggregates. Figure 4.5 shows how the trap
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Figure 4.6. Exciton dynamics and absorption spectra as a function of JCT . (left) Con-
tour plot of the trap population as a function of time over a range of JCT values using the
Hamiltonian in equation (2.1). The parameters are identical to those in figure 4.4 with the
exception of te and th. The latter were taken to be the TAT values multiplied by a scaling
factor of

√
q so that the corresponding charge-transfer mediated coupling in equation (3.14)

is scaled by q, i.e. JCT = qJ
T AT
CT with J

T AT
CT = −290 cm−1. To obtain the negative scaling,

JCT = −qJ
T AT
CT , te was additionally multiplied by −1. (right) The corresponding absorption

spectra calculated for a π-stack containing 20 chromophores for selected values of JCT .

population builds up over time for the two aggregates. After 1 ps, the constructively inter-

fering HH-aggregate is found to transport approximately 10 times more population across

the π-stack than the HJ-variant. We again note that the only difference between these two

systems is the sign of the electron transfer integral, te.

In order to further appreciate the dependence of the rate of exciton transport on

the relative signs and magnitudes of JCT and JCoul , we evaluated the evolution of the ex-

citon trap population over a range of JCT values, while leaving the Coulombic coupling

unchanged. We were especially interested in how robust the destructive interference was

to slight changes in the relative coupling magnitudes and if absorption spectral signatures

were useful for predicting the relative rates of exciton transfer across the π-stack. The left

panel of figure 4.6 shows the trap populations as a function of time for JCT values ranging

from 5J
T AT
CT to −J

T AT
CT where J

T AT
CT (= −290 cm−1) is the charge-transfer coupling corre-

sponding to the TAT HJ-aggregate simulations of figure 4.3. The right panel of figure 4.6

shows the absorption spectra for selected JCT values. When JCT = −J
T AT
CT , the positive
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charge-transfer mediated coupling reinforces the positive Coulombic couplings leading to

fast exciton transfer rates and a small A1/A2 peak ratio, indicative of HH-aggregation. As

JCT decreases through zero and becomes increasingly more negative, the absorption spec-

trum begins to display more J-like character: the absorption origin increasingly red shifts

and the A1/A2 intensity ratio increases. At the same time, the exciton becomes increasingly

less mobile, reflective of a more efficient destructive interference between the Coulombic

and charge-transfer mediated couplings. At the point corresponding to TAT (JCT = J
T AT
CT ),

the cancellation of the two coupling sources is quite efficient, as evidenced by an A1/A2

ratio that is almost equal to the monomer value (≈ 1, see figure 4.3). Interestingly, at even

more negative values of JCT in the range J
T AT
CT > JCT > 2J

T AT
CT , there is relatively little

change in the exciton transfer across the chain. Within this range the two coupling sources

interfere destructively and effectively immobilize the exciton. However, once outside this

range, the exciton transfer rate begins to increase, being driven by the dominating influence

of the charge-transfer mediated coupling. This increase in exciton mobility can be corre-

lated to the increasing divergence of the A1/A2 absorption ratio from the 0 − 0/0 − 1 ratio

of the monomer.

4.4 Discussion

The results presented in this chapter suggest that energy transport in organic mate-

rials can be improved by engineering crystal packing structures so that the Coulombic and

charge-transfer couplings interfere constructively, as hypothesized in chapter 3. While the

sign of the Coulombic coupling is sensitive to longitudinal displacements between neigh-

boring molecules within a π-stack of approximately half the molecular length, the sign of

the charge-transfer mediated short-range coupling is sensitive to displacements of about a

carbon-carbon bond length. The different length scales allow for the charge-transfer medi-

ated coupling to be tuned via small packing displacements while the Coulombic coupling
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remains relatively constant. Such displacements are tunable through chemical modifica-

tion; for example, a recent report shows that slip distances along the long molecular axis

correlate to the bulkiness of the terminally substituted groups in a series of perylene deriva-

tives.142 Displacements may also be induced through lattice strain, as shown by Giri et

al.
143 Using a solution-shearing technique, Giri et al. reduced the π-stacking distance in

6,13-Bis(Triisopropylsilylethlynl) (TIPS) pentacene by approximately 0.2 Å, creating an

almost sixfold increase in the hole mobility.

We have also shown a strong correlation between the absorption spectral line shape

and the exciton mobility (figure 4.6, right panel), allowing one to potentially use the ab-

sorption spectrum to screen for high mobility aggregates. For example, if the A1/A2 ratio

of vibronic oscillator strengths in the aggregate phase is roughly equal to the 0 − 0/0 − 1

ratio observed from the unaggregated molecules, then the Coulombic and charge-transfer

mediated exciton couplings are effectively canceled, yielding a low mobility exciton (see

also equation (1.6) and the discussion in section 3.6). Such is the case for TAT, where

the A1/A2 ratio is practically equal to the 0 − 0/0 − 1 ratio upon aggregation (figure 4.3).

According to figure 4.6, aggregates in which the A1/A2 ratio strongly deviates from the

monomer ratio will exhibit the fastest rates of exciton transfer.

Further calculations in reference 130 revealed that the concept of interfering cou-

plings remains robust when energetic site disorder is introduced to the system. Such dis-

order might arise from environmental fluctuations or aggregate impurities and must be ac-

counted for in order to provide a quantitative description of exciton mobility under realistic

conditions. Disorder within the crystal will also lead to fluctuations in the intermolecular

electronic couplings. In a recent paper, Aragó and Troisi144 showed that thermal fluctua-

tions in the exciton couplings in polyacene crystals, fueled mainly by the relative twisting

motions between edge-to-face neighbors in a herringbone lattice, can be comparable to

the mean exciton couplings. In the TAT π-stacks of interest here, the excitonic couplings
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would be most sensitive to fluctuations along the longitudinal, transverse, and π-stacking

directions induced by longitudinal and optical phonons. We speculate that there is less

resistance to twisting a molecule about its long axis within a herringbone lattice than to

shearing one molecule against its neighbor within a π-stack, so that the relative thermal

fluctuations in the excitonic couplings would be smaller in π-stacks than in herringbone

lattices. Although the calculations presented so far do no explicitly include off-diagonal

disorder, we can gauge its impact by consulting figure 4.6. As stated earlier, the exciton (in

TAT stacks) remains immobile, reflective of near total destructive interference between the

charge-transfer mediated interactions and the Coulombic interactions, for a wide range of

JCT values. Hence, fluctuations in JCT should be reasonably well tolerated for observing ei-

ther destructive or constructive interference, even when the standard deviation approaches

the mean. The resiliency of the interference effect and its sensitivity to the crystalline

packing geometry offers the exciting prospect of optimizing energy transport in disordered

organic materials by controlling the crystalline packing arrangement.

87



CHAPTER 5

EXTENDED CHARGE-TRANSFER EXCITONS IN CRYSTALLINE
SUPRAMOLECULAR PHOTOCATALYTIC SCAFFOLDS

5.1 Introduction

In chapter 3 we utilized a model that only considered nearest neighbor charge-

transfer states by assuming equation (3.1). This is generally a good approximation for

organic aggregates and crystals due to the low static dielectric constant (εs) of the ma-

terial which results in a strong Coulomb attraction (typically 0.2-0.4 eV) between elec-

tron and hole. Such a large binding energy prohibits electron and hole separation much

beyond nearest neighbors. Indeed, the photophysics of many molecular aggregates and

crystals have been successfully modeled assuming only nearest-neighbor or small radius

charge-separation.83–87,90,100,107 However, in certain systems such as those belonging to a

recently discovered class of perylene monoimide nanoribbons145,146 which form in aque-

ous electrolyte solution, a high-dielectric environment can mitigate the Coulomb attraction

and reduce the energy barrier for electron and hole separation. In a high dielectric en-

vironment, the energies of larger-radius charge-transfer excitons become comparable to

those of the nearest neighbor charge-transfer excitons. For the subset of charge-transfer

states that couple to the optically allowed Frenkel excitons (i.e. k = 0), significant mix-

ing among extended electron-hole charge-transfer states arises whenever |ECT (Rs=∞) −

ECT (Rs=1) | ≪ 4|te + th |. In other words, the Frenkel excitons can easily separate into

extended charge-transfer excitons whenever the charge-transfer exciton bandwidth greatly

exceeds the Coulomb binding energy.

In this chapter, we investigate the role that charge-transfer excitons play in the ab-

sorption spectral line shapes of π-stacked assemblies in high-dielectric environments using

a one dimensional variant of the full Hamiltonian in equation (2.1). While the strongly
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dipole-allowed Frenkel excitons are generally responsible for the majority of light absorp-

tion in molecular assemblies, charge-transfer excitons can play a pivotal role in determining

the optical and electronic properties of supramolecular assemblies,82–88,90,100,107,147–150 as

shown in chapters 3 and 4. We identify spectral signatures of strong Frenkel/charge-transfer

exciton mixing involving states with large electron-hole separations and show how the rel-

ative phase between te and th impacts charge separation dynamics after optical excitation.

Such properties are obviously important for OPV devices which require charge separation

subsequent to solar absorption, but are also important for processes such as catalyst pho-

tosensitization where electrons need to be funneled to active catalytic sites. We conclude

this chapter by investigating the different photosensitization abilities of two seemingly sim-

ilar self-assembling perylene monoimide (PMI) derivatives. These systems were found to

assemble into two distinct crystal packing arrangements,146 which result in different inter-

molecular couplings and photophysical properties. By reproducing the absorption spec-

trum of both species, we provide a basis for understanding how intermolecular coupling

affects their respective photosensitization abilities. Specifically, we correlate the photosen-

sitization ability of the two species, as quantified by the relative Hydrogen (H2) production

rate when incorporated with a nickel-based proton reduction catalyst, to their absorption

signatures. Ultimately, our analysis provides design rules for artificial photosynthetic sys-

tems based on organic chromophore arrays. This chapter is based on the work originally

published in reference 97.

5.2 Effects of Extended Charge-Transfer States on the Frenkel/Charge-Transfer Matrix
Elements

In order to gain insight into the underlying physics of extended charge-transfer

states, we begin this chapter by analyzing a simplified version of the electronic Hamiltonian

in equation (2.1), valid in the limit of strongly screened Coulombic interactions. This is
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achieved by assuming the limit of an infinite static dielectric constant, εs = ∞, so that

|ECT (Rs=∞)−ECT (Rs=1) | ≪ 4|te+ th |, and by neglecting vibronic coupling by taking λ2

0 =

λ
2

± = 0. In this limit, all charge-transfer excitons have the same energy, denoted by ECT .

Such an approximation is applicable to the PMI systems investigated later in section 5.5,

which form in a high-dielectric environment. The solution to a slightly more complex

model for an infinite one dimensional system where εs , ∞ was given by Merrifield in

reference 81.

Within the simplified electronic model, the Frenkel and charge-transfer exciton sub-

spaces, HF (equation (2.4)) and HCT (equation (2.6)), can be analytically diagonalized

leaving only the Frenkel-charge-transfer Hamiltonian, HF−CT (equation (2.7)) to contend

with. Subspace diagonalization results in the Frenkel states defined by equation (3.2) and

the charge-transfer states defined by

|k,p〉 =
√

2

N

∑

s

e
iθ(k)s sin(ps) |k, s〉 (5.1)

where we have introduced p = π/N, 2π/N, ..., (N−1)π/N as the quasi relative momentum

between electron and hole. Furthermore, the phase factor θ(k) is defined in equation (3.4)

and the delocalized charge-transfer states are given in terms of the local space representa-

tion

|k, s〉 = 1
√

N

∑

n

e
ikn |cn,an+s〉 (5.2)

Throughout the remainder of this chapter, we refer to the electronic basis defined by equa-

tions (3.2) and (5.1) as the diabatic basis. With the Hamiltonian expressed in terms of the

diabatic basis, the Hamiltonian matrix elements between electronic excitations are given

by81

〈k |H |k〉 = E
′
F (k) = E

′
S1
+ 2JCoul cos(k) (5.3a)
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〈k,p|H |k,p〉 = ECT + 2 ���te + the
ik ��� cos(p) (5.3b)

〈k |H |k,p〉 =
√

2

N

���te + the
ik ��� [eiNθ(k) sin(p(N − 1)) + sin(p)

]
(5.3c)

where we have assumed nearest-neighbor Coulombic coupling and introduced E
′
S1
= ES1

−

∆0−0 as the energy of a local Frenkel exciton in the crystalline phase. The matrix elements

between all other states (with mismatching wave vectors) are zero. For systems in which

all chromophores have parallel transition dipole moments, only states with wave vector

k = 0 absorb visible radiation. In this important case, the relevant Frenkel/charge-transfer

coupling (from equation (5.3c)) is

〈k = 0|H |k = 0,p〉 =
√

8/N ��te + th
�� sin(p) (5.4)

for p = π, 3π/N, ... and zero when p is an even multiple of π/N . The electronic Hamil-

tonian expressed in the diabatic basis (equation (5.3)) serves as a launching point for our

investigations of Frenkel/charge-transfer mixing in the sections that follow.

Before moving on, we note that in the diabatic basis, both the energies of the dia-

batic charge-transfer basis states (equation (5.3b)) and the magnitude of the Frenkel/charge-

transfer coupling (equation (5.3c)) depend on the relative phases of te and th. As noted

in chapter 3, the charge-transfer integrals are very sensitive to the nanostructure pack-

ing geometry.86,88,114,121,130 This sensitivity is especially well-known in the field of crys-

tallochromy, where variations in crystal packing result in significant changes of crystal

color.45,108,131,151–154 Because of this sensitivity, it has been suggested that modifying the

packing structure (e.g., via chemical tuning56,66,132,133) may provide a useful route toward

designing materials for organic electronics.
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5.3 Absorption Signatures of Frenkel/Charge-Transfer Mixing

In this section we analyze the absorption spectral profile for π-stacked assem-

blies using the full vibronic Hamiltonian in equation (2.1) in the high dielectric limit,

|ECT (Rs=∞) − ECT (Rs=1) | ≪ 4 ��te + th
��. Our primary goal is to identify absorption sig-

natures of efficient electron/hole separation that might be useful to screen materials for

applications that require such behavior, e.g. photosensitizing agents like those discussed in

section 5.5. We assume parallel transition dipole moments, µn = µ, for all chromophores

within a one-dimensional disorder-free π-stack with a length much shorter than an optical

wavelength. Under these conditions, oscillator strength is concentrated in the k = 0 Frenkel

exciton from equation (3.2). (We neglect the very weak oscillator strengths associated with

the (k = 0,p) charge-transfer states in equation (5.1)).86,88 The oscillator strengths to the

mixed Frenkel/charge-transfer eigenstates, given by

|k,α〉 = c
α
k |k〉 +

∑

p

c
α
k,p |k,p〉 (5.5)

where the c
α
k and c

α
k,p are the Frenkel and charge-transfer coefficients for eigenstate α, are

therefore governed by

|〈G | µ̂|k,α〉|2 = N |〈k |k,α〉|2 δk,0 = N |cαk |
2
δk,0 (5.6)

(see equation (2.23) and note that we have neglected the frequency dependence). Ac-

cording to equation (5.6), mixing of the Frenkel and charge-transfer states due to equa-

tion (5.3c) results in a distribution of oscillator strength over a broad range of mixed k = 0

Frenkel/charge-transfer states. Since only the k = 0 states participate in the absorption

process, they are the only states considered in this section.

Figure 5.1 illustrates how such Frenkel/charge-transfer mixing depends on the sys-

tem parameters te, th, and ECT − E
′
F (k = 0) where we have taken εs = ∞ to reflect a high

dielectric medium and temporarily ignored vibronic coupling. The quantity |ECT −E
′
F (k =
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Figure 5.1. Qualitative energy level diagrams of the k = 0 diabatic Frenkel and
charge-transfer excitons. (left) Mixing between the k = 0 diabatic Frenkel and charge-
transfer excitons in the perturbative regime. (right) Mixing between the k = 0 diabatic
Frenkel and charge-transfer excitons in the resonance regime. The Frenkel character of
the eigenstates, |〈k = 0|k = 0,α〉|2, is represented in red and the charge-transfer character
is represented in blue. The diabatic states (before mixing) are shown on the left of each
panel, while the mixed states are shown on the right of each panel.

0) | determines the energy separation between the Frenkel and charge-transfer band of

states, while the sum |te+ th | serves to determine both the magnitude of the Frenkel/charge-

transfer coupling, and the charge-transfer bandwidth for states with k = 0 (see equa-

tion (5.3b)).81,83,84,86,88

In the perturbative Frenkel/charge-transfer coupling regime, |ECT − E
′
F (k = 0) | ≫

|te + th | (figure 5.1, left), the diabatic Frenkel and charge-transfer bands are energeti-

cally well separated, thereby limiting the Frenkel/charge-transfer mixing. In this regime,

Frenkel/charge-transfer mixing is dominated by the first-order processes described by equa-

tion (5.4); only charge-transfer states characterized by p = π/N, 3π/N, ... appreciably mix
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with the Frenkel exciton and indirect second-order mixing between charge-transfer states

is negligible. This results in an uneven distribution of Frenkel character across the mixed

Frenkel/charge-transfer states with the majority of the Frenkel character being retained by

the parent Frenkel state. Hence, the charge-transfer states remain mostly inaccessible by

optical excitation and therefore do not play a major role in the photophysical response of

the assembly. The small degree of Frenkel character that does mix into these states (shown

in the left panel of figure 5.1) scales as a sinusoidal function of the quasi relative momen-

tum p (see equation (5.4)). The mixed states also exhibit a small energetic shift arising

from the Frenkel/charge-transfer interaction, as also embodied by ∆CT in equation (3.17)

for systems with only nearest neighbor charge separation.

In the opposite limit of the resonance regime, |ECT − E
′
F (k = 0) | ≪ |te + th |

(figure 5.1, right), the Frenkel and charge-transfer states are energetically well positioned

for strong mixing to occur. The diabatic charge-transfer states having p = π/N, 3π/N, ...

interact strongly with one another via indirect coupling through the diabatic Frenkel state.

In the limit ECT −E
′
F (k = 0) = 0 the Frenkel character is evenly distributed across all k = 0

mixed states (note that the p = 2π/N, 4π/N, ... charge-transfer states remain unmixed), and

the Frenkel character per unit energy scales directly with the density of states. The charge-

transfer excitons are optically accessible and play a large role in the photophysics of the

molecular assembly.

The perturbative and resonance limits of Frenkel/charge-transfer coupling are char-

acterized by very different absorption spectral line shapes. Figure 5.2 illustrates how the

spectrum changes as the mixing ratio, M = [ECT − E
′
F (k = 0)]/|te + th |, is varied for a

system of chromophores arranged in a one dimensional linear π-stack. For simplicity we

set te = th. In addition, we temporarily neglect the frequency dependence of the oscilla-

tor strength in equation (2.23) in order to better appreciate the band symmetries. The left
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Figure 5.2. Absorption spectral signatures of extended charge-transfer excitons.
The simulated absorption spectra for (left) rigid and (right) nonrigid systems with vari-
ous strengths of Frenkel/charge-transfer mixing as determined by the mixing ratio M =

[ECT − E
′
F (k = 0)]/|te + th |. For solid curves, M is positive, placing the diabatic charge-

transfer band above the Frenkel exciton, while in the dashed curves, M is negative so that
the charge-transfer band lies below the Frenkel exciton. The inset in the left panel rep-
resents the relative energy of the Frenkel and charge-transfer states for positive values of
M . For all simulations te = th and εs = ∞. Additionally for the right panel, we have set
JCoul = 0 (in order to isolate the effects of Frenkel/charge-transfer mixing) and have taken
~ω

vib = (te + th)/2 and λ2

0 = λ
2

+ = λ
2

− = 1.

panel of figure 5.2 contains simulations of rigid systems, while the right panel contains the

corresponding simulations when vibronic coupling is activated.

We begin by discussing the absorption signatures in the absence of vibronic cou-

pling. When M is large and positive (figure 5.2, solid purple curve), the Frenkel/charge-

transfer mixing is limited due to the large energy difference between Frenkel and charge-

transfer states (see figure 5.1). The majority of oscillator strength resides in the transition to

the lowest energy exciton, which is composed mostly of Frenkel character, and the absorp-
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tion spectrum exhibits a single peak, red shifted from the monomer absorption peak (fig-

ure 5.2, solid gray curve). Note that this red shift is due entirely to Frenkel/charge-transfer

mixing. As M decreases towards zero (figure 5.2, solid blue, green, and red curves), the

Frenkel/charge-transfer mixing is enhanced, resulting in the appearance of a weak but broad

absorption band that is blue shifted from the monomer absorption peak. The eigenstates

responsible for the broad, high-energy band have dominant charge-transfer character and

are made optically accessible by their small, but non-negligible Frenkel component. When

M = 0 (figure 5.2, black curve) the broad band becomes far more intense and is dispersed

symmetrically around the diabatic Frenkel state (see equations (5.3a) and (5.3c) and fig-

ure 5.1). This band, centered about E = E
′
F (k = 0), has a width given by 4|te + th | and

is reminiscent of the two band spectra observed in chapter 3 when only nearest-neighbor

charge-transfer excitons were considered. As M is further decreased below zero so that

the Frenkel exciton lies above the charge-transfer band (the dashed curves in figure 5.2),

the asymmetry of the spectrum reverses: the blue shifted band retains the majority of the

oscillator strength due to its dominant Frenkel exciton character while the red shifted band

absorbs weakly due to its dominant charge-transfer character. For large |M |, the spectral

shifts can be understood in terms of the effective charge-transfer exciton coupling intro-

duced in section 3.3 and embodied by ∆CT in equation (3.17).

When vibronic coupling is included, the spectra exhibit nearly the same signatures

of Frenkel/charge-transfer mixing as the rigid systems (see figure 5.2, right panel). The

asymmetry of the absorption line shape is still determined by the relative energy of the

Frenkel and charge-transfer excitons, even though they are now dressed with vibrations.

When the Frenkel exciton lies below the charge-transfer band (figure 5.2, solid curves), the

absorption spectrum is skewed to the red. On the other hand, when the Frenkel exciton

lies above the charge-transfer band (figure 5.2, dashed curves), the absorption spectrum is

skewed to the blue. Most importantly, when the Frenkel exciton is near resonance with the
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Figure 5.3. Absorption spectral signatures of extended charge separation in the res-
onance regime. The simulated absorption spectrum of (top) rigid and (bottom) nonrigid
systems when the electron and hole are either restricted to nearest-neighbors (gray dash) or
allowed to separate to infinity (solid black). In all cases M = [ECT−E

′
F (k = 0)]/|te+th | = 0,

JCoul = 0, and te = th. For the nonrigid simulations we have additionally set λ2

0 = 2λ2

± = 1
and ~ω

vib = (te + th)/2. The blue arrows indicate the increase in absorption intensity due
to the weakened Coulomb binding energy.

charge-transfer band (|ECT − E
′
F (k = 0) | ≪ |te + th |), the absorption bandwidth remains

approximately equal to 4|te + th | and therefore persists as an accurate measure of the sum

of the charge-transfer integrals. Finally, we note that for the simulations including vibronic

coupling, we have set ~ω
vib = |te + th |/2 so that both the red and blue shifted bands due

to Frenkel/charge-transfer mixing are clearly observable. For systems characterized by

~ω
vib ≫ |te + th | the signatures of Frenkel/charge-transfer mixing will be largely masked

by the vibronic progression.

The intensity and oscillator strength distribution of the spectral bands in figure 5.2

can be used as a diagnostic tool to investigate which states are involved in light absorption

processes. The intensity between the two absorption bands in figure 5.2 reflects the cou-

pling between the diabatic Frenkel state with charge-transfer states of extended electron-

hole separation: restricting the couplings to only nearest neighbor charge-transfer states, as

in chapter 3, results in two distinct bands separated by 2
√

2|te + th |, with minimal intensity
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Figure 5.4. Density of states for systems exhibiting extended and nearest-neighbor
charge separation in the resonance regime. The density of states associated with the rigid
system in figure 5.3 when (left) charge-transfer states are restricted to nearest neighbors or
(right) allowed to separate to infinity.

in the spectral region between the two peaks.107 This behavior is emphasized in figure 5.3

for the case M = 0 for both rigid and nonrigid π-stacks. When the Frenkel state is allowed

to mix only with nearest-neighbor charge-transfer excitons (figure 5.3, gray dashed curve),

there is virtually no oscillator strength in the spectral region between the two main absorp-

tion bands. By contrast, when the Coulomb binding energy is severely compromised (due

to a high dielectric environment, for example), the Frenkel exciton can mix strongly, al-

beit indirectly, with numerous charge-transfer states of varying radii, leading to significant

intensity between the two peaks (and an increased splitting to 4|te + th |).

The origin of this new intensity can be rationalized by examining the density of

states for both the nearest-neighbor and extended charge-transfer cases (left and right pan-

els of figure 5.4 respectively). Mixing of the Frenkel exciton with only nearest-neighbor

charge-transfer excitons results in two energetically discrete optically active states. For the

extended charge-transfer case, mixing the Frenkel excitons with the (N − 1)/2 (k = 0,p)

charge-transfer excitons creates a band of optically active states. The majority of these
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states are near the band edges, but some lie in the center of the band. Hence, the inter band

absorption intensity serves as a signature for the presence of optically accessible charge-

transfer states with substantial electron/hole separation. Indeed, we believe that some de-

gree of extended charge-transfer exists in the J-aggregate form of the PDI spectra of Yagai

et al. in figure 3.12 due to the substantial intensity in between the two main absorption

peaks. Including such extended charge-transfer states in our simulations should lead to

even better agreement with experiment.

The above analysis shows that in the resonance regime, whenever |te + th | ≫

|ECT − E
′
F (k = 0) |, charge-transfer states are efficiently generated in π-stacked assem-

blies via optical absorption, underscoring the importance of the relative phase between

te and th in determining the Frenkel/charge-transfer mixing.82–86,88,90,107,130 Importantly,

a positive constructive interference between te and th not only enhances Frenkel/charge-

transfer mixing, but also allows for the optical generation of k = 0 charge-transfer states

with electron/hole separations far beyond nearest neighbors. The latter occurs whenever

4|te + th | ≫ |ECT (Rs=∞) − ECT (Rs=1) |, which is easy to satisfy when the system is in an

environment with a high static dielectric constant, εs.

5.4 Charge Separation Dynamics

In order for organic chromophores to act as efficient materials for OPVs or pho-

tosensitizers for catalysis, charge separation must occur before the exciton relaxes to the

ground state. The free electrons (and holes) are then able to work either on an external load

or at a catalytic site. To appreciate how the rate of charge-separation is related to certain

absorption spectral signatures, we now investigate the dynamics of charge-separation after

optical absorption. For states relevant to such processes (k = 0), the charge-transfer exci-

ton bandwidth (which is proportional to the rate of charge separation) depends on the sum

|te + th |. According to our discussion in section 5.3, this suggests that a two-band absorp-
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Figure 5.5. Dispersion curves of diabatic extended charge-transfer excitons. The
dispersion curves (equation (5.3b)) are shown as a function of k and p for several relative
phases of te and th. The dispersion at k = 0 is highlighted in red. The k = 0 band width is
maximum when te and th are in phase and vanishes when te and th are out of phase. The
charge-transfer integrals indicated are in units of ~ω

vib = 1400 cm−1.

tion spectrum with a large absorption bandwidth and significant intensity between the two

main bands should signify rapid charge separation. Figure 5.5 illustrates the dispersion of

the diabatic charge-transfer states as a function of k and p for systems characterized by

charge-transfer integrals of different relative phases. When the charge-transfer integrals

are in phase (figure 5.5, left), the k = 0 charge-transfer band (highlighted in red) has a

large bandwidth, supporting rapid charge separation. On the other hand, when the charge-

transfer integrals are individually small or out-of-phase (figure 5.5, middle and right), the

k = 0 charge-transfer bandwidth is small, suggesting suppressed charge separation.

In order to visualize the time-dependent evolution of charge separation as a function

of te and th, we solved the time-dependent Schrödinger equation (equation (4.1)) for one-

dimensional systems after initially exciting the system to the superposition state defined

by

Ψ(t = 0) =
∑

α

c
α
k=0 |k = 0,α〉 (5.7)

with the coefficients given by

c
α
k=0 =

1

µ
√

N
〈G | µ̂|k = 0,α〉 (5.8)

100



Figure 5.6. Charge separation dynamics as a function of the electron and hole charge-
transfer integrals. The probability of being in the charge-transfer state |k = 0, s〉 at
time t after the system is initially placed in the |k = 0〉 Frenkel state. For all calculations
λ

2

0 = λ
2

± = 0, JCoul = 0, εs = ∞, N = 50, with the charge-transfer integrals indicated in the
figure in units of ~ω

vib = 1400 cm−1. The corresponding charge-transfer bands are shown
in figure 5.5. (left) When the charge-transfer integrals are in phase, the exciton dissociates
rapidly into an extended charge-transfer state. (middle) When the charge-transfer integrals
are out of phase, the charges remain bound in the parent Frenkel exciton. (right) In the
intermediate case, the charges separate, but not as rapidly as when the integrals are fully in
phase.

In effect, Ψ(t = 0) mimics the state of the system directly after broadband absorption.

After excitation, the system is allowed to propagate coherently while the charge separation

is monitored. We note that the state Ψ(t = 0) is composed entirely of k = 0 Frenkel

excitons so that at t = 0 there is no charge separation. The dependence of the charge

separation behavior on the (k,p) dispersion (i.e. the charge-transfer bandwidth, 4|te + th |)

is illustrated in figure 5.6 where the |k = 0, s〉 admixture of Ψ(t) is plotted as a function

of time. When te and th are in phase, as in the left panel of figure 5.6, rapid charge

separation is observed as indicated by the rapid increase in the |k = 0, s , 0〉 admixture of

Ψ(t) with time. The charges separate nearly 40 molecules away from one another after

approximately 25 fs. In sharp contrast, when te and th are out-of phase, as in the middle

panel of figure 5.6, the charges remain together indefinitely; the Frenkel and charge-transfer

k = 0 states do not couple (see equation (5.4)), thereby preventing Ψ(t) from evolving into

a mixed Frenkel/charge-transfer state. In the intermediate case (figure 5.6, right panel) the

charges separate but not as rapidly as when the charge-transfer integrals are fully in phase.
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A more quantitative measure of the charge separation dynamics is shown in the left

panel of figure 5.7. Here, the average electron/hole separation is shown for several systems

characterized by different charge-transfer integrals as a function of time. The dotted lines

represent the average electron/hole separation in the absence of vibronic coupling (λ2

0 =

λ
2

± = 0) while the solid lines represent the average electron/hole separation when vibronic

coupling is included. The corresponding absorption spectra for the simulations including

vibronic coupling are shown in the right panel of figure 5.7. In all cases we have assumed

that the diabatic Frenkel exciton lies in the middle of the charge-transfer band by setting

ECT = E
′
F (k = 0) and εs = ∞. This resonance condition ensures an upper limit to

the rate of charge separation for a given set of charge-transfer integrals and Huang-Rhys

parameters. As the quantity |ECT − E
′
F (k = 0) | increases, the rate of charge separation is

expected to decrease as the Frenkel and charge-transfer states move away from resonance.

The left panel of figure 5.7 shows that the rate of charge separation is directly correlated

to the sum |te + th |; when the sum is small, the charge separation is slow and as the sum

increases, the rate of charge separation also increases. This result is in agreement with

recent theoretical research where it was shown that minimizing |te + th | suppresses the rate

of charge recombination at bulk heterojunction interfaces.155 When including vibrational

coupling, the electron an hole separate twice as fast when te = th compared to the case of

te = −th. This suggests that optimizing materials to have large, in-phase charge-transfer

integrals would benefit applications that rely on rapid charge separation after absorbing

photons, such as OPVs and photocatalytic sensitizing agents.

An interesting feature of figure 5.7 is that in the absence of vibrational coupling, the

charges remain bound to the same molecule when te = −th, as predicted by equation (5.4).

However, when vibronic coupling is considered, the charges separate at a rate that is only

several times smaller than the maximal rate obtained when te and th are in phase. This

is quite a nonintuitive result since vibronic coupling generally increases the effective mass
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Figure 5.7. Absorption signatures of charge-separation dynamics. (left) The average
charge-transfer separation as a function of time after excitation to the Frenkel state defined
by equation (5.7) with (solid curves) and without (dashed curves) vibronic coupling. For
these simulations JCoul = 0, εs = ∞, ω

vib = 1400 cm−1 and N = 50. For the simulations
including vibronic coupling, we have set λ2

0 = 2λ2

± = 1, while all Huang-Rhys factors
are set to zero when vibronic coupling is neglected. (right) The corresponding absorption
spectra, including vibronic coupling.

of the charges, i.e. slows them down. We interpret that vibronic coupling acts to interrupt

the destructive interference resulting when te and th are perfectly out-of-phase, thereby

allowing the charges to separate via a non-zero Frenkel/charge-transfer coupling.

The charge separation behaviors depicted in the left panel of figure 5.6 can be an-

ticipated by certain spectral signatures present in the absorption spectrum, as demonstrated

in the right panel of figure 5.6. Systems exhibiting the fastest charge separation rates are

characterized by a two-band absorption spectrum with a large absorption bandwidth. On

the other hand, slow charge separation is associated with a narrow, single band absorption

spectrum. We again emphasize the importance of extended charge-transfer states being

energetically accessible to the Frenkel exciton in order for good charge separation to occur.

Otherwise, the electron and hole remain bound within a small radius exciton. As discussed

in section 5.3, the coupling to extended charge-transfer states is signified by enhanced os-

cillator strength between the two absorption bands.
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5.5 Applications to Photocatalysis

In this section, we apply the theory developed in sections 5.3 and 5.4 to understand

the disparate behavior of two self-assembling PMI systems developed as photosensitizers

for artificial photosynthesis.145,146 Natural photosynthetic systems organize chromophore

molecules to absorb the sun’s energy and efficiently transfer it to catalysts for solar-to-

fuel conversion.156,157 Such systems rely on the precise chromophore-chromophore and

chromophore-protein interactions afforded by the protein’s tertiary supramolecular struc-

ture to direct the flow of energy to the reactive site.158 Emulation of such behavior in ar-

tificial systems has been a standing challenge, but progress in the field of chromophore

self-assembly159 has led to better control over molecular packing and therefore the nature

of the intermolecular interactions. Such control, coupled with the ability of chromophore

arrays to transport energy160 makes them attractive candidates for artificial photosynthe-

sis. To date, the majority of photocatalysis investigations involving organic chromophores

were done with the molecules fully dissolved in solution.161–163 However, in order to move

forward with designing artificial systems based on chromophore arrays that can be consid-

ered photocatalytic materials, a detailed understanding of how intermolecular coupling and

environmental effects impact their performance is required.

Recently Weingarten et al. developed a supramolecular photocatalytic system based

on the self-assembly of chromophore amphiphiles in water.145 These amphiphiles, which

were constructed from a PMI light-absorbing moiety covalently attached to a carboxy-

late head group (figure 5.8), spontaneously self-assemble into two-dimensional ribbon like

structures that crystallize upon the addition of salt. Within the supramolecular structures,

the molecules organize in a face-to-face anti parallel manner with a high degree of structural

order. When incorporated with a nickel-based proton reduction catalyst, these nanostruc-

tures facilitated the photocatalytic production of hydrogen gas (H2). Notably, in a subse-

quent paper, Weingarten et al. found that they were able to modify the supramolecular
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Figure 5.8. PMI-L1 and PMI-L5 packing structure and absorption spectra. (top left)
The molecular structure of L1 and L5. (middle left) A schematic showing the anti parallel
packing structure of L1 and L5 molecules within the supramolecular assembly. The imide
side chains are omitted for clarity. (bottom left) A schematic of the two-dimensional unit
cell. (top right) The normalized absorption spectra of L1 and L5 as crystalline supramolec-
ular nanostructures and as monomers. (bottom right) The two-dimensional unit cell param-
eters from wide-angle x-ray scattering measurements.146

packing structure by modifying the alkyl spacer length between the chromophores and the

solubilizing charge group of the molecule.146 This change in packing was accompanied

by changes in the intermolecular electronic coupling, as evidenced by differences in the

absorption spectra, including the energy of the absorption maximum and the energetic dis-

tribution of oscillator strength (figure 5.8). Importantly, they also observed a discontinuous

jump in the rate of H2 evolution that directly correlated with a change in the molecular

crystal packing, in particular an increase in the crystal b axis by about 1 Å in going from

the one carbon spacer variant (L1) to the five carbon spacer variant (L5). Under identical

experimental conditions, assemblies containing L5 evolved 2.4 ± 0.5 times more H2 than

those containing L1. Here we chose to investigate the behavior of these two systems as

representatives of the larger set (L1-L9), which can be separated into two groups (L1-L4

and L5, L7, L9) that exhibit similar packing structures and photocatalytic behavior.
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In the photocatalytic assemblies, the function of the PMI structures is to act as a

photosensitizing agent; when the PMI structures are not present, the artificial photosyn-

thetic system does not evolve any H2 when irradiated with light.145 As the hydrogen re-

duction catalyst is expected to behave similarly in all artificial photosynthetic systems, the

difference in H2 production can be attributed to the ability of the PMI assembly to gen-

erate and deliver electrons to the catalytic sites. Information about these processes can be

uncovered by employing the correlations between the absorption spectral signatures and

Frenkel/charge-transfer mixing developed in sections 5.3 and 5.4.

Both L1 and L5 exhibit broad absorption spectra that are skewed to the blue, some-

what reminiscent of the dashed spectra in figure 5.2 when M is near zero. The spectral

profiles indicate strong k = 0 Frenkel/charge-transfer mixing and in-phase charge-transfer

integrals. Hence, both systems should be able to generate charge separated states via op-

tical absorption that can subsequently supply the catalyst with free electrons. In L5, the

oscillator strength is more evenly distributed across both main absorption bands, suggest-

ing stronger k = 0 mixing than in L1.We thus expect L5 to provide electrons to the catalyst

at a faster rate. Additionally, the asymmetry suggests that for both L1 and L5, the charge-

transfer states lie below the vibronic Frenkel exciton that carries the majority of the oscil-

lator strength. We test these hypotheses below by modeling both species and calculating

the relative rates of charge generation.

5.5.1 Model Parameterization via Absorption Spectral Signatures

In order to model the two PMI systems, we begin by extracting the single-molecule

parameters needed to define the Hamiltonian in equation (2.1) from the solution spectrum

(figure 5.9). The spectrum exhibits subtle vibronic features that allow for assignment of

both the neutral Huang-Rhys parameter (λ2

0 = 1.15) and vibrational energy (~ω
vib = 1225

cm−1). These values are consistent with those found in other similar rylene systems.86,90
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Figure 5.9. Solution spectra of PMI. The experimental (black) and calculated (red) solu-
tion spectra of PMI. The parameters for the simulation are λ2

0 = 1.15, ~ω
vib = 1225 cm−1,

ES1
=19 475 cm−1, and σ0−0

= 600 cm−1.

From the solution spectrum we also obtain the absorption line width parameter (σ0−0
= 600

cm−1) and the transition frequency of the absorption origin (ES1
= 19475 cm−1). Figure 5.9

shows good agreement between the simulated and measured spectra.

The PMI assemblies are modeled as one-dimensional π-stacks composed of 50

molecules (see figure 5.10). Due to computational considerations, we have neglected the

second dimension of the PMI nanoribbon in order to focus on the charge-transfer interac-

tions between neighboring π-stacked molecules. The charge-transfer interactions along the

second dimension are expected to be weak due to the small overlap between neighboring

frontier molecular orbitals. We have also chosen the phases of the local electronic excited

states so that the transition dipole moments are all aligned in the k = 0 exciton, in order to

be consistent with the phase conventions developed in sections 5.3 and 5.4.

Following the method outlined in reference 86, the vibronic coupling parameters

for the ionic states were evaluated using DFT. The values λ2

+ = 0.19 and λ2

− = 0.24 were

arrived at by summing the individual Huang-Rhys factors of each calculated vibrational

mode within 200 cm−1 of the effective mode frequency extracted from the solution spec-

trum, i.e. within the range 1025–1425 cm−1. These calculations employed the B3LYP
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Figure 5.10. Model PMI-L1 and PMI-L5 systems. Schematic representations of one-
dimensional π-stacks of PMI molecules for L1 (left) and L5 (right) shown as cross sections
of the larger, two-dimensional assemblies. Each assembly is composed of an inner light-
absorbing crystal and a shell of alkyl groups surrounded by an electrolyte solution. Water
molecules are omitted for clarity. The electrolyte solution is accounted for in the model via
the static dielectric constant, εs, which modulates the Coulomb potential between electron
and hole .

functional and cc-pVDZ basis set and were based on DFT optimized geometries of the

PMI core with the linker group replaced by a hydrogen atom.

The usual approach to parameterize the intermolecular interactions within crys-

talline systems involves ab-initio calculations of the intermolecular interactions based

on the crystal structure.86,88,90,100 However, because the PMI nanostructures are two-

dimensional ribbons, there is no crystallographic information available about the dimen-

sion normal to the ribbon surface. As such, we have no experimental information about

the longitudinal offset in the stacking between molecules. As shown in chapter 3, the

charge-transfer integrals are very sensitive to this dimension and thus we are unable to

obtain reliable calculations of these values from first-principles. We do however expect the

longitudinal offset to be consistent across the material, given its crystallinity, which allows

us to parameterize the charge-transfer integrals based on the spectral signatures outlined in

section 5.3.

From the crystal absorption spectrum (figure 5.8), we extract the magnitude of |te +

th | for both L1 and L5 from the absorption bandwidth (≈ 4|te + th |, see section 5.3). In

both L1 and L5, the bandwidth is approximately 5000 cm−1, resulting in a value of 1250
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Figure 5.11. PMI-L1 and PMI-L5 absorption spectra: Experiment versus theory. The
simulated spectra (red) of (left) L1 and (right) L5 are compared to experiment (black).
Also shown are simulations when only nearest neighbor charge-transfer states are include
(gray dash). The complete parameter sets can be found in tables A.5 and A.6.

cm−1 for |te + th |. Because we have no way of extracting the relative magnitudes of te

and th, we simply set them equal so that te = th = 625 cm−1. We thus assume a similar

π-stacking geometry for L1 and L5. The assumption te = th is not rigorous, however the

simulated spectrum is relatively insensitive to asymmetries in the charge-transfer integrals

so long as |te + th | remains constant (see fig. S.2 from reference 97 ).

The charged nature of both the PMI molecules and surrounding electrolyte solution

suggest that the electron and hole will experience significant screening of the Coulomb

attraction. We therefore assume that the Coulomb binding energy obeys the inequality

|ECT (Rs=∞) − ECT (Rs=1) | ≪ 4|te + th |, where the right hand side is approximately 5000

cm−1. For simplicity, we take |ECT (Rs=∞) − ECT (Rs=1) | = 0 as in sections 5.3 and 5.4 by

setting εs = ∞. We further set the value of ECT − E
′
S1
=1600 cm−1, although higher values

up to 4000 cm−1 were also explored. Since the important mixing between the Frenkel and

charge-transfer states is dependent mostly on the quantity ECT −E
′
F (k = 0), the higher val-

ues of of ECT − E
′
S1

yielded similar absorption spectra so long as the Coulombic coupling,

accounted for using an effective nearest-neighbor coupling JCoul , was adjusted to maintain

the value of ECT −E
′
F (k = 0) (see equation (5.3a)). In the calculated spectra of figure 5.11,

JCoul was set to reproduce the relative intensities of the two absorption bands. Note again
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that the two-dimensional nature of these materials limits our ability to experimentally de-

termine the packing offset along the long molecular axis so that JCoul can only be approxi-

mately evaluated. However, JCoul can be set empirically based on the absorption signatures

outlined in section 5.3. Accordingly we used the values JCoul =1100 and 600 cm−1 for

L1 and L5 respectively. (For comparison the values increased to approximately 2300 and

1900 cm−1 when ECT − E
′
S1

was set to 4000 cm−1.) The larger Coulombic coupling for L1

is supported by two experimental observations. First, wide-angle x-ray scattering measure-

ments show that the intermolecular edge-to-edge spacing in L1 is nearly 1 Å closer than

for L5. Second, cryo-TEM measurements indicate that L1 forms wider nanoribbon sheets

than L5: in going from L1 to L5 the nanoribbon width decreases from micrometers to tens

of nanometers. Both the closer spacing and wider ribbon dimensions serve to increase the

magnitude of the excitonic coupling in L1. Finally, we set the solution-to-crystal shift at

∆0−0 = 800 and ∆0−0 = 1100 for L1 and L5 respectively in order to align the most intense

peak with experiment.

We note that for L1, ECT − E
′
F (k = 0) < 0, but for L5, ECT − E

′
F (k = 0) > 0,

suggesting that the simulated absorption spectrum for L1 should be skewed to the blue,

while that of L5 should be skewed to the red on the basis of the discussion in section 5.3.

Instead, in both cases, the simulated spectra are skewed to the blue. This behavior is a

result of the Huang-Rhys factor being larger than unity, so that the oscillator strength is

redistributed to higher-energy vibrationally excited Frenkel excitons (see equation (1.2)).

In any case, the quantity |ECT − E
′
F (k = 0) | is less in L5 compared to L1, which results

in a much more even distribution of oscillator strength across both bands in the L5 spec-

trum. The good agreement of the simulations with experiment (see figure 5.11) validates

the parameter sets and gives us confidence that the model accurately captures the essen-

tial photophysical properties of each system. As such, these parameter sets will provide
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the basis for our subsequent investigation concerning the photosensitizing ability of each

chromophore assembly.

Figure 5.11 also shows simulations where the charge-transfer states have been re-

stricted to nearest-neighbors by assuming equation (3.1) (gray dashed line), in order to

emphasize the importance of the extended charge-transfer states for these PMI systems.

When the extended charge-transfer states are neglected, the spectra develop two distinct

bands with a significant drop in the intensity between the two bands. The latter effect

arises because the Frenkel exciton is no longer able to strongly couple to the entire band of

charge-transfer states. Hence, energetically accessible extended charge-transfer states are

necessary to correctly describe these systems.

5.5.2 Model Analysis of the Relative Photosensitization Ability of L1 and L5

We are now poised to make predictions regarding the relative H2 production rates

between L1 and L5 based on the ability of these systems to provide electrons to the catalytic

sites. It was previously hypothesized that that the difference in H2 production between the

two systems originates from the relative ability of the exciton to split and form the free

charges necessary to participate in the electron transfer reactions required for H2 produc-

tion.146 In section 5.4 it was shown that optically allowed excitons will separate quickly

when there is strong mixing between the k = 0 Frenkel and charge-transfer states. This

requires both large, in-phase charge-transfer integrals as well as near-resonant conditions

for the k = 0 Frenkel and charge-transfer states (|te + th | ≫ |ECT − E
′
F (k = 0) |). On

the basis of our model parameters we know that although the charge-transfer integrals are

similar for both L1 and L5, the energy difference between the Frenkel and charge-transfer

states is larger in L1 (|ECT −E
′
F (k = 0) | = 600 cm−1) than in L5 (|ECT −E

′
F (k = 0) | = 400

cm−1) due to the larger Coulombic coupling in L1. This leads to less efficient mixing

between the Frenkel and charge-transfer states in L1, which suppresses the ability of the
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exciton to split into free charges. Beyond decreasing the strength of the Frenkel/charge-

transfer mixing, the increased JCoul in L1 also leads to a blue shifted absorption spectrum,

which results in less spectral overlap between the incident photon spectrum used for the

H2 production experiments (see figure 5.12) and the L1 absorption spectrum. Hence, the

difference in measured H2 production between L1 and L5 can be attributed to differences

in JCoul , which leads to weaker k = 0 Frenkel/charge-transfer mixing and less efficient

spectral overlap with the excitation lamp in L1 compared to L5.

To test this hypothesis, we calculate the probability of the system being in a charge-

separated state after being excited by a light source having the same photoemission spec-

trum as the light source used for the H2 production experiments. The idea is that once in

a charge separated state, the free electron is able to proceed to the site of the bound cat-

alyst where it can reduce hydrogen – the more likely the system is in a charge separated

state, the more likely the H2 reduction reactions are to occur. By defining the distribution

of incident radiation as Φ(E) and assuming coherent evolution after light absorption, the

probability that the system will be found in a charge-transfer state after the absorption event

is proportional to

PCT ∝
∫ ∞

−∞
dEQ(E)

=

∫ ∞

−∞
dEΦ(E)

∑

i

figiΓi (E − Ei)
(5.9)

Here Q(E) is equal to the product of the incident photon spectrum, Φ(E), and the absorp-

tion spectrum weighted by the charge-transfer component of the absorbing eigenstates

gi =

�������
∑

n,s,0

〈Ψi |cn; an+s〉
�������
2

(5.10)
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Figure 5.12. PMI-L1 and PMI-L5 absorption spectra under lamp illumination. (left)
The lamp spectrum used to irradiate samples in the H2 photocatalysis measurements
(black) and Q(E) for L1 and L5 assuming broadband illumination; i.e. Φ(E) is constant.
(right) Q(E) for L1 and L5 when Φ(E) is given by the lamp spectrum. The area under
these curves should be proportional to the charge-separation rate.

The term fi is the line strength to state excited state i given in equation (2.23), and Γ(E) is

a Gaussian line shape function (equation (2.25)).

Figure 5.12 shows Q(E) for both L1 and L5 under broadband illumination and illu-

mination by a source with the photon spectrum of the experimental light source. Taking the

integral over all frequencies, the ratio P
L5

CT /P
L1

CT = 1.8 shows that under lamp illumination

charge-transfer states form more readily in L5 than in L1. Hence, given our assumptions,

L5 should deliver approximately 1.8 times more electrons to the reducing catalyst than L1

over a constant period of time, implying a similar relative rate of H2 production. This

ratio is in good agreement with the experimentally measured ratio of H2 production be-

tween the two systems (2.4 ± 0.5).146 Naturally, we would expect a more detailed model

including both effects of the environment on charge-separation and the explicit presence

of the catalyst to provided even better agreement with experiment. In any case, the model

in its current form captures the ratio of H2 production qualitatively, and allows us to un-

derstand why the rate is different between systems photosensitized with L1 versus those

photosensitized with L5.
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5.6 Discussion

In this chapter, we have expanded on the absorption spectral signatures of charge-

transfer excitons developed in chapter 3 to include systems characterized by high static

dielectric constants, and therefore weak exciton binding energies. This was motivated,

in part, by the unique PMI systems discussed in section 5.5 that experience significant

charge screening due to the presence of an aqueous electrolytic environment with a high-

dielectric constant. For systems having |te + th | > ~ωvib, these signatures include (1) the

asymmetry of the absorption line shape, (2) the peak splitting between the red and blue

shifted absorption bands, and (3) the absorption intensity in the spectral region between

the two bands. Each of these signatures provides complementary information about the

system’s electronic properties. The asymmetry of the absorption line shape is indicative of

the relative energies of the diabatic Frenkel and charge-transfer exciton bands; when the

absorption spectrum is skewed to the red, the k = 0 Frenkel exciton lies below the k = 0

charge-transfer exciton band, while the opposite is true when the absorption spectrum is

skewed to the blue (see figure 5.2). Furthermore, the peak splitting between the absorption

bands is given approximately by 4|te + th |, providing a means of determining te + th from

the absorption spectrum, even in the presence of vibronic coupling. Finally, the intensity of

the absorption spectrum in the region between the two absorption bands gives information

about the extent to which a Frenkel exciton dissociates into free charges (see figure 5.3).

When there is significant intensity in the inter band region, extended charge-transfer states

are energetically accessible to the parent Frenkel exciton and it is able to readily dissociate

into distant charges. These signatures remain valid when vibronic coupling is introduced

(see figure 5.2) for parameter sets relevant to conjugated organic systems, though it is

possible for some complications to arise concerning the asymmetry of the absorption line

shape depending upon the strength of the vibronic coupling. For example, when λ2

0 > 1, as

is the case for L1 and L5, the majority of oscillator strength resides in vibronic states with
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one or more vibrational quanta. This results in the possibility of spectra that are skewed to

the blue, even though ECT − E
′
F (k = 0) > 0 (as is the case in L5).

The appearance of these spectral signatures is strongly dependent on the relative

phases of the charge-transfer integrals, te and th, which depend on the molecular pack-

ing arrangement (see chapter 3). Coupling between the charge-transfer states and the

optically allowed Frenkel exciton depends on the sum |te + th |, in agreement with pre-

vious works.81–86,88,90,107 Importantly the sum also dictates the coupling between k = 0

charge-transfer states with different electron/hole radii and thus the k = 0 charge-transfer

bandwidth (see figure 5.5).81 Hence, the relative phases of the charge-transfer integrals de-

termine not only the probability of the exciton existing in a charge-separated state after

absorption, but also the extent to which the electron and hole are separated in such states.

For applications in which efficient photo-induced charge-separation is desirable, it is ben-

eficial to optimize materials to have large, in phase, charge-transfer integrals to maximize

|te + th |. Indeed, Kazmaier and Hoffman observed114 a positive correlation between the

width of the absorption line shape and the photogeneration of free charges in several pig-

ment families including perylene, squaraine,164 thiopyrylium,165 and diketopyrole166 dyes.

A similar correlation between the width of the absorption line shape and photocurrent gen-

eration was observed in the experiments of Gregg on perylene bis(phenethylimide),167 Jeon

et al. on titanyl phthalocyanine,168 and Kim et al. on a series of three perylene tetracar-

boxylic diimide derivatives.169 Furthermore, Zhang et al. showed that an asymmetric PDI

characterized by a large photoconductivity also exhibits a broad absorption spectrum.170

The other main factor influencing the Frenkel/charge-transfer mixing is the relative energy

of the diabatic Frenkel and charge-transfer states. The energies of the diabatic Frenkel

excitons are determined mainly by the Coulombic coupling, whereas the energies of the

diabatic charge-transfer excitons depend on the charge-transfer integrals, as well as the

dielectric environment and crystal polarizability.
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In section 5.5 we investigated the relative H2 generation rates of two artificial pho-

tosynthetic assemblies based on self assembling PMI amphiphiles. Both PMI assemblies

exhibit absorption spectral profiles consisting of two main bands with significant intensity

in the spectral region lying in between. These characteristics indicate significant k = 0

Frenkel/charge-transfer mixing involving states with extended charge separation, ideal for

efficient photosensitizing materials. The Frenkel excitons in these water-dispersed organic

crystals readily dissociate to produce free electrons due to the high dielectric constant of

the environment which screens the Coulomb attraction. Once dissociated, the free electrons

can proceed to the catalytic reaction sites to take part in hydrogen reduction reactions. This

insight suggests that the formation of ordered organic materials in high dielectric environ-

ments can be greatly beneficial to producing efficient photoconversion systems.

Our calculations concerning the relative rate of H2 production in L1 and L5 agree

reasonably well with the experimentally observed H2 production rates. The disparity in

H2 production between the systems is attributed to a difference in the ability of the ma-

terials to generate and deliver electrons to the reductive catalytic sites. Based on the as-

sumption that the rate of charge generation within the PMI assemblies is linearly correlated

to the amount of H2 produced, our calculations estimate that systems sensitized with L5

should produce roughly twice as much H2 as those sensitized with L1, in good agreement

with experimental measurements. The difference in charge generation is attributed to the

Coulombic coupling which is significantly larger in L1 than in L5, presumably due to

closer edge-to-edge stacking distances and a larger nanoribbon width. This increase serves

to reduce the Frenkel/charge-transfer mixing in L1 and is also responsible for a significant

blue shift in the absorption spectrum when compared to that of L5. The blue shift results

in less overlap of the excitation profile used for H2 production experiments and the L1

absorption spectrum (see figure 5.12). Together, these properties hinder H2 generation in

L1 when compared to L5.
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Given the inherent sensitivity of molecular coupling to structural packing in these

PMI materials, there likely exists a rich electronic phase space that can be accessed through

modifications in molecular design. We therefore predict the existence of crystalline PMI

materials with near-zero M values that when screened by a high dielectric medium should

have the charge separation capacity akin to inorganic semiconductors. Overall, we believe

that the spectral signatures developed in this chapter should provide guidance for develop-

ing future generations of materials for organic electronics.
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CHAPTER 6

POLARIZED ABSORPTION IN CRYSTALLINE PENTACENE: THEORY VS.
EXPERIMENT

6.1 Introduction

In chapters 3 to 5 we analyzed one-dimensional versions of equation (2.1) in which

all molecules had parallel transition dipole moments. This simplified version of the prob-

lem allowed us to extract the basic absorption signatures (both electronic and vibronic)

in a straightforward manner. Armed with the insight provided by the simpler models, we

now apply our theory to slightly more complex system in chapters 6 and 7. In the current

chapter, we investigate the photophysics of crystalline pentacene, the five-ringed member

of the oligoacene series, which has served as a benchmark material for organic electronics.

In the crystalline form, pentacene packs in a herringbone arrangement with two molecules

per unit cell (see figure 6.2). This packing arrangements facilitates the phenomenon known

as Davydov splitting where two orthogonally polarized excitons are optically bright. Such

behavior is in contrast to the single bright exciton observed in systems with one molecule

per unit cell. The energy separating the two bright excitons, known as the upper and lower

Davydov components, is called the Davydov splitting and is given by 4JCoul in Coulombi-

cally coupled aggregates where only nearest-neighbor coupling considered. In pentacene,

the nearest-neighbor Coulombic coupling is weak (~90 cm−1) due to a short-axis polar-

ized S0 → S1 transition with an oscillator strength of only f = 0.1.171 Despite the weak

Coulombic coupling, however, the Davydov splitting is quite large (approximately 1000

cm−1) due to significant intermolecular charge-transfer interactions.87,89 In this chapter, we

quantitatively reproduce the main absorption features of both Davydov components, in-

cluding the Davydov splitting, by considering a two-dimensional model pentacene crystal

parameterized from experiment and first-principles calculations. We furthermore analyze
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the charge-transfer character of the excitons responsible for the various peaks of each Davy-

dov component, the values of which have been the subject of considerable controversy (vide

infra).

Pentacene based systems have been well studied and continue to serve as a bench-

mark material for organic electronics due to their high charge mobilities.4,172–174 Most

recently, pentacene has come under scrutiny as a promising material for singlet exciton

fission,89,110,175–184 which has the potential to increase the efficiency with which light can

be converted to electricity in solar cell applications.180,181 Many groups have attempted

to obtain a more fundamental understanding of the fission process and the possible role

of intermediate charge-transfer states in pentacene through studying the nature of the low

energy excitations in pentacene. In this regard, controversy has erupted over the charge-

transfer contribution to the excited state responsible for the absorption origin (the lower

Davydov component).185 Several theories predict a predominant charge-transfer admix-

ture148,186–188 while others clam a substantial, but minority component ranging from 10–

50%87,89,147,185,189 Still others claim negligible charge-transfer contribution.190 Experimen-

tal evidence for substantial Frenkel/charge-transfer mixing near the absorption origin in

pentacene has come mainly from measurements of the exciton band dispersion using elec-

tron energy loss spectroscopy (EELS) by Knupfer and co-workers.150,191

Despite the heightened attention granted to pentacene photophysics, very few stud-

ies have reported its polarized absorption spectrum in the crystalline phase.192–194 Although

it is not difficult to grow pentacene single crystals with dimensions greater than 1 millime-

ter by means of modern physical methods, direct measurement of the absorption spectrum

remains a challenge since at such thicknesses, essentially all incident light is absorbed. In

order to circumvent the strong absorbance of crystalline pentacene, light reflection or el-

lipsometry measurements have been employed.195–199 However, such methods allow only

an indirect acquisition of the spectrum, as they require models to extract the linear opti-
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cal absorbance. To overcome this limitation, optically thin (< 100 µm2) single crystals of

pentacene have been synthesized from which measurements of their polarized absorption

spectra have been taken using direct transmission techniques.100

In this chapter, we utilize the extra information provided by the two polarization

components to obtain detailed information about the generally anisotropic nature of the

excitons responsible for both Davydov components, as well as higher vibronically excited

states. We investigate the nature of the excitons responsible for the various absorption

peaks, such as the b-polarized lower Davydov component and the (mainly) a-polarized up-

per Davydov component, along with several of their vibronic sidebands. Interestingly, we

find that the spectrum polarized along the b-crystal axis displays J-aggregate vibronic sig-

natures while the spectrum polarized orthogonal to the b-crystal axis displays H-aggregate

vibronic signatures. Such properties are traced back to the dispersions of the lowest two

exciton bands which include the excitons responsible for the lower and upper Davydov

transitions. The calculated band shapes are also compared to experimental measurements

of the exciton energy as a function of momentum using electron energy loss spectroscopy

(EELS).150 This chapter is based on the work originally published in reference 100.

6.2 Absorption Line Shape Analysis of Crystalline Pentacene

The absorption spectrum corresponding to solution phase pentacene is shown in

figure 6.1 (left, solid black). The well resolved vibronic progression has an origin (0-0)

at approximately 17 000 cm−1 with an associated vibrational energy of approximately

1380 cm−1 corresponding to a symmetric ring-stretching mode. The Huang-Rhys factor is

found to be λ2

0 = 1.1 after fitting the peak areas to a Poissonian distribution. Using these

parameters, and the line width parameters σ0−0
= 214 cm−1 and σ′ = 140 cm−1, the

simulated solution spectrum (left, gray dash) shown in figure 6.1 exhibits good agreement

with experiment.
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Figure 6.1. Experimental spectra of pentacene. (left) The simulated absorption spec-
trum of isolated pentacene molecules (gray dash) is compared to the experimentally mea-
sured spectrum of pentacene in dichlorobenzene solution (black). The simulation parame-
ters can be found in the text and in table A.7. (right) The experimentally measured upper
(blue) and lower (red) Davydov components of crystalline pentacene are shown with the
Davydov splitting indicated and various peaks labeled.

The right panel of figure 6.1 shows the two orthogonally polarized crystalline

pentacene absorption spectra. The polarizer angle which maximizes the peak at 14 700

cm−1 coincides with the electric field polarization along the crystallographic b-axis, in

accord with ellipsometry and reflectivity studies.195–199 In this chapter, the b-axis is de-

fined as that containing the closest nearest neighbors, as depicted in the crystal structure in

figure 6.2.200 The electric field polarization of the orthogonally polarized spectrum points

almost along the crystallographic a-axis. Comparing the polarized crystalline spectra to

the solution spectrum in figure 6.1 reveals dramatic spectral changes upon crystallization.

In addition to the pronounced Davydov splitting (≈ 1000 cm−1) between B1 and A1, there

are significant changes in the vibronic structure as compared to the regular progression ob-

served in the solution spectrum. The b-polarized component shows the greatest deviation;

the first vibronic peak B1 assumes a far greater dominance than in the monomer spectrum,

the vibronic line widths are significantly broadened, and the regularity of the peak-to-peak

spectral separation is grossly distorted. For example, the first two peaks, B1 and B2, are

separated by 2200 cm−1, some 60% larger than a vibrational quantum. In contrast, the

spectrum polarized perpendicular to the b-axis, the first vibronic peak (A1) is attenuated
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Figure 6.2. Crystal structure of pentacene. (left) The structure of triclinic pentacene
viewed down the crystallographic c-axis. The two sub lattices have been colored differently
for clarity. (right) The unit cell parameters. The b-axis is defined to be the one connecting
closest nearest neighbors.

s ECT (s) th(s) th(s) Jn,n+s

±(0.5, 0.5, 0) 18 458 -791 -835 90
±(0.5, -0.5, 0) 18 458 808 507 -56
±(0, 1, 0) 19 661 -472 -376 -221
±(1, 0, 0) 20 273 -12 -4 63

Table 6.1. Charge-transfer energies and nearest-neighbor intermolecular coupling for
crystalline pentacene. All energies are in units of cm−1.

relative to the second peak (A2). However, the line width of the first peak, A1, essentially

matches that of the monomer and the spectral separation between A1 and A2 is close to

a vibrational quantum. By comparison, the vibronic progression in the polarized spectra

for crystalline tetracene is far more regular, consistent with a more distant (higher energy)

charge-transfer state which is less efficiently coupled to the Frenkel excitons.

In order to account for the peculiarities presented by the polarized absorption spec-

trum of crystalline pentacene, we utilized the full vibronic Hamiltonian of equation (2.1).

We built a model system of an ultra thin, two-dimensional pentacene crystal containing 20

unit cells along both the a- and b-crystal dimensions. The molecules forming the ab crystal

plane have the strongest intermolecular interactions, which were calculated using quantum
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Figure 6.3. Polarized absorption spectra of pentacene: Theory vs experiment. The
calculated absorption spectra of crystalline pentacene for excitation polarized along the
b-axis (left, solid red) and orthogonal to the b-axis (right, solid blue). Also shown are
calculated spectra using enhanced, high-energy damping (red dash, blue dash) and spectra
calculated with no vibronic coupling (gray dash). For comparison, the experimental spectra
from figure 6.1 are also shown (black). Parameterization details are contained in table A.7.

chemical software based on the published crystal structure.200 All intermolecular Coulom-

bic couplings were included after screening by the directionally averaged optical dielectric

constant, ε = 3.5.201 The charge-transfer integrals were calculated in reference 89 using

DFT. We scaled these values by a factor of 1.1 (see table 6.1) in order to achieve optimal

fitting. The nearest-neighbor diabatic charge-transfer energies were also increased by about

20% over the values reported in reference 89 in order to fine-tune the Davydov splitting.

The original values were obtained from the electroabsorption experiments in reference 202

and the 20% increase corresponds to slightly greater intermolecular separations along the

a- and b- crystal axes. The diabatic energies of non-nearest neighbor charge-transfer states

were calculated based on equation (2.5) using the static dielectric constant εs = 4.6, ex-

tracted from reference 202. For computational efficiency, extended charge-transfer states

were restricted to a maximum electron/hole radius of 20 Å. Finally, the ionic Huang-Rhys

factors were taken from reference 34 to be λ2

+ = 0.29 and λ2

− = 0.39 and a uniform

solution-to-crystal red shift of ∆0−0 = 250 cm−1 was applied so that the most intense peak

in the b-polarized spectrum aligned with experiment.
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Feature Experiment Theory

Davydov (A1, B1) Splitting 1035 975
A1, A2 splitting 1195 1270
B1, B2 splitting 2200 2309
A1/B1 ratio 0.38 0.22
A1/A2 ratio 0.92 0.82
B1/B2 ratio 2.54 2.22

Table 6.2. Comparison between theory and experiment for various features of the
crystalline pentacene absorption spectrum. All energies are in units of cm−1.

The calculated polarized spectra are shown in figure 6.3 (red and blue curves) and

plotted alongside the measured spectra (black). The calculated spectra reproduce most of

the salient spectral features of both polarization components, capturing not only the Davy-

dov splitting, but also the general line shape of each polarization component, including

the major peak positions and relative intensity ratios. Table 6.2 summarizes the compari-

son with experiment. The largest discrepancy occurs in the high energy region (>19 000

cm−1), where extra peaks occur, arising mostly from charge-transfer dominated states. The

dashed red and blue spectra in figure 6.1 were obtained by multiplying the homogeneous

line width by a factor of five for all transitions above 18 500 cm−1, where our calculations

indicate a rapid increase in the density of states. The increased line width mimics enhanced

population relaxation from the higher energy, primarily charge-transfer excitons. A further

discrepancy between the experimental and calculated spectra is the ratio of the polarized

spectra (A1/B1), presumably due to our utilization of an isotropic dielectric constant or a

slightly different angle of incidence compared to experiment.

In order to further assess the nature of the transitions responsible for the polarized

spectra, figure 6.1 also shows the polarized spectra calculated considering only electronic

excitations (i.e. without vibronic coupling) by setting all Huang-Rhys factors to zero. The
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Figure 6.4. Calculated stick spectra for crystalline pentacene. (left) The calculated
stick spectrum for excitation polarized along the crystalline b-axis. (right) The calculated
stick spectrum for excitation polarized orthogonal to the b-axis. The electronic character
of the excited state responsible for each transition is also indicated by the ratio of the
colored regions to the total stick height. Black and blue regions indicate one-particle and
two-particle Frenkel character, respectively, and red regions indicate two-particle charge-
transfer character. See text for further discussion.

importance of vibronic coupling becomes immediately apparent. In particular, the Davydov

splitting more than doubles when vibronic coupling is neglected.

6.3 Nature of The Transitions

The nature of the various transitions observed in the polarized absorption spectra of

crystalline pentacene can be appreciated from figure 6.4, which shows the dominant transi-

tions represented as a stick spectrum where the stick height is proportional to the oscillator

strength of each transition. The relative charge-transfer contribution is indicated by the red

shaded region of each bar, while the Frenkel contribution is divided between one-particle

(black) and two-particle (blue) components. As is immediately apparent, the excited state

responsible for the dominant b-polarized B1 transition – the lower Davydov component –

has a large charge-transfer admixture, approximately 45%, in agreement with earlier es-

timates using a similar model.87,89 The Frenkel component of the B1 peak is largely due

to one-particle states. The higher energy transitions responsible for the B2 and B3 peaks

have a more complex composition. In particular, the main transition within the B2 cluster
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arises from an excited state with dominant charge-transfer admixture – roughly 65% – with

the smaller Frenkel contribution due almost entirely to two-particle states. Such states also

contribute strongly to the main B3 transitions, highlighting the importance of separated

vibronic-vibrational excitations in the photophysics of pentacene.

In marked contrast to the b-polarized spectrum, the first transition (A1) in the spec-

trum polarized mainly along the a-axis – the upper Davydov component – arises from

an excited state which is dominated by one-particle Frenkel excitons with only a small

charge-transfer admixture of less than 15%. The one-particle Frenkel excitations also play

a majority role in the next higher-energy transition responsible for A2, although the charge-

transfer admixture rises to almost 40%. Interestingly, the peak-to-peak separation between

A1 and A2 is close to a vibrational quantum (in contrast to the larger B1 to B2 vibronic

spacing in the b-polarized spectrum). The cluster of low-intensity transitions around 18

000 cm−1 (labeled A
′
2 in figure 6.1) is responsible for the pronounced shoulder in the

experimental spectrum.

One of the most striking differences between the spectra polarized along b and

orthogonal to b is the ratio of oscillator strengths involving the first two vibronic peaks. The

measured B1/B2 ratio is ≈2.3, much larger than the 0−0/0−1 ratio of ≈1.2 in the monomer

(solution) spectrum in figure 6.1. In contrast, the A1/A2 ratio is ≈0.75, significantly smaller

than the 0 − 0/0 − 1 ratio. Hence, for pentacene, the b-polarized spectrum is J-like while

the orthogonally polarized spectrum is H-like (see section 1.2.2).39

Further clues into the J- and H-aggregate nature of the polarized components can

be obtained from the energy dispersion of the exciton bands containing the two Davydov

components. We therefore evaluated the two lowest energy bands within the reciprocal

space stemming from the ab herringbone plane. In triclinic pentacene, the reciprocal lattice

vectors ka = b×c/(b×c·a) and kb = a×c/(a×c·b) approximately point in the directions of

a and b, respectively. For a single two-dimensional herringbone layer containing NCell =
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Figure 6.5. Calculated dispersion curves of the lowest two energy bands in crystalline
pentacene. (left) The dispersion of the lowest two excitons within the ab-herringbone plane
when Frenkel/charge-transfer mixing is neglected by setting te and th to zero. (right) The
dispersion curves when Frenkel/charge-transfer mixing is included. All other parameters
are the same as those used to simulate the spectra in figure 6.3.

Na × Nb unit cells, the exciton wave vectors take on the values k = laka + lbkb with

la = 0, ±2π/Na, ±4π/Na, ..., π and lb = 0, ±2π/Nb, ±4π/Nb, ..., π (see also section 2.2.4).

Figure 6.5 shows the calculated energy bands using the same parameters used to calculated

the polarized spectra. The point ka = kb = 0 on the red surface locates the energy of

the optically allowed exciton polarized along b (and responsible for peak B1) while the

corresponding point on the blue surfaces locates the optically allowed exciton polarized

along the direction orthogonal to b (and responsible for peak A1). The energetic separation

between the two surfaces at ka = kb = 0 is therefore the Davydov splitting.

In the left panel of figure 6.5 only the Coulombic coupling is retained by setting

all electron and hole integrals in the pentacene-parameterized Hamiltonian to zero. For the

dispersion curves in the right panel, charge-transfer has been activated so that these curves

correspond to the calculated polarized absorption spectra. In the absence of charge-transfer,

the Davydov splitting is almost negligible – less than 100 cm−1 – and the polarizations of

the two components are opposite that observed experimentally. This was also found to

be the case in tetracene.87 Activating the charge-transfer interactions reverses the polar-

ization assignments – in the context of the interference discussed in chapter 3, this means
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Figure 6.6. Lowest energy exciton dispersions in crystalline pentacene: Theory vs
experiment. The calculated energy dispersions parallel to the ka and kb reciprocal lattice
vectors are compared to the experimentally measured dispersions from reference 150 using
EELS. The experimental data is shown as the error bars of the measurement. Note that in
reference 150 the a and b crystallographic axis labels are interchanged relative to our
definitions. Hence, a∗ in reference 150 corresponds to our kb while b

∗ corresponds to our
ka.

that the Coulombic and charge-transfer interactions interfere destructively – and dramati-

cally increases the exciton bandwidths . A large positive curvature develops in the lower

band, mirrored by a large negative curvature induced in the upper band. The Davydov

splitting substantially increases to approximately 1000 cm−1, in excellent agreement with

the measured value.192–194 The Davydov splitting in pentacene is considerably greater than

the value measured for tetracene (≈600 cm−1)203 due to enhanced Frenkel/charge-transfer

mixing.

The calculated band dispersions in the right panel of figure 6.5 agree well with the

measured momentum-dependent exciton energies obtained using EELS by Roth et al.,150

as demonstrated in figure 6.6. The positive curvature of the lower band is characteristic of

J-aggregates and is the source of the J-like behavior observed in the b-polarized spectrum

(i.e. the enhanced B1/B2 ratio relative to the monomer). Conversely, the negative curvature

of the upper band, which is characteristic of H-aggregates, is responsible for the H-like
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behavior (attenuated A1/A2 ratio) for the spectrum polarized orthogonal to b. Note that

although B1 is strongly red shifted relative to the monomer (see figure 6.1), consistent with

its J-like behavior, the peak A1 is also red shifted, in contrast to the blue shift expected of

H-aggregates. This unusual feature is due to the manner in which the negative curvature of

the upper surface develops in pentacene. In conventional Coulomb-coupled H-aggregates,

the negative curvature arises because the energy of the k = 0 exciton is shifted positively

relative to all other excitons. However, for pentacene and other charge-transfer mediated

H-aggregates111 the negative curvature is instead the result of a strong negative shift in

the energies of the high wave vector excitons. This was discussed in section 3.2 (see e.g.

figure 3.1) and will explored in greater detail for the case of pentacene in section 6.4.

6.4 Nature of the Exciton Dispersion

In this section we examine the origin of the curvatures of the lowest two energy ex-

citon bands in crystalline pentacene. The band curvatures ultimately derive from the mix-

ing between Frenkel and charge-transfer excitons as demonstrated in figure 6.5, with only

a minimal role played by the Coulomb coupling. The essential physics responsible for the

band shapes in figures 6.5 and 6.6 is present in a much simpler model consisting of a one-

dimensional crystal with two molecules per unit cell in which only the nearest-neighbor

electron and hole transfer is included while Coulombic coupling and vibronic coupling are

entirely neglected; see figure 6.7. The one-dimensional crystal has translational symmetry

as well as a two-fold screw axis along the aggregation axis (“b”), which interchanges the

two sub lattices. Furthermore, the transition dipole moments of the molecules within the

two sub lattices are given by µ
1
= (−a,−b) and µ

2
= (a,−b). Such a crystal structure

represents a simplified version of the crystal structure of pentacene (see figure 6.2). In the

following analysis, we assume
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Figure 6.7. Davydov splitting in a one-dimensional herringbone model. (top) A one-
dimensional crystal lattice with two molecules per unit cell. The two-dimensional unit cell
is shown in gray. Black arrows depict the transition dipole moments. The two sub lattices
are related by a two-fold screw rotation about the b-axis, as is nearly the case in pentacene.
(bottom) Dispersion curves for the diabatic Frenkel excitons (dotted) and for the lowest two
energy excitons after Frenkel/charge-transfer mixing. The higher energy diabatic charge-
transfer bands are not shown. The case shown corresponds to te and th having the same
sign, with te = th = 200 cm−1 , ECT = 800 cm−1 and ES1

= ∆0−0 = 0. The values
∆S(AS) correspond to the k-dependent shift due to charge-transfer coupling and are given
by equation (6.5) when ES1

= 0.

ECT (Rs) =


ECT , |s | = 0.5

∞, |s | > 0.5
(6.1)

where s is in units of a unit cell so that charge-transfer states are limited to nearest neigh-

bors. Hence, the analysis is almost identical to that presented in section 3.2 but that the

crystal now has two molecules per unit cell, rather than one. As in section 3.2, in the

absence of charge-transfer interactions, the diabatic Frenkel and charge-transfer bands are

dispersionless. In contrast to the case with one molecule per unit cell, there are two dia-

batic Frenkel bands (compared to one) and four diabatic charge-transfer band (compared to

two) due to the lower symmetry of the system. The two diabatic Frenkel bands are shown
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in figure 6.7 as dashed red and blue lines. The red line corresponds to the diabatic exci-

ton that is symmetric with respect to the screw rotation while the blue line corresponds

to the antisymmetric diabatic exciton. In the notation of section 2.2.4 the symmetric and

antisymmetric Frenkel states can be written as

|k,S〉 = 1
√

2
( |k,σ = 1〉 + |k,σ = 2〉) (6.2a)

|k, AS〉 = 1
√

2
(|k,σ = 1〉 − |k,σ = 2〉) (6.2b)

respectively (note we have dropped the vibrational index from equation (2.19)). Further-

more, the transition dipole moments of |k,σ = 1〉 and |k,σ = 2〉 are given by (see equa-

tion (2.24))

µk,σ=1 = 〈k,σ = 1|µ̂|k,σ = 1〉 = NCellδk,0µ1
(6.3a)

µk,σ=2 〈k,σ = 2|µ̂|k,σ = 2〉 = NCellδk,0µ2
(6.3b)

such that the transition dipole moments of the symmetric and antisymmetric states are

〈k,S |µ̂|k,S〉 =1

2

(

µk,σ=1 + µk,σ=2

)

=
NCell

2

(

µ
1
+ µ

2

)

=NCell (0,−1)δk,0

(6.4a)

〈k, AS |µ̂|k, AS〉 =1

2

(

µk,σ=1 − µk,σ=2

)

=
NCell

2

(

µ
1
− µ

2

)

=NCell (−1,0)δk,0

(6.4b)

Hence, the transition to the k = 0 state in the symmetric Frenkel exciton band is allowed

and b-polarized while the transition to the k = 0 state in the antisymmetric Frenkel exciton
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band is also allowed but is polarized along a. The charge-transfer bands, which are higher

in energy by ECT are not shown in figure 6.7 and carry no oscillator strength.

Activating te and th allows mixing to occur between the Frenkel and charge-

transfer excitons of like symmetry (i.e. having the same wave vector) resulting in the bands

shown by the solid curves in figure 6.7. The lowest two energy exciton band dispersions

are given by (assuming ∆0−0 = 0)

ES (k) =
ECT + ES1

2
−

√

(

ECT − ES1

2

)2

+ 2
(

t
2

e + t
2

h + 2teth cos(k/2)
)

(6.5a)

EAS (k) =
ECT + ES1

2
−

√

(

ECT − ES1

2

)2

+ 2
(

t
2

e + t
2

h − 2teth cos(k/2)
)

(6.5b)

where the signs of te and th are consistent with the phase convention in which the HOMO

(LUMO) on one sub lattice is obtained from the HOMO (LUMO) on the other sub lattice

by the two-fold screw rotation (and consistent with the phase convention used to assign

the signs of te and th while modeling pentacene in section 6.2). These dispersion curves

are similar to the Frenkel dominated curve found in equation (3.6) for a one-dimensional

system with one molecule per unit cell.

Figure 6.7 (and equation (6.5)) shows that Frenkel/charge-transfer mixing results

in a lower band with positive curvature and an upper band with negative curvature, similar

to the case of pentacene in figures 6.5 and 6.6. Interestingly, the upper band develops

negative curvature, as defines H-aggregates, because the downward energy shift increases

with increasing wave vector (see equation (6.5)). Within the simple model used to calculate

the dispersion curves in figure 6.7, te and th were taken to be equal so that the k = 0 exciton

in the upper (antisymmetric) band undergoes no energy shift at all, as can be shown directly
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from equation (6.5). However, if te and th were of unequal magnitude, the k = 0 exciton

in the upper band would undergo a red shift.

In the simple one-dimensional aggregate of figure 6.7, the symmetry of the upper

and lower bands is dictated by the relative sign of te and th. From equation (6.5), one can

readily appreciate that if te and th have the same sign, as is the case for the nearest-neighbor

charge-transfer integrals between inequivalent molecules in pentacene (see table 6.1), the

lower band is symmetric and therefore b-polarized (see equation (6.4)). In this case, the

upper band is antisymmetric and a-polarized. In contrast, when te and th have opposite

signs, the lower band is antisymmetric and a-polarized while the upper band is symmetric

and b-polarized. Hence, the relative sign between te and th determines the polarization

of the two Davydov components. We have confirmed the sign sensitivity in the polariza-

tion ordering of the Davydov components for the pentacene-parameterized Hamiltonian

in section 6.2: imposing an opposite sign for either th(s) or te(s) for s = ±(0.5,±0.5,0)

interchanges the polarizations of the two Davydov components. The resulting spectra are

shown in figure 6.8. Interestingly, from equation (6.5) it can be seen that the lower band

will always have a positive curvature while the upper band will always have a negative cur-

vature in charge-transfer mediated aggregates, independent of the relative sign of te and

th. In herringbone aggregates with significant Coulombic coupling however, the situation

is more complex and both bands can exhibit the same curvature. Such systems will be

discussed further in chapter 7.

6.5 Discussion

We have analyzed the polarized spectral line shapes of crystalline pentacene using

a theory based on vibronically coupled Frenkel and charge-transfer excitons. Overall, the

calculated line shapes normal to and along the crystallographic b-axis are in very good

agreement with experiment. Our approach yields detailed information about the nature
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Figure 6.8. Pentacene absorption polarization dependence on the relative sign of the
charge-transfer integrals. The calculated polarized absorption spectra for crystalline
pentacene when the relative sign of te and th between nearest neighbor inequivalent
molecules is changed. When the sign of th(s = (0.5,0.5,0)) is reversed, the lower Davy-
dov component becomes mainly a-polarized (blue) while the upper Davydov component
becomes b-polarized (red).

of several of the low-lying optical excitations. The high charge-transfer content (about

45%) for the exciton responsible for the b-polarized lower Davydov component (or B1) is

consistent with previous analyses based on the unpolarized absorption spectrum.87,89 The

polarization resolution provided in the experiments of Bolei Xu and co-workers100 allowed

us to also probe the nature of the exciton responsible for the mainly a-polarized upper

Davydov component (A1). In marked contrast to the B1 exciton, the exciton responsible

for A1 has only a small charge-transfer admixture of approximately 15%. The measured

Davydov splitting of approximately 1000 cm−1 is accurately captured by the theory and is

almost entirely due to Frenkel/charge-transfer mixing, consistent with earlier analyses from

the Spano group;87 Coulomb coupling plays a very minor role (see figure 6.5), as is also

the case for tetracene,87 since the oscillator strength of the short-axis polarized S0 → S1

transition is very weak.171 The theory also qualitatively accounts for the spectral positions

and oscillator strengths of several of the higher-energy a- and b-polarized excitons arising,

in part, from vibronic coupling involving the ubiquitous totally symmetric ring-stretching

mode at approximately 1400 cm−1. Such states are comprised of a complex mixture of

one- and two-particle Frenkel excitons as well as two-particle charge-transfer excitons.
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Unlike in anthracene and tetracene, the b-polarized progression in pentacene (B1,

B2, B3) is highly irregular and grossly distorted from the regular progression observed for

the unaggregated monomer in solution. The enhanced distortion and greater Davydov split-

ting exhibited by pentacene is due to greater Frenkel/Charge-transfer mixing. The latter is

due to the relative ease for dissociating local Frenkel excitons into ion pair states in pen-

tacene versus tetracene and anthracene. Generally this is due to the diminishing value of

IP−EA expected with increasing oligoacene length (see equation (2.5)). As estimated early

on using electro-absorption spectroscopy, the lowest charge-transfer exciton in pentacene is

approximately 0.29 eV higher in energy than the lowest (mainly) Frenkel exciton, consid-

erably smaller than the corresponding values for anthracene (0.43 eV) and tetracene (0.35

eV).202,204 Indeed figure 6.4 shows a cluster of predominantly charge-transfer states ap-

proximately 0.25 eV above the lower Davydov component, consistent with the assignments

made in reference 202. The correspondingly larger Frenkel/charge-transfer exciton mix-

ing in pentacene is accommodated in the current model by allowing for extended charge-

separated states (see chapter 5) with electron-hole separations out to 20 Å.89 Notably in

reference 87 only nearest-neighbor charge-transfer states were incorporated, necessitat-

ing an unphysically small energy for ionizing a local Frenkel exciton into the (0.5,±0.5,0)

charge-separated pair.

Interestingly, several groups have accounted for the satellite bands in the b-

polarized spectrum (B2, B3) by considering only electronic excitations (Frenkel and

charge-transfer) via the Bethe-Salpeter equation, and have attained satisfactory agree-

ment with experiment.148,186–188 This has also been shown for TIPS-pentacene.205 Hence,

one may question the importance of vibronic coupling in accounting for B2 and B3. Fig-

ure 6.1 demonstrates that when neglecting vibronic coupling, the b-polarized absorption

peaks are significantly attenuated but retain the same spectral positions as observed in

experiment, in rough agreement with references 148 and 186–188. This is not the case,
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however, for the component polarized perpendicular to b. Without vibronic coupling, the

spectrum polarized perpendicular to b in figure 6.1 no longer resembles the experimental

spectrum; the majority of oscillator strength is retained by the lowest energy excitation

(A1), which is so strongly blue shifted that the Davydov splitting is roughly double the

measured value. The greater impact of vibronic coupling in the spectrum polarized perpen-

dicular to b is consistent with the greater Frenkel character of the A1 and A2 peaks. Hence,

vibronic coupling is necessary for achieving quantitative agreement with experiment. The

higher energy B2, B3, . . . and A2, A
′
2, . . . transitions are a complex mixture of vibronic

satellites and excitons of mixed Frenkel and charge-transfer character, in agreement with

the assessment of Roth et al.
150

As shown in chapter 3, strong Frenkel/charge-transfer mixing can mimic Coulom-

bic coupling in creating H- and J-like exciton bands (as unambiguously defined by the band

curvature). In J-like exciton bands, the lowest state has wave vector k = 0, consistent with

a positive band curvature, while in H-like bands, the highest exciton has k = 0 and the band

curvature is negative. The greatly enhanced vibronic B1/B2 ratio relative to the 0− 0/0− 1

ratio of the monomer, along with the large red shift in B1, are both spectral signatures of

J-aggregation39 and arise from the positive curvature of the lowest-energy exciton band.

The calculated curvature is indeed positive and the overall band dispersion is in excellent

agreement with that measured by Roth et al. using EELS (see figure 6.6).150 Furthermore, a

large positive curvature of the lowest energy band also predicts J-like characteristics for the

photoluminescence (PL) spectrum,39,206 namely a large 0-0/0-1 ratio which decreases with

temperature, as is the case for tetracene.207–209 In this regard, Anger et al. have shown that

photoluminescence arising from the lower Davydov exciton in pentacene is characterized

by a large 0-0/0-1 ratio (>10) which decreases precipitously with temperature.210

In stark contrast, the (mainly) a-polarized spectrum in pentacene maintains a pro-

gression in which the A1/A2 ratio is suppressed relative to the 0 − 0/0 − 1 ratio of the
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monomer, as is characteristic of H-aggregates.39 This arises from the negative curvature

of the band containing the mainly a-polarized upper Davydov component (see figure 6.5),

which agrees well with the EELS measurements of Roth et al.
150 We point out that al-

though the lower Davydov component (B1) is red shifted from the 0-0 peak in solution,

as expected for J-aggregates, the upper Davydov component (A1) also remains slightly red

shifted, despite its H-like nature. This underscores the danger in assigning H- and J-like

behavior based solely on spectral shifts (see also chapter 3). In the present case, the red

shift of A1 is due to the peculiar nature of the charge-transfer mediated H-aggregates as

discussed in sections 3.2 and 6.4.111

We have found that in pentacene, and the oligoacenes in general, the polarizations

of the lower and upper Davydov components depend on the relative signs of the electron

and hole transfer integrals between molecules in the two translationally inequivalent sub

lattices. This is most easily appreciated for the simple one-dimensional crystal in figure 6.7

using equation (6.5). When teth > 0, the lower Davydov component is b-polarized and

the upper Davydov component is polarized perpendicular to b. Reversing the sign of teth

interchanges the polarizations of the two components. The relationship between the band

polarizations and the sign of teth assumes a phase convention for the HOMO and LUMO

wave functions in the two sub lattices based on a symmetry operations which exchanges

the two sub lattices but leaves the transition dipole moments unchanged, such as a two-fold

screw rotation for the crystal in figure 6.7. In triclinic pentacene the two molecules in the

unit cell are not related by a symmetry operation. However, one can still perform a two-fold

screw rotation along b to determine the molecular orbital phases and therefore the relative

signs of te and th as described in reference 87. In triclinic pentacene, table 6.1 shows

that te and th in the (0.5, 0.5, 0) direction have the same sign, as is also the case in the

(0.5, -0.5, 0) direction. Hence, the lower Davydov component must be b-polarized, as is

found experimentally. When the Coulomb coupling is dominant (which is not the case for
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pentacene), it’s sign dictates the polarization assignments of the Davydov components (see

figure 6.5). This has been discussed previously for chiral PDI bichromophores which are

arranged in a way which resembles the molecular orientations present in a single unit cell

of an oligoacene herringbone aggregate.211

The anisotropic properties of the low-lying excitations in crystalline pentacene

should have immediate impact on singlet fission. In reference 89 it was shown that a simi-

larly parameterized Frenkel/charge-transfer exciton Hamiltonian as the one employed here

supports significant coupling between charge-transfer states and the multiexciton (“TT”)

states, without disturbing the unpolarized absorption spectral line shape. With the more

accurate parameterization obtained by reproducing both polarization components in hand,

further investigation of singlet fission in pentacene is warranted.
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CHAPTER 7

ENHANCED DAVYDOV SPLITTING IN CRYSTALS OF A PERYLENE DIIMIDE
DERIVATIVE

7.1 Introduction

In this chapter we apply our model to crystals of a unique PDI derivative, namely

N,N’-Bis(3-pentyl)perylene-3,4,9,10-bis(dicarboximide) (B2) (see figure 7.1), which ex-

hibits a sizable Davydov splitting (1230 cm−1) and even larger splitting between the ab-

sorption maxima of the orthogonally polarized spectra (3040 cm−1). PDI derivatives have

been particularly well studied as benchmark systems for organic electronics,212,213 in part

due to the wide range of side chains that can be systematically varied to control the crys-

tal packing arrangement (and intermolecular interactions) in the solid state.86,88 Depend-

ing on the side chains, crystals of PDI derivatives typically pack according to either a

slipped π-stack214 or twisted π-stack70 motif. In packing arrangements hosting two or

more molecules per unit cell, the oscillator strength is divided between orthogonally polar-

ized excitons (see section 6.4) which can exhibit either J- or H-aggregate vibronic signa-

tures.39 In reference 211 it was shown that when the Davydov splitting between the two

components is sufficiently large – larger than the bandwidth sourced from translationally

equivalent molecules – the lower Davydov component should take on the vibronic charac-

teristics of J-aggregates, while the upper Davydov component should display the vibronic

signatures of H-aggregates (see also section 6.4). The B2 crystals analyzed in this chapter

provide a clear example of this phenomenon.

We model the absorption spectrum of B2 as a fully three-dimensional crystal us-

ing equation (2.1), parameterized from both experimental observations and first-principles

calculations. Our simulated spectra achieve an unprecedented level of agreement with

experiment, giving us confidence that our model accurately captures the important pho-
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Figure 7.1. The chemical structure of PDI-B2. PDI-B2 consists of a PDI core with
branched side chains consisting of five carbon atoms.

tophysical details of the B2 system. Though the model B2 crystal is three-dimensional,

the absorption spectral signatures can be qualitatively understood in light of simpler, one-

dimensional models such as those presented in chapters 3 and 5 and section 6.4. We

find that, unlike the pentacene crystals in chapter 6 where the Davydov splitting is driven

by intermolecular charge-transfer interactions, the Davydov splitting in these B2 crystals

arises from constructively interfering Coulombic and charge-transfer interactions between

nearest-neighbor inequivalent molecules. We also find that the lower and upper Davy-

dov components exhibit the spectroscopic signatures of J- and H-aggregates, respectively.

We conclude this chapter by analyzing how the competition between charge-transfer and

Coulombic interactions impact the Davydov splitting using a one-dimensional model with

two molecules per unit cell. Significantly, we find that if the interference is perfectly de-

structive, the Davydov splitting vanishes, even if the individual couplings are large. This

majority of this chapter is based on the work originally published in reference 215.

7.2 Crystal Structure of PDI-B2

The crystallographic information216 for B2 shows that the molecules pack in a

twisted π-stack arrangement (see figure 7.2) with four translationally inequivalent π-stacks

per unit cell (i.e. there are eight translationally inequivalent molecules per unit cell). The

substantial angle between the long molecular axes of neighboring π-stacked molecules is

responsible for the emergence of the upper and lower Davydov components in these sys-
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Figure 7.2. Packing arrangement of nearest-neighbor π-stacked B2 molecules and
their transition dipole moments. (left) The crystal structure of nearest-neighbor π-
stacked B2 molecules with origins at the lattice points (0.5, 0, 0.5) and (0.5, 0.5, 0.5)
viewed perpendicular to the (301) plane. The b-axis corresponds to the crystal’s long axis
while the a- and c-axes project onto the crystal’s short axis. The projections of the transi-
tion dipole moments onto the (301) plane are shown as blue arrows. (right) The sum and
difference of the transition dipole moments projected onto the (301) plane. The sum, which
corresponds to the lower Davydov component, is mainly parallel to the short crystal axis
while the difference, which corresponds the upper Davydov component, is nearly parallel
to the long crystal axis. Both the sum and difference have nearly equal lengths indicating
similar oscillator strengths for the upper and lower Davydov components. The remaining
three pairs of inequivalent π-stacks within the unit cell are characterized by similar transi-
tion dipole moment projections onto the (301) plane.

tems. By taking the sum and difference of the transition dipole moments of translationally

inequivalent π-stacked molecules, we find two transition dipole moment vectors that are

parallel to the transition dipole moments of the two Davydov components. (We note that

this is rigorously true only for systems with two molecules per unit cell. However, it is a

very good approximation for B2 due to the high level of symmetry within the unit cell).

As can be see from figure 7.2, one of the Davydov components is polarized mainly along

the short axis of the B2 crystal, while the other is polarized mainly along the long axis of

the B2 crystal. Polarized absorption measurements (see below) identify the lower Davydov

component as mainly short axis polarized while the upper Davydov component is long axis

polarized.
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Figure 7.3. Absorption spectra of PDI-B2. (left) The experimental absorption spectrum
(black dots) of dilute B2 in chlorobenzene. The simulated spectrum (solid black) is also
shown for comparison. See table A.8 for simulation parameters. (right) The polarized
absorption spectra of B2 recorded at 10° increments. The crystal’s long axis is defined as
0°.

7.3 Absorption Line Shape Analysis of Crystalline PDI-B2

The polarized absorption spectra of a single B2 crystal, as measured by Jodi Szarko

and co-workers,215 are shown in figure 7.3. When the incident light is polarized 90° rela-

tive to the long crystal axis, the spectrum with the peak maximum labeled A1 results. The

A1 peak occurs at 16 920 cm−1 and is red shifted from the 0-0 peak of monomeric B2

in chlorobenzene (see figure 7.3, left panel) by 2160 cm−1. This spectrum is therefore as-

signed to the lower Davydov component. In contrast, the spectrum at 0° incident excitation

(long axis polarized) is blue shifted relative to the solution spectrum; the peak maximum

(B2) at 19 960 cm−1 is about 900 cm−1 higher than the 0-0 peak in the B2 monomer spec-

trum. The 0° spectrum is thus assigned to the upper Davydov component. Both Davydov

components exhibit pronounced vibronic structure due to the 1400 cm−1 ring stretching

mode, which is also present in the solution spectrum. Interestingly, the line shapes corre-

sponding to the lower and upper Davydov components behave just like J- and H-aggregates,

respectively, in regard to their vibronic signatures (see section 1.2.2). In addition to the

large spectral red shift, the A1/A2 ratio in the lower Davydov component is enhanced by

about 10% compared to the 0 − 0/0 − 1 ratio of the solution spectrum. By comparison,
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Figure 7.4. Pleochromism in B2 Crystals. (left) The unpolarized image of spatially
separated B2 crystals. (middle, right) The image of spatially separated B2 crystals using
polarized light. In each case, the light is polarized parallel to the red inset arrows. As
the polarizer is rotated, the crystals exhibit pleochromism as they change from reddish-
orange to purple. These images were taken by Dr. Jodi Szarko and co-workers at Lafayette
College.

the H-like attenuation of the B1/B2 ratio in the upper Davydov component compared to the

monomer is far more dramatic.39 By superimposing the polarized spectra taken at 10° in-

tervals, two isosbestic points are observed; one is at 21 500 cm−1 and the other is at 19

200 cm−1. Furthermore, the dichroic ratio (i.e. the ratio of the 0° and 90° spectral areas)

is near unity, indicating that the corresponding transition dipole moments project nearly

equally onto the plane normal to excitation (see figure 7.2), which is tentatively ascribed to

the (301) exposed crystal plane (see reference 215 supplemental information for details).

The 90° spectral offsets, along with the presence of two isosbestic points in the

B2 spectra, indicate unambiguously the presence of two Davydov components with a large

(A1−B1) splitting of 1230 cm−1.89 To the best of our knowledge, this is the largest Davydov

splitting observed in perylene-, rubrene-, or oligoacene-based systems. The splitting ob-

served in other PDI derivatives is typically under 300 cm−1.83,217 Moreover, the maximum-

to-maximum peak splitting (A1 − B2) is much larger (3040 cm−1), which enhances the

pleochroic effect in these crystals. (Pleochromism is the phenomenon of a material appear-

ing to be different colors when observed at different polarization angles.) This effect is

illustrated in figure 7.4; when the incident light is polarized along the long crystal axis (0°)

the crystals exhibit a reddish-orange color but when the incident light is polarized along

the short crystal axis (90°) the crystals exhibits a purple color. Pleochroic molecules have
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been established materials used in liquid crystal display technology218 and more recently,

donor-acceptor cocrystals have shown color changes as a function of incident polarization

angle.219 In B2, the pleochroic effect originates from a single molecular system.

B2 has already shown promise as a material for use in photovoltaic and field effect

transistor devices,220,221 and it has also been shown that B2 retains some crystallinity in

blended films.222 To analyze and manipulate the optoelectronic properties of this material,

it is necessary to more fully comprehend the nature of its spectral response. To under-

stand the upper and lower Davydov spectral shapes and how they relate to the underlying

intermolecular interactions, we employ the Holstein-style Hamiltonian of equation (2.1).

We begin by simulating the monomer (solution) spectrum (see figure 7.3) as parameter-

ized from the experimental spectrum. The relevant parameters are ES1
=18 950 cm−1,

~ω
vib = 1400 cm−1, λ2

0 = 0.77, σ0−0 = 260 cm−1 and σ′ = 110 cm−1.

To model the crystal, we considered a one-hundred stack crystallite with ten

molecules per π-stack (i.e. five unit cells along each crystallographic dimension) pa-

rameterized mainly via ab-initio calculations based on planar PDI molecules without the

branched side chains. The side chains are expected to play only a minor role in the system’s

photophysical response. This is confirmed by the similar solution absorption spectra ob-

served across a wide range of perylene derivatives, as noted in reference 88. The main role

of the side chains is in determining the crystalline packing structure. The intermolecular

interactions were evaluated based on a model crystal with molecular positions consistent

with the B2 crystal structure216 after enforcing the approximate C2 symmetry about the

(0.25, b, 0.25)-axis within the unit cell. The Coulombic interactions were evaluated using

TD-DFT calculated atomic transition charge densities.76,118,119 Following the procedure in

reference 90, the calculated transition charge densities were scaled by µexp/µtheory = 9

D/7.2 D so that the calculated transition dipole moment, µexp, reproduced the exper-

imentally measured transition dipole moment µtheory. The calculated couplings were

144



subsequently screened by the optical dielectric constant, ε = 3.126 The electron and hole

transfer integrals (te = 583 cm−1 and th = 765 cm−1) between nearest-neighbor π-stacked

molecules were extracted from DFT calculations of PDI dimers following the methods

outlined in references 115–117. (All other charge transfer integrals were set to zero.)

Since the intermolecular interactions between B2 π-stacks are much weaker than they are

within a π-stack, we restricted all charge-transfer electron/hole pairs to remain within the

same π-stack. Furthermore, all ground state vibrations were restricted to remain within

the same π-stack as the electronic excitations. These basis set approximations reduce the

computational overhead significantly, while still capturing the effects of the long-range

inter stack Coulombic coupling. The vibronic coupling parameters were also calculated

from DFT results, as detailed in reference 86. The only adjustable parameters were the

energies of the charge-transfer states, the nearest-neighbor of which was positioned 1200

cm−1 above its parent Frenkel state (i.e. above E
′
S1

), and the overall solution-to-crystal

red shift, ∆0−0 = 500 cm−1 which was used to align the experimental and simulated A1

peaks. As a reliable value of the nearest-neighbor charge-transfer energy is difficult to

calculate,223 we chose the energy that reproduced the experimental A1/A3 ratio. We found

that the A1/A3 ratio responds directly to the energy difference between the local Frenkel

exciton and the nearest-neighbor charge-transfer exciton (see chapters 3 and 5).97 For the

most part, the states contributing to the A3 peak are dominated by charge-transfer character

and derive oscillator strength from the lower energy Frenkel excitons. Furthermore, the

precise value of the static dielectric constant, εs, was found to have only a small impact on

the calculated absorption spectrum90 and was therefore set so that the energy of an unbound

electron hole pair was 4400 cm−1 above that of a local Frenkel exciton. The charge-transfer

energies are entirely constant with values used to describe similar systems.86,88 Note that

assuming C2 symmetry within the unit cell results in identical nearest-neighbor charge-

transfer energies and integrals for all π-stacks. This assumption allowed us to minimize
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Figure 7.5. Simulated absorption spectrum of crystalline PDI-B2. The calculated crys-
tal spectrum for various polarizations angles in 10° increments assuming excitation normal
to the (301) plane. Compare to figure 7.3. See table A.8 for a complete list of simulation
parameters.

the number of adjustable parameters without significantly altering our main conclusions.

When the asymmetries are taken into account, calculations (see reference215 supplemental

information) predict additional, but much smaller, spectral splittings. Finally, for the crys-

tal simulations, we increased the line width slightly to σ0−0 = 550 cm−1 to account for the

enhanced broadening.

Figure 7.5 shows the calculated crystal spectra as a function of polarization angle, to

be compared with figure 7.3 (see also figure 7.6). The excellent agreement between theory

and experiment with respect to the polarization dependence, the Davydov splitting, the

dichroic ratio of the 0° and 90° spectra, and the finer vibronic features inspires confidence

in the model and its ability to accurately capture the underlying photophysics of this system.

We note that the dichroic ratio of the 0° and 90° spectra is strongly dependent on the crystal

orientation relative to the incident light vector. Simulated spectra at most other orientations

(not shown) result in a dominant upper Davydov component at all polarization angles and a

negligible lower Davydov component. Only when the crystal is oriented such that the 301

or 201 faces are normal or nearly normal to the incident photon source, do our simulations

accurately reproduce the 0° to 90° dichroic ratio.
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Figure 7.6. Polarized absorption spectra of PDI-B2: Theory vs experiment. (top) The
calculated 0° and 90° spectra (solid lines) compared directly to experiment (dotted lines).
(middle) The calculated spectra when charge-transfer interactions are neglected. (bottom)
The calculated spectra when Coulombic interactions are neglected.

7.4 Nature of the Transitions

In order to appreciate the roles that the Coulombic and charge-transfer interactions

play in defining the B2 absorption spectrum, in figure 7.6 we show simulations of the

absorption spectra when either the charge-transfer integrals or Coulombic interactions are

neglected. The corresponding band dispersions along kb are shown in figure 7.7. By

comparing the absorption spectra for the various situations presented in figure 7.6, we find

that both coupling sources contribute significantly to the large Davydov splitting (calculated

to be 1230 cm−1); when only the Coulomb coupling is present, the Davydov splitting is

only 500 cm−1 and when only charge-transfer coupling is present, the Davydov splitting
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is only 910 cm−1. This is in contrast to the oligoacenes, which show a smaller Davydov

splitting, due almost entirely to charge-transfer interactions (see chapter 6 and references

87, 100 ). The difference here is that the S0 → S1 transition dipole moment in PDI is an

order of magnitude larger than that corresponding to the (short-axis polarized) transition in

tetracene or pentacene, which results in much stronger Coulombic coupling.

Figure 7.6 also shows that the influence of the charge-transfer interaction is

strongest in the J-like lower Davydov component of B2; most of the 2000 cm−1 ba-

thochromic shift arises from the coupling between Frenkel and charge-transfer excitons.

Frenkel/charge-transfer mixing is also responsible for the substantial oscillator strength in

the spectral vicinity of the vibronic side bands (A2–A4). Essentially, the higher-energy

charge-transfer band borrows oscillator strength from the Frenkel band (see chapters 3

and 5).97 Figure 7.6 also shows that it is not possible to adequately reproduce the lower

Davydov component using Coulombic coupling alone. In contrast, the upper Davydov

component is entirely H-like and can be reasonably well reproduced when only Coulomb

coupling is considered, suggesting that the spectral signatures of the upper Davydov com-

ponent are driven primarily by Coulombic coupling. The full calculation of the upper

Davydov component captures both the drastic reduction in the first vibronic band (B1)

relative to the second band (B2) and the large blue shift of the main peak (B2). Such J- and

H-behavior is echoed by the lowest energy band curvatures corresponding to the optically

bright Davydov components in figure 7.7. The band corresponding to the lower Davydov

component (figure 7.7, red line) has a positive curvature signifying J-aggregate behavior,

whereas the band corresponding to the upper Davydov component (figure 7.7, purple line),

has a negative curvature signifying H-aggregate behavior. Notably, the curvature and po-

larization ordering of the two Davydov components is the same when only one coupling

source is considered. This indicates that the Coulombic and charge-transfer interactions
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Figure 7.7. Calculated dispersions along kb for PDI-B2. The dispersion curves of the
lowest energy excitons corresponding to (top) the full calculation, (middle) the calculation
when charge-transfer is neglected, and (bottom) the calculation when Coulombic interac-
tions are neglected. There are eight bands per kb due to the eight translationally inequiv-
alent molecules per unit cell. The blue band is optically allowed for excitation polarized
parallel to b while the red band is optically allowed for excitation polarized perpendicular
to b. The dispersion curves correspond to the spectra in figure 7.6.
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induce the same character (H or J) in the two Davydov components, i.e. they reinforce one

another.

Such behavior can be more easily understood within the context of the rigid one-

dimensional model from section 6.4 after accounting for the Coulombic coupling. In this

case, the dispersions from equation (6.5) become

ES (k) =
ECT + ES1

+ 2J (k)

2

−

√

(

ECT − ES1
− 2J (k)

2

)2

+ 2
(
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2

e + t
2
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EAS (k) =
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(7.1b)

where

J (k) =
∑

s

Jn,n+s cos(ks) (7.2)

is the k (= 0, ± 2π/NCell , ..., π) dependent Coulombic coupling and s = ±0.5, ± 1, ...

is the displacement in units of the lattice constant. Assuming nearest neighbor Coulombic

coupling between inequivalent molecules (i.e. Jn,n+s = JCoulδs,±0.5), we can solve equa-

tion (7.1) for a “null” condition, as we did in section 3.2, in which both ES (k) and EAS (k)

are dispersionless (flat) and have the same energy. We find that such dispersionless bands

occur whenever JCoul = J
+
Coul where J

+
Coul is given in equation (3.7). Hence, any curva-

ture induced by the charge-transfer interactions can be reversed by an appropriate choice

of JCoul . Furthermore, the magnitude of the Davydov splitting responds to the interference

between the two coupling sources. This can be most easily appreciated in the perturbative

limit (i.e. when |ECT − ES
′
1
| ≫ |te |, |th |, |JCoul) where the charge-transfer coupling can be
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viewed as an effective nearest-neighbor exciton coupling JCT (see equation (3.14)). Given

this limit and assuming only nearest-neighbor Coulombic coupling between inequivalent

molecules, equation (7.1) can be recast as

ES (k) = ES1
+ ∆CT + 2

(

JCoul + JCT

)

cos(k/2) (7.3a)

EAS (k) = ES1
+ ∆CT − 2

(

JCoul + JCT

)

cos(k/2) (7.3b)

where ∆CT is defined in equation (3.15). Hence, in the perturbative limit, the Davydov

splitting is given by

EDS =
��4 (

JCoul + JCT

) �� (7.4)

and responds to the interference between JCoul and JCT . Whenever JCoul and JCT have the

same sign, as is the case for the nearest neighbor interactions in B2, the couplings reinforce

one another resulting in a large Davydov splitting. However, whenever JCoul and JCT have

opposite signs, the couplings interfere destructively, compromising the magnitude of the

Davydov splitting.

The effects of constructive and destructive interference between the nearest-

neighbor Coulombic and charge-transfer interactions on the absorption spectrum and

band structures are illustrated in figure 7.8. Here, we have reintroduced vibronic coupling

in order to observe the associated vibronic spectral signatures, and set λ2

0 = 1 so that the

ratio of the first two vibronic peaks is unity in uncoupled molecules (see equation (1.2)).

Additionally, we have set te = th = 1400 cm−1 and ECT = 5600 cm−1 so that the effective

charge transfer coupling is given by JCT = −700 cm−1. (Note that this effective coupling is

not quantitatively correct since the charge-transfer interaction is too big to be considered a

perturbation, however we can use it to determine the nature, or sign, of the charge-transfer

coupling, along with the approximate magnitude). In the top panels of figure 7.8 only

charge-transfer interactions between nearest-neighbor inequivalent molecules have been
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considered. As expected based on our discussion in section 6.4 concerning charge-transfer

mediated aggregates, the lower Davydov component exhibits a positive band curvature

and displays J-aggregate spectral signatures while the upper Davydov component has a

negative curvature and displays H-aggregate spectral signatures. The ratio of the first two

vibronic peaks is larger than one (the ratio in the monomer spectrum) for the lower Davy-

dov component and smaller than one for the upper Davydov component. Furthermore, the

main absorption peak is red shifted from the monomer absorption origin (ES1
=20 000

cm−1) in the lower Davydov component and blue shifted in the upper Davydov component.

In the second and third panels of figure 7.8, Coulombic coupling between nearest-

neighbor equivalent molecules has been turned on. In the second panel we set JCoul =

−J
+
Coul = −580 cm−1 so that JCoul interferes constructively with JCT . Such a situation

is consistent with the nature of the B2 crystals analyzed above. Spectroscopically, this

results in both a larger Davydov splitting and more pronounced J- and H-like signatures

for the lower and upper Davydov components compared to the case when JCoul = 0 cm−1;

the vibronic ratios diverge further from unity and the lower (upper) Davydov component

further red (blue) shifts. The corresponding band structures corroborate these spectroscopic

features, most notably with an increase in the magnitude of the curvature. In contrast, for

the third panel we have taken JCoul = J
+
Coul = 580 cm−1 so that the two coupling sources

interfere destructively. In this case, the Davydov splitting nearly vanishes and the vibronic

ratios of both Davydov components approach unity. Furthermore, the band dispersions of

both Davydov components are nearly flat. We note that while equation (7.1) predicts that

the bands should be dispersionless for this set of parameters, equation (7.1) is only rigorous

in the limit of no vibronic coupling (see also the discussion in section 3.3 and figure 3.6).

When the nearest-neighbor couplings between inequivalent molecules interfere de-

structively, interesting situations may arise if the Coulombic coupling between nearest-

neighbor equivalent molecules, denoted by JEquiv = Jn,n+sδs,1, is significant. (For now we
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Figure 7.8. Interference between nearest-neighbor Coulombic and charge-transfer
interactions in a one-dimensional system with two molecules per unit cell. (left) Sim-
ulated absorption spectrum where (top) JCoul = JEquiv =0, (second) JCoul = −580 and
JEquiv =0, (middle) JCoul =580 and JEquiv =0, (fourth) JCoul =580 and JEquiv =500, and

(bottom) JCoul =580 and JEquiv = −500 cm−1. The remaining parameters are ~ω
vib =1400

cm−1, ES1
=20 000 cm−1, ECT =25 600 cm−1, λ2

0 = 1, λ2

± = 0.25, te = th = 1400 cm−1and
∆0−0 = 0. (right) The calculated band dispersions corresponding to the absorption spectra
in the left panel. The one-dimensional model system is shown in figure 7.9. See text for
further discussion.
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Figure 7.9. One-dimensional herringbone model with two molecules per unit cell. The
two-dimensional unit cell is shown in gray. Black arrows depict the transition dipole mo-
ments. The two sub lattices are related by a two-fold screw rotation about the b-axis. This
model is nearly identical to the one presented in figure 6.7 with the important exception
that the Coulombic coupling between both nearest-neighbor equivalent and inequivalent
molecules is now included. These couplings are indicated in the figure. The simulations
corresponding to this model system are shown in figure 7.8.

neglect coupling to further separated molecules as such couplings are expected to decay as

a negative power of intermolecular separation. In reality such couplings will also affect the

dispersions, albeit to a lesser degree.) When JEquiv is considered in the perturbative limit,

equation (7.3) becomes

ES (k) = ES1
+ ∆CT + 2

(

JCoul + JCT

)

cos(k/2) + 2JEquiv cos(k) (7.5a)

EAS (k) = ES1
+ ∆CT − 2

(

JCoul + JCT

)

cos(k/2) + 2JEquiv cos(k) (7.5b)

such that whenever JCoul = −JCT the band dispersions are completely determined by JEquiv.

Interestingly, equation (7.5) predicts that the nearest-neighbor coupling between equivalent

molecules couping terms will induce the same curvature in both Davydov bands. Hence,

the the upper and lower Davydov components can both exhibit J- or H-like behavior at

the same time. This is illustrated in the lower two panels of figure 7.8 for the case when

JEquiv = ±500 cm−1 and JCoul = J
+
Coul . When JEquiv = 500 cm−1, both the upper and

lower Davydov components exhibit H-like absorption signatures. The vibronic ratios are

less than unity (the ratio for the monomer) and the main absorption peaks are blue shifted

relative to the uncoupled molecules. In contrast, when JEquiv = −500 cm−1, both compo-

nents exhibit J-like absorption signatures. The vibronic ratios are greater than unity and the
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Figure 7.10. Dependence of Davydov splitting in PDI-B2 crystals on the interference
between Coulombic and charge-transfer interactions. The solid curves show the calcu-
lated 0° (purple) and 90° (red) spectra after changing the sign of the Coulombic interac-
tions. This changes the constructive interference present in B2 crystals into a destructive
interference. The destructive interference results in a much smaller Davydov splitting than
observed in the constructively interfering case. For comparison, the dashed lines show the
calculated spectra when the correct sign of the Coulombic interactions is used.

main absorption peaks are red shifted relative to the uncoupled molecules. While utility

of such novel systems is not immediately obvious, their uniqueness warrants further study.

Indeed, based on the discussion in chapter 3, such behavior should be able to be engineered

by modifying the crystal structure so that the null condition between nearest-neighbor in-

equivalent molecules is met.

We now return to discuss the nature of B2 in the context of interfering Coulombic

and charge-transfer couplings. Above, we discussed how the large Davydov splitting in

B2 results from both the Coulombic and charge-transfer interactions and appealed to the

simulations in figure 7.6. Indeed, the behavior exhibited in figure 7.6 suggests that the two

coupling sources interfere constructively. This is emphasized in figure 7.10 where we show

the simulated spectra after changing the sign of the Coulombic coupling while leaving all

other parameters unchanged. In effect, this changes the constructive interference into a

destructive and results in a severely compromised Davydov splitting.

Not only does the constructive interference serve to enhance the Davydov splitting

in these PDI crystals, but it should also have a profound impact on the exciton dynamics in
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these systems. In chapter 4 we showed that destructively interfering couplings in TAT re-

sult in a compromised exciton mobility. However, when the TAT molecules were arranged

in a way that facilitated a constructive interference, the exciton regained its mobility and

rapidly moved across the system. Since such a constructive interference exists between π-

stacked molecules in B2 crystals, we predict that these crystals should exhibit large exciton

mobilities along the π-stacking axis. In contrast, the couplings between molecules in dif-

ferent π-stacks are not enhanced by a constructive interference as a result of the vanishing

charge-transfer integrals. Hence we predict that energy transport along the short crystal axis

(perpendicular to the π-stacking axis) should be substantially smaller than energy transport

along the long crystal axis.

7.5 Discussion

In this chapter, we simulated the absorption spectrum of crystalline B2 and obtained

remarkable agreement with experiment. Our investigation into the nature of the upper and

lower Davydov components revealed that the extraordinarily large Davydov splitting is the

result of constructively interfering Coulombic and charge-transfer interactions. When ei-

ther of these sources is neglected, the total Davydov splitting and overall line shape can

not be quantitatively reproduced. Furthermore, we predicted that the constructive interfer-

ence should result in rapid energy transport along the π-stacking axis in B2 crystals. In

contrast, transport perpendicular to the π-stacking axis is not enhanced due to vanishing

charge-transfer integrals.

The natures of the excitons responsible for the upper and lower Davydov compo-

nents have also been a recent topic of discussion regarding the efficiency of singlet fission,

where intermolecular charge-transfer plays a crucial role.176,224 Due to its uniquely large

Davydov splitting, we believe that B2 may provide an ideal system for probing the sin-

glet fission process and in general the elaborate interplay between Coulombic and charge-
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transfer interactions in driving the photophysical response of organic molecular crystals.

Ultimately, such information may allow for an unprecedented level of control in the design

of the next generation of optoelectronic materials.
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CHAPTER 8

SUMMARY AND CONCLUSION

Throughout this dissertation we have explored the nature of the excited states

in molecular aggregates and crystals that are characterized by significant intermolecular

charge-transfer interactions. Our aim has been to develop a deeper understanding of such

materials in order to provide guidance for developing the next generation of materials for

organic electronics. Our main tool for probing the nature of the excited states has been lin-

ear absorption spectroscopy and we developed several absorption spectral signatures. Such

signatures form the basis for rapid screening protocols by with material characteristics can

be determined using straightforward experimental techniques.

The spectral signatures developed in chapters 3 to 5 were uncovered using the

model described by the Holstein-style Hamiltonian in equation (2.1), which considers both

Frenkel and charge-transfer excitons. Although the oscillator strength of the charge-transfer

excitons is negligible, these excitations can have a profound impact on the spectroscopic

response due to strong mixing with the optically bright Frenkel exciton. Such mixing is

facilitated by the electron and hole dissociation integrals, which are approximately equal to

the charge-transfer integrals te and th. The model also considers the nuclear reorganization

that occurs when a molecule is excited to either a Frenkel or ionic state. This is achieved

via the linear vibronic coupling term in equation (2.1). Such coupling gives rise to vibronic

spectral signatures that are robust in diagnosing J- and H-aggregate behavior, as defined by

the curvature of the band containing the excited state.

Chapter 3 was devoted to analyzing the spectroscopic signatures of Frenkel/charge-

transfer mixing using a simplified version of equation (2.1). We analyzed the absorption

spectrum of a one-dimensional π-stack when only nearest-neighbor charge-transfer states

were considered. In section 3.2 we showed that charge-transfer mediated aggregates (i.e.
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aggregates in which the Coulombic coupling is negligible compared to the charge-transfer

coupling) can exhibit either J- or H-aggregate behavior depending on the relative sign

of te and th along with the relative energy of the Frenkel and charge-transfer excitons.

Assuming |ECT > ES1
− ∆0−0 |, the exciton band retaining the majority of the oscillator

strength will have a positive curvature (J-like) whenever te and th are in phase and a neg-

ative curvature (H-like) whenever te and th are out of phase. In the perturbative regime

(|ECT | ≫ |ES1
− ∆0−0 |) such dispersions are accompanied by spectral signatures nearly

identical to those of Coulombically coupled aggregates: charge-transfer J-aggregates ex-

hibit both a red shifted absorption maximum and an increased A1/A2 ratio relative to the

0−0/0−1 ratio of the monomer, whereas charge-transfer H-aggregates exhibit a decreased

A1/A2 and a red shifted absorption maximum. The overall red shift in charge-transfer

H-aggregates represents the only departure from the spectral signatures associated with

Coulombically coupled J- and H-aggregates and arises due to the self interaction described

by equation (3.15).

In the resonance regime (when ECT ≈ ES1
−∆0−0), further spectroscopic signatures

of Frenkel/charge-transfer mixing appear. In charge-transfer mediated J-aggregates (when

te and th are in phase) a second absorption band with vibronic structure appears. In

rigid aggregates, the energy separating the two absorption bands is given by 2
√

2|te + th |,

a value that remains valid even in the presence of vibronic coupling. Furthermore, the

vibronic signatures of the lower and upper absorption bands are identical to those of J- and

H-aggregates respectively. On the other hand, for charge-transfer mediated H-aggregates

in the resonance regime (when te and th are out of phase), only a single absorption band

is observed and the vibronic signatures are consistent with H-aggregation.

In section 3.3, we showed that when both Coulombic and charge-transfer interac-

tions are present, the H- or J-aggregate nature of the system is determined by an interfer-

ence between the two coupling sources. In the perturbative regime, the charge-transfer
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interactions can be treated as an effective charge-transfer mediated coupling, JCT (see

equation (3.14)), the sign of which is determined by the product teth and the sign of

ECT − ES1
+ ∆0−0. Assuming ECT > ES1

− ∆0−0, JCT induces J-aggregate behavior when-

ever teth > 0 and H-aggregate behavior whenever teth < 0. The total exciton coupling,

Je f f , is given by the sum of JCoul and JCT (see equation (3.16)) and is thus determined

by the interference between them. When JCT and JCoul have the same sign, they inter-

fere constructively leading to a large exciton band width and enhanced H- or J-aggregate

photophysical properties. However, when JCT and JCoul have opposite signs, they inter-

fere destructively resulting in compromised exciton band widths and spectral features more

closely resembling those of the isolated molecule. If JCT and JCoul are perfectly out of

phase (i.e. equal in magnitude and opposite in sign), a dispersionless (flat) exciton band

results. The interference between the Coulombic and charge-transfer couplings leads to

new types of aggregates, namely HH- and JJ-aggregates with enhanced H- and J- like spec-

troscopic properties, and HJ- and JH-aggregates with spectroscopic properties resembling

the unaggregated molecules.

In section 3.4 we discuss how such HH-, HJ-, JH-, and JJ- aggregates might be

realized, with respect to the crystalline packing structure. Using ethylene and perylene as

examples, we showed that changes in the nature of the Coulombic coupling can be real-

ized by longitudinal packing displacements on the order of half a molecular length while

changes in the nature of the charge-transfer coupling can be realized by longitudinal pack-

ing displacements on the order of a carbon-carbon bond length. The heightened sensitivity

of the charge-transfer interaction to longitudinal and transverse displacements is due to the

dependence of the charge-transfer integrals on the nodal patterns of the frontier molecular

orbitals and allows for the Coulombic and charge-transfer interactions to be tuned almost

independently of one another. As such, we proposed that packing modifications (e.g. due

to side-chain modification) could be used to tune the electronic properties of crystalline or-

160



ganic materials. In this regard, we concluded chapter 3 by analyzing the H- to J-aggregate

transformations observed in certain perylene derivatives. We found that the packing ar-

rangement of the H- and J-aggregate forms likely differs by a long-axis displacement of

only 1.5 Å. Such a displacement is enough to dramatically change the charge-transfer in-

teraction, and thus the H- or J-aggregate nature of the system.

In chapter 4 we made further applications of the results presented in chapter 3 by

modeling exciton dynamics in π-stacked TAT HJ-aggregates. We found that in the experi-

mental packing geometry of TAT, the rate of exciton transfer within the π-stack is severely

hindered due to the destructive interference between JCT and JCoul . However, slipping

nearest neighbor molecules by approximately 0.5 Å along either the short or long molecu-

lar axes changes the sign of JCT (i.e. changes the HJ-aggregate into a HH-aggregate) and

the exciton regains is mobility. Importantly, the HH- and HJ-aggregates are accompanied

by vibronic absorption spectral signatures that can be used as a diagnostic tool to screen

organic materials for high exciton mobility. Namely, high mobility aggregates are charac-

terized by an A1/A2 vibronic ratio that differs substantially from that of the monomer.

In chapter 5 we expanded on the analysis presented in chapter 3 to account for ex-

tended charge-transfer states. This was motivated, in part, by a series of self-assembling

perylene monoimide systems that have been used as photosensitizers in artificial photosyn-

thetic systems. The perylene monoimide supramolecular structures form in an aqueous salt

solution, which acts to screen the Coulomb attraction between electron and hole and results

in large radii charge-transfer states. By analyzing a simplified, one-dimensional version of

equation (2.1), we uncovered several additional signatures of Frenkel/charge-transfer mix-

ing beyond those presented in chapter 3. For example, we found that for charge-transfer

J-aggregates, the asymmetry of the double humped absorption spectrum gives informa-

tion about the relative energies of the optically allowed (k = 0) Frenkel exciton and the

charge-transfer band of states. When the asymmetry is skewed to the blue the diabatic
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charge-transfer band lies below the optically allowed Frenkel exciton while the opposite

is true when the asymmetry is skewed to the red. Furthermore, the intensity in the region

between the two main absorption peaks gives information about the ability of the exciton

to split into free charges; significant inter band intensity signifies that the Frenkel exciton

is able to mix with the entire band of charge-transfer states, giving rise to charge-transfer

excitons with large electron-hole radii. We show that systems exhibiting such properties

should act as good photosensitizing agents as they are able to readily supply electrons to

catalytic sites. Finally, we found that that in the limit of a high dielectric constant and

strong Frenkel/charge-transfer mixing, as appropriate for the perylene monoimide systems

of interest, the splitting between the two bands increases to 4|te + th |. Hence, even in the

presence of large-radius charge-transfer excitations, the sum of te and th can be approxi-

mated directly from the absorption spectrum.

At the end of chapter 5, we applied our model to explain why two seeming similar

PMI derivatives display different photosensitizing abilities. We found that a lower value of

|ECT − E
′
S1
| in PMI-L5 results in more efficient exciton dissociation than in PMI-L1 where

|ECT − E
′
S1
| is larger. After dissociation, the electron is free to proceed to the H2 evolving

catalytic site due to the environmentally screened Coulomb attraction. Our predictions of

the relative H2 evolution rates between the two PMI systems were in qualitative agreement

with experiment. Furthermore, we showed that the relative H2 evolution rates can be

correlated to the absorption spectral signatures developed using the simple one-dimensional

model. Overall, the spectral signatures developed in chapter 5 should be useful to screen

materials for effective photosensitizers in artificial photosynthetic systems.

In chapters 6 and 7 we used the insight developed using the simple one-dimensional

models in chapters 3 and 5 to understand the photophysics of more complex, multi-

dimensional systems. In chapter 6 we analyzed the polarized spectra of pentacene while

in chapter 7 we analyzed the polarized spectra of a perylene derivative, PDI-B2. In both
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cases, we were able to quantitatively reproduced the polarized absorption spectrum, after

which we probed the nature of the absorbing states.

In chapter 6 we showed that pentacene can be considered a charge-transfer aggre-

gate due to the small, short axis polarized transition dipole moments which lead to negli-

gible Coulombic coupling. Even though the Coulombic coupling interferes destructively

with the charge-transfer coupling, it is of little consequence due to its small magnitude.

Hence, in pentacene, the Davydov splitting is driven mainly by charge-transfer interactions,

resulting in a significant charge-transfer contribution (45%) to the lowest energy exciton.

The exciton responsible for the absorption origin of the upper Davydov component has

a much weaker charge-transfer contribution (15%). Our calculations also reproduced the

experimentally determined exciton band structures of crystalline pentacene. Importantly,

we found that the curvature of the exciton responsible for the lower Davydov component

is positive, while that of the exciton responsible for the upper Davydov component is neg-

ative. Hence, the lower Davydov component behaves photophysically like a J-aggregate

while the upper Davydov component behaves photophysically like an H-aggregate. Such

J- and H-aggregate behavior is manifest in the vibronic ratios of the two Davydov compo-

nents.

Whereas pentacene is dominated by charge-transfer interactions, we found that the

the PDI-B2 systems in chapter 7 are characterized by constructively interfering Coulombic

and charge-transfer interactions of similar magnitudes. The two coupling sources con-

spire to create the extraordinarily large Davydov splitting (1230 cm−1) and even larger

maximum-to-maximum peak spacing of the two Davydov components (3040 cm−1). As

was the case in pentacene, the band dispersions of the upper and lower Davydov com-

ponents, along with their vibronic signatures, are characteristic of H- and J-aggregation,

respectively. However, we also showed that such behavior is not always guaranteed; if

the Coulombic and charge-transfer interactions between nearest-neighbor inequivalent
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molecules interfere destructively, the band curvatures of the upper and lower Davydov

components are dictated by the Coulombic coupling between nearest neighbor translation-

ally equivalent molecules. Importantly, interactions between equivalent molecules induce

the same curvature in both bands so that it is possible for the upper and lower Davydov

components to display H- or J-aggregate behavior at the same time.

The research presented in this dissertation demonstrates the success of the model

described in chapter 2 at describing the photophysics of molecular aggregates and crys-

tals that exhibit significant levels of intermolecular charge-transfer. Analysis of the model

reveals photophysical signatures that facilitate rapid appreciation of the nature of the inter-

molecular interactions in such systems. Overall, the work presented here, along with other

works completed during my doctoral studies,96,225–229 should benefit the organic electron-

ics community as it strives to develop novel materials for electronics applications.
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APPENDIX

SIMULATION PARAMETERS

This appendix contains the parameter sets used to model the experimentally ob-

served absorption spectra of the various aggregates and crystals contained in chapters 3

to 7. Parameters not listed in the following tables were set to zero. Furthermore, all dis-

tances are in units of nearest-neighbor intermolecular separation and the Coulombic cou-

plings listed are the raw, unscreened values. All energies are in units of cm−1. For the

monomer simulations, the gas-to-crystal shifts were set to ∆0−0 = 0.
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Parameter Value Parameter Value

ES1
19400 ∆0−0 500

~ω
vib 1400 ECT 18900

te 606 th 1248
JCoul 645 λ

2

0 0.7
λ

2

+ 0.35 λ
2

− 0.35
ε 3 σ

0−0 800
N 10 Basis Two-Particle

Table A.1. Parameters for the slip-stacked J-aggregate form of PDI in Chapter 3.
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Parameter Value Parameter Value

ES1
19400 ∆0−0 500

~ω
vib 1400 ECT 18900

te 347 th -20
JCoul 1005 λ

2

0 0.7
λ

2

+ 0.35 λ
2

− 0.35
ε 3 σ

0−0 400
N 10 Basis Two-Particle

Table A.2. Parameters for the slip-stacked H-aggregate form of PDI in Chapter 3.
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Parameter Value Parameter Value

ES1
19400 ∆0−0 500

~ω
vib 1400 ECT 18900

te 0 th 0
JCoul 1011 λ

2

0 0.7
λ

2

+ 0.35 λ
2

− 0.35
ε 3 σ

0−0 400
N 10 Basis Two-Particle

Table A.3. Parameters for the Twisted H-aggregate form of PDI in Chapter 3.
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Parameter Value Parameter Value

ES1
18480 ∆0−0 1230

~ω
vib 1200 ECT (Rs=1) 18459

te (HJ) 435 te (HH) -435
th 402 Jn,n+1 1284
Jn,n+2 333 Jn,n+3 138
Jn,n+4 69 Jn,n+5 36
Jn,n+6 21 Jn,n+7 15
Jn,n+8 9 Jn,n+9 6
λ

2

0 1.2 λ
2

+ 0.5
λ

2

− 0.5 ε 4
εs 7.9 σ

0−0 350
σ
′ 100 N (figure 4.4) 10

N (figure 4.3) 20 Basis Two-Particle

Table A.4. Parameters for the TAT Simulations in Chapter 4.

189



Parameter Value Parameter Value

ES1
19475 ∆0−0 800

~ω
vib 1225 ECT (Rs=1) 20275

te 625 th 625
JCoul 1100 λ

2

0 1.15
λ

2

+ 0.19 λ
2

− 0.24
εs ∞ σ

0−0 600
N 50 Basis Three-Particle

Table A.5. Parameters for the PMI-L1 simulations in Chapter 5.
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Parameter Value Parameter Value

ES1
19475 ∆0−0 1100

~ω
vib 1225 ECT (Rs=1) 19975

te 625 th 625
JCoul 600 λ

2

0 1.15
λ

2

+ 0.19 λ
2

− 0.24
εs ∞ σ

0−0 600
N 50 Basis Three-Particle

Table A.6. Parameters for the PMI-L5 simulations in Chapter 5.
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Parameter Value Parameter Value

ES1
17190 ∆0−0 250

~ω
vib 1380 ECT (Rs=±(0.5,±0.5,0)) 18458

ECT (Rs=±(0,±1,0)) 19661 ECT (Rs=±(1,±0,0)) 20273
te(s = ±(0.5,0.5,0)) -791 te(s = ±(0.5,−0.5,0)) 808
te(s = ±(0,1,0)) -472 te(s = ±(1,0,0)) -12
th(s = ±(0.5,0.5,0)) -835 th(s = ±(0.5,−0.5,0)) 507
th(s = ±(0,1,0)) -376 th(s = ±(1,0,0)) -4
Jn,n+(0.5,0.5,0) 90 Jn,n+(0.5,1.5,0) -56
Jn,n+(0.5,2.5,0) -18 Jn,n+(1.5,0.5,0) 30
Jn,n+(1.5,1.5,0) 2 Jn,n+(1.5,2.5,0) -4
Jn,n+(2.5,0.5,0) 8 Jn,n+(2.5,1.5,0) 3
Jn,n+(2.5,2.5,0) 0 Jn,n+(0.5,−0.5,0) 92
Jn,n+(0.5,−1.5,0) -72 Jn,n+(0.5,−2.5,0) -22
Jn,n+(1.5,−0.5,0) 34 Jn,n+(1.5,−1.5,0) 1
Jn,n+(1.5,−2.5,0) -6 Jn,n+(2.5,−0.5,0) 9
Jn,n+(2.5,−1.5,0) 4 Jn,n+(2.5,−2.5,0) 0
Jn,n+(0,1,0) -221 Jn,n+(0,2,0) -34
Jn,n+(1,0,0) 63 Jn,n+(1,1,0) -57
Jn,n+(1,2,0) -26 Jn,n+(2,0,0) 8
Jn,n+(2,1,0) -5 Jn,n+(2,2,0) -7
Jn,n+(1,−1,0) 53 Jn,n+(1,−2,0) 4
Jn,n+(2,−1,0) 14 Jn,n+(2,−2,0) 7
λ

2

0 1.1 λ
2

+ 0.29
λ

2

− 0.39 ε 3.5
εs 4.6 σ

0−0 214
σ
′ 140 NCell,a 20

NCell,b 20 Basis Two-Particle

Table A.7. Parameters for the pentacene simulations in Chapter 6.
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Parameter Value Parameter Value

ES1
18950 ∆0−0 500

~ω
vib 1400 ECT (Rs=1) 19650

te(s = ±(0,0.5,0)) 583 th(s = ±(0,0.5,0)) 765
Jn,n+(0,0.5,0) -742 Jn,n+(0,1,0) 391
Jn,n+(0,1.5,0) -88 Jn,n+(0,2,0) 75
Jn,n+(0.5,0.5,0) 80 Jn,n+(0.5,1,0) 4
Jn,n+(0.5,1.5,0) -1 Jn,n+(0.5,2,0) 15
Jn,n+(1,0.5,0) 6 Jn,n+(1,1,0) -11
Jn,n+(1,1.5,0) 2 Jn,n+(1,2,0) 6
Jn,n+(1.5,0.5,0) -1 Jn,n+(1.5,1,0) -2
Jn,n+(1.5,1.5,0) 0 Jn,n+(1.5,2,0) -3
Jn,n+(2,0.5,0) 1 Jn,n+(2,1,0) -2
Jn,n+(2,1.5,0) 1 Jn,n+(2,2,0) 0
Jn,n+(0,0.5,0.5) -193 Jn,n+(0,1,0.5) 48
Jn,n+(0,1.5,0.5) -46 Jn,n+(0,2,0.5) 22
Jn,n+(0,0.5,1) -31 Jn,n+(0,1,1) 34
Jn,n+(0,1.5,1) -26 Jn,n+(0,2,1) 18
Jn,n+(0,0.5,1.5) -9 Jn,n+(0,1,1.5) 9
Jn,n+(0,1.5,1.5) -8 Jn,n+(0,2,1.5) 9
Jn,n+(0,0.5,2) -4 Jn,n+(0,1,2) -3
Jn,n+(0,1.5,2) -4 Jn,n+(0,2,2) 1
λ

2

0 0.77 λ
2

+ 0.29
λ

2

− 0.57 ε 3
εs 10
σ

0−0 (solution) 260 σ
′ 110

σ
0−0 (crystal) 550 NCell,a 5

NCell,b 5 NCell,c 5
Basis Three-Particle

Table A.8. Parameters for the PDI-B2 simulations in Chapter 7.
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