NORTHWESTERN UNIVERSITY

The Nature of the Excimer and Exciton States in Self-Assembled Organic Chromophore Systems

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Chemistry

By

Michele Soon Myong

EVANSTON, ILLINOIS

December 2021



ABSTRACT
The Nature of the Excimer and Exciton States in Self-Assembled Organic Chromophore Systems
Michele S. Myong

Creating sustainable and clean sources of energy is an outstanding problem of importance
for the current generation of scientists to solve. Organic photovoltaics (OPVs) are a promising
renewable energy source but require improvements to their architectures and better fundamental
understanding of the effects of organic chromophore morphology on the resulting photophysical
properties. To address these questions, we constructed chromophore assemblies and probed their
photophysics with optical spectroscopies.

Self-assembly is an effective tool to create ordered systems through simple synthetic
methods. Using anodic aluminum oxide (AAO) membranes, we built ordered assemblies of
various organic chromophores that are relevant to light harvesting. These nanoscale architectures
represent the mesoscale region between the solution and solid-state phases, providing an exciting
opportunity to elucidate the behavior of the exciton and excimer states in these systems. We
extended our studies of the exciton to the solid-state, using cocrystallization strategies to
investigate the differential exciton diffusion processes between electronically similar cocrystals.

In PDI assemblies on AAO with different degrees of disorder, we demonstrate that the
solvent environment can still modulate the excimer dynamics, even when the molecules are very
strongly coupled to another through n-stacking interactions. The kinetics of excimer formation,
relaxation, and decay are also influenced by the degree of disorder in the self-assembled
chromophore system. BPEAs can be ordered in assemblies on AAO as well, and pump power
dependent transient absorption studies reveal that the excimer state is diffusive. This challenges

the assumption that the excimer is immobile because of its lower energy as a trap state and extends
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the examples of a diffusive excimer exciton to supramolecular systems. The nature of the charge
transfer exciton is probed in two electronically similar cocrystals composed of PDI and pyrene that
have markedly different packing structures. In the final study, we outline the challenges and
possibilities associated with probing exciton coherence lengths in a series of AAO assemblies with
well characterized photophysical behavior.

These studies further our understanding of the exciton and excimer in ordered organic
chromophore systems and offer future pathways to create organic materials with desirable

energetics for energy conversion.
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Chapter 1.

Introduction
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1.1 MOTIVATION
A significant global development is the rising world energy consumption, which is projected
to increase steadily from present day to 2040.! The development of renewable energy sources has
the potential to meet these energy demands in an environmentally responsible manner and decrease
the use of fossil fuels, which has led to unprecedented climate change. One renewable energy
source is solar energy, which is captured and converted into chemical energy during
photosynthesis. Efforts to understand the process of photosynthesis has led to the design of
synthetic molecular systems that mimic the chromophore assemblies found in photosynthetic
organisms and also convert light into chemical energy, part of the field of artificial photosynthesis.>
Organic photovoltaic (OPV) devices are a potential renewable energy source, which produce
electrical energy through the absorption of a photon by a semiconductor material.> Compared to
the widely used Si photovoltaic solar cells, OPVs offer several advantages since they are flexible,
lightweight, and composed of earth-abundant materials. Despite these advantages, OPVs have a
lower power conversion efficiency than their inorganic counterparts, due in part to nanoscale
morphology of the organic chromophores. Therefore, understanding the effects of chromophore
morphology on the photophysical properties is essential to improving OPV performance. In the
sections below, we discuss concepts relevant to understanding light-matter interactions of organic
chromophores in self-assembled nanostructures.

1.2 PHOTOPHYSICAL BEHAVIOR OF CHROMOPHORE ASSEMBLIES

The light harvesting complexes in photosynthetic organisms are composed of many
chromophores that store and transfer energy in their excited electronic states until it is delivered to
a reaction center.*’ These chromophore sites concentrate excitation energy, and this coherently

delocalized excitation is known as an exciton, which has a distinct spectroscopic signature. Frenkel
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excitons are strongly bound electron-hole pairs that are often found in organic materials and are
formed when a photoactive material is excited, promoting an electron from the highest occupied
molecular orbital (HOMO) to the lowest occupied molecular orbital (LUMO).

Excitons in molecular aggregates

The key light harvesting complex, LHCII, binds several chlorophylls that share a
coherently delocalized excitation and the transfer of this energy occurs through resonant energy
transfer.® The exciton in photosynthetic systems are fairly localized, with a delocalization length
of two to four chromophores.® The exciton model was first used by Davydov to explain excitations
in the solid state, particularly in molecular crystals.’® Kasha expanded this model to molecular
systems, which has also been applied to describing interchromophore interactions in
photosynthetic systems.11-12

In multichromophore photosynthetic systems, the Frenkel exciton model assumes a weak
coulombic interaction between chromophores compared to the forces that define the electronic
structure of the individual molecules.'® Therefore, the exciton eigenstate in a molecular system
with an excitation delocalized over several molecules is well described by a linear combination of
the individual chromophore eigenfunctions. This delocalization manifests as new bands in the
absorption spectra and different photophysical response related to energy transfer.

Spano and coworkers laid out a theoretical framework to understanding the photophysical
behavior of molecular aggregates that include rylene dyes, since this class of molecules can form
both H and J-aggregates.'* Kasha defined H-aggregates as molecular dimers that are cofacially
stacked and whose absorption maximum is blue-shifted; J-aggregates are “head-to-tail” stacked
with a red-shifted absorption maximum. Building on Kasha’s model that assumes only long-range

Coulomb coupling, Spano et al. consider short-range coupling comparable to Coulomb coupling
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in m-stacked systems where wavefunction overlap is significant. In certain systems, Frenkel/CT
mixing can lead to H or J-aggregate behavior when Coulomb coupling is absent. On the other
hand, Coulombic and CT interactions are both present in certain systems such as 7,8,15,16-
tetraazaterrylene (TAT) nanopillars.®®

Gregg and Kose observed a reversible transition from H to J-aggregates in a
perylenediimide liquid crystal and associated the H-form with primarily Frenkel exciton
contribution and the J-form with mixed Frenkel/CT excitons.*® Frenkel/CT exciton mixing is
also important in explaining the Davydov splitting in oligoacenes.'® Therefore, controlling the
degree of mixing between the CT and Frenkel excitons determines the excitonic coupling and
transport.

Excimer trap state

When incorporated into a supramolecular assembly, conjugated aromatic molecules often
exhibit strong electronic coupling to one another through intermolecular n-m interactions. This
coupling can lead to trapping of localized Frenkel excitons in sites where the sum of the
stabilization energies exceeds the repulsion energy of the (M + M*) state.!® The excimer state is
destabilized by repulsion energy Er and at the same time, is stabilized by delocalization of the
excited state over the two molecules.?’ The energy level splits into two states due to the exciton
interaction energy ES*¢. The charge transfer interaction also stabilizes the excimer state in addition
to the exciton interaction, and its stabilization energy EST contributes to the binding energy Ey of
the excimer:

Ep = EE° + EST — Eg Eqg. 1
The excimer state has been studied by Brown et al. in a series of PDI dimers (Figure 1.1)

to explore how interchromophore electronic coupling affects PDI excimer dynamics.? In the near-
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infrared (NIR) femtosecond transient absorption spectra of the excimer-forming PDI dimers, an
absorption band on the red edge of the NIR window is observed. Katoh et al. observed a similar
feature, which they assigned to the transition from the Frenkel state *(MM) to a higher energy CT
state (M*M").1% 2! Kinetics of the PDI dimer 4 in Figure 1.1 show that the excimer state decays in
2.5 ns, which is much shorter than that of dimers 2 and 3. Generally, short excimer decay times
are associated with small n-stacking distances, likely due to large vibrational interactions between

the bound PDI monomers.?2
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Figure 1.1. Left: Energy level diagram depicting relative excimer energies of molecules 1-4. Right:
Structure of PDI and PDI dimers studied using near-infrared transient absorption spectroscopy.
Reprinted with permission from J. Phys. Chem. Lett. 2014, 15, 2588-2593. Copyright 2014, American
Chemical Society.

The excimer state is classically defined as a superposition of the wavefunctions of the
Frenkel exciton states |[M1*M2> and |[M1M2*> of each molecule in the excimer, and charge transfer
(resonance) states [M1*"M2> and [M1"M2*>:

[EX> = a(M1*Mz> + [MiM2*>) + B(M1"M2™> + [M1'M2">) Eq. 2
a and B are the relative contributions of the local excited state and charge transfer states. These

coefficients can be modified by changes in dielectric environment or interchromophore distance.??
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Additionally, the excimer is one of the products that results from dephasing of the coherent
superposition of three diabatic states. The local excited singlet exciton [}(S1So0)>, charge transfer
|ICT>, and triplet pair |*(T1T1)> states mix and represent an admixture that changes in composition
over time.2* Excimer-like states can mediate singlet fission (SF) as well as charge separation (CS)
when it is coupled to a correlated triplet in singlet fission or loses its contribution from the local
excited singlet exciton state. Therefore, the possibility of directing the conversion between
excimers, singlet fission, and symmetry-breaking charge transfer for applications in OPVs is an
exciting research target.
1.3 SELF-ASSEMBLY
The process of self-assembly transforms a disordered system into an ordered structure through
local interactions of its components, offering an effective bottom-up approach to access a range of
nanoscale architectures. Assemblies of organic chromophores have been formed by exploiting 7t-
n interactions, hydrogen bonding,>>?’ incompatible solvent interactions,?*?° and pH
environment.® In this work, the interacting units are molecules that form organized patterns of
molecules upon incorporation into nanostructures or through crystallization. This allows us to
explore the light-matter interactions of nanoscale assemblies whose external environment can be
modulated and has significant effects on its photophysical properties.
Anodic aluminum oxide (AAO) membranes
Supramolecular self-assembly can be facilitated by using nanotemplates with high porosity
that are also used for nanofiltration, separation, and storage.®! In particular, anodic aluminum oxide
(AAO) membranes have been used to graft polymers,? build heterostructures of chiral nanoscale
channels,®® and constrain self-assembled monolayers of alkylphosphonates to molecular order in

the films.3* The pores in AAO membrane are formed through a simple electrochemical oxidation
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process, resulting in self-organized cylindrical structures (Figure 1.1). AAO membranes with
various pore lengths, diameters, and interpore distances can be fabricated by controlling the
anodization process and this tunability makes the AAO membranes attractive candidates for

building heterostructures with a variety of applications.

e Barrier Layer

Figure 1.2. (a) Depiction of AAO membrane showing the nanoporous alumina and barrier layers
on an aluminum substrate. (b) Scanning electron microscope image of the porous AAO surface.
Adapted from InRedox website, 2021, retrieved from https://www.inredox.com/technology/anodic-
aluminum-oxide. Copyright 2017, InRedox LLC.

The tunability of the AAO pore size has led to studies regarding the effects of
nanoconfinement on the aggregation of organic semiconductors. A series of nanoconfined planar
molecules exhibited size dependent H- or J-aggregation, which manifested as changes in the
relative ratio of the A%? and A% vibronic peaks.®® This study demonstrates that the AAO
nanostructure can impact the orientation of molecular aggregates and their optical properties.
Previously, we controlled the orientation of spin-correlated radical pairs (SCRPs) by covalently
linking the molecules to AAO pore walls.®® The linear donor-chromophore-acceptor (D-C-A)

molecule was photoexcited in a 343 mT magnetic field to yield a radical ion pair that undergoes

intersystem crossing, resulting in spin-polarized time-resolved electron paramagnetic resonance
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(EPR). The orientation of the SCRPs with respect to the AAO pore walls was determined through
the dependence of the electron spin polarization phase of the spectra relative to the applied
magnetic field.

Building on our previous work aligning SCRPs on AAO membranes, we applied the
method of covalently attaching organic molecules to the native oxide surface of the AAO pore
walls. Namely, by attaching a triethoxy silyl group or silatrane linker to an organic chromophore,
we were able to react the hydroxyl groups on the AAO surface with the linker groups to create
assemblies of organic chromophores on AAQO. These organic-inorganic hybrid nanostructures
represent the mesoscopic region between the solution phase and solid state, creating a synthetic
route to explore light-matter interactions on the mesoscale.

Donor-acceptor cocrystals

The assembly of two components into an ordered supramolecular structure can be achieved
through noncovalent interactions, including charge-transfer (CT) interactions between donor and
acceptor molecules.®” These donor-acceptor (D-A) cocrystals display properties that are greater
than the sum of the physicochemical properties of its individual donor and acceptor components. 3%
40 Strong CT interactions drive cocrystal self-assembly, often leading to one-dimensional (1D)
supramolecular structures or 1D CT exciton migration.*-42

Changes in the cocrystal morphology results in markedly different luminescent properties,
which demonstrates that the photophysical characteristics are determined by their molecular
packing modes and supramolecular interactions.****6 Supramolecular interactions in D-A
cocrystals can include n-m interactions, halogen bonding interactions, and charge transfer (CT)
interactions. A family of three organic cocrystals composed of a cyanostilbene derivative (BPPa)

donor and a diiodo-tetrafluorobenzene (21), triiodo-trifluorobenzene (31), or 1,2,4,5-
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tetracyanobenzene (TCNB) acceptor were synthesized. Each of the three cocrystals exhibited a
different degree of CT interaction strength based on the intermolecular packing, which impacted
the fluorescence lifetimes and led to multicolor emission from the cocrystals. As the strength of
the m-m interactions in the cocrystals increased, the strength of CT transitions in the steady state
absorption spectra increased and the wavelength of emission red-shifted.* Therefore, the type and
strength of supramolecular interactions in cocrystals with similar constituent donor and acceptor
molecules directly impact their photophysical properties.

The optical properties of cocrystals can also directly be attributed to the different properties of
the donor (D) and acceptor (A). Examination of the crystal structure of four D-A cocrystals, with
a distyrylbenzene (DSB) type donor and dicyanodistyrylbenzene (DCS) type acceptor, showed
they were isomorphic/quasi-isostructural crystals in the m-stack direction. Due to their quasi-
isostructural nature, the complex effects of morphology on the photophysics were reduced and the
differences in the CT emission could be attributed to electronic differences between the DSB donor
and DCS acceptor derivatives. Some structural differences such as the decreased D-A distance in
the cocrystal due to the increased CT strength remained, though the effect of the electronic
structure on the photophysics was evident in that the lifetimes of the two decay components of the
time-resolved emission spectra increased as the CT strength decreased in the cocrystals. The
differences in the photoluminescence quantum yields (0.83, 0.69, 0.63, and 0.31 as the emission
color goes from green to red) between the four cocrystals were attributed to the differences in the
rates of non-radiative decay and the small but nonzero calculated oscillator strengths of the
cocrystals.*” This study highlights the importance of electronic structure on the physical properties

of cocrystals as well as the difficulty of decoupling morphological from electronic effects.
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Rylene dyes have been incorporated into a series of four, 1D mixed-stack D-A cocrystals, with
pyrene and perylene donors and perylenediimide (PDI) derivative as the acceptor.*® Perylene has
also been incorporated into a family of perylene-TCNQ cocrystals with different stoichiometric
ratios of the donor and acceptor.*® Further exploration of the morphology of rylenes incorporated
into D-A cocrystals could increase our understanding of how molecular orientation affects
photophysics in the solid state.
1.4 OUTLINE

The following chapters document our work using anodic aluminum oxide (AAO)
membranes and cocrystal self-assembly methods to create ordered assemblies of organic
chromophores that undergo different photophysical processes upon interacting with light. The
nature of the excimer and exciton states are probed using time-resolved and steady state optical
spectroscopies.

In Chapter 2, two perylene-3,4:9,10-bis(dicarboximide) (PDI)-based electron acceptor
derivatives are incorporated into AAO membranes, which results in the creation of two self-
assembled organic chromophore systems with different degrees of disorder. In one system, the
PDI molecule has an n-propyl silatrane attached to one of its imide nitrogens, while a 12-tricosanyl
group is attached to the other imide nitrogen. The silatrane reacts with the AAO surface to
covalently bind the PDI. The other PDI has 12-tricosanyl groups on both imide nitrogens, which
intercalate with n-octadecylsilane chains covalently bound to an AAO membrane. Steady-state and
time-resolved measurements reveal that the PDI molecules are strongly associated with one
another, resulting in enhancement of the 0-1/0-0 vibronic band ratio in the absorption spectra and
broadened, red-shifted emission. Both PDI derivatives form excimers within a few picoseconds

upon photoexcitation with and without solvent in the AAO membrane pores, which display
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increasing charge transfer character with increasing solvent polarity. The results presented here
show how to tune the intermolecular interactions of PDI and related rylene dyes attached to walls
of the AAQ pores to understand the intermediate regime between solution and the solid state.

In Chapter 3, we model a photosynthetic light harvesting system and study the energy
transfer within a supramolecular assembly of 9,10-bis(phenylethynyl)anthracene (BPEA)
chromophores. Excimers usually serve as low energy trap sites in supramolecular chromophore
assemblies; however, if the trap is not too deep, excimers may diffuse throughout the structure,
making it possible to delivery excitation energy to distant sites. To investigate this phenomenon,
an asymmetric BPEA molecule was synthesized using Sonogashira coupling, with one end of the
molecule containing a triethoxysilyl group that can covalently bind to the pore walls of the AAO
and form a supramolecular assembly of 9,10-bis(phenylethynyl)anthracene (BPEA)
chromophores. The BPEA molecules self-associate and form excimers upon photoexcitation.
Excimer formation in the BPEA assemblies on the AAO membranes is a multi-step process and
involves intermolecular structural reorganization between the chromophores. Describing the
system using exciton theory reveals that the BPEA excimer is mobile, despite its frequent role as
a lower energy trap state, where excimer exciton mobility is confined to one-dimension. The BPEA
on AAO system shows excimer exciton diffusivity is higher than that of other excimer excitons,
approaching that of singlet exciton in efficient organic photovoltaic systems.

In Chapter 4, we use solution-phase molecular self-assembly to cocrystallize a pyrene (Pyr)
electron donor with either N,N’-bis(2,6-diisopropylphenyl)- or N,N’-bis(3-pentyl)perylene-
3,4:9,10-bis(dicarboximide) (diisoPDI or CsPDI) electron acceptors. Cocrystal formation through
vapor diffusion yields mixed n-stacked Pyr-diisoPDI or Pyr-CsPDI donor-acceptor cocrystals.

Solving the cocrystal structures shows that the morphology of Pyr-diisoPDI differs significantly



28
from that of Pyr-CsPDI and that the Pyr-diisoPDI displays significant interstack wavefunction
overlap and edge-to-edge interactions. The charge-transfer (CT) exciton diffusion dynamics in
these single crystals was probed using femtosecond transient absorption microscopy. Fitting the
data to a one-dimensional charge transfer (CT) exciton diffusion model reveals diffusion constants
that are two orders of magnitude higher in the Pyr-diisoPDI cocrystal compared the Pyr-C5PDI
cocrystal. By correlating the cocrystal structures to their distinct excited state dynamics, the effects
of each mixed stacked structure on the exciton dynamics and the mechanisms of CT exciton
diffusion were determined.

Lastly, in Chapter 5 we explore the exciton coherence (delocalization) length of a series of
rylene dyes self-assembled on AAO in different solvents. The steady-state absorption showed
similar A%Y/A%Cvibronic transition ratios in each system regardless of dielectric environment. The
199/1°1 vibronic transition ratios in the emission of the aggregated perylene derivatives on AAO
varied slightly between certain solvent polarities. The Huang-Rhys factor for the monomers that
were incorporated into the AAO systems were calculated. This analysis revealed coherence lengths
(Ncon) of less than 1, indicating that coherence exists only in the ultrafast region (10-100 fs). Thus,
the exciton is incoherent in these systems and the analysis is applicable for H- and J-aggregates

only within the ultrafast window of time-resolved emission.
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Chapter 2.

Charge-Transfer Character in Excimers of
Perylenediimides Self-Assembled on Anodic
Aluminum Oxide Membranes
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2.1 INTRODUCTION
Mimicking natural supramolecular chromophore assemblies, such as light-harvesting
chromophore assemblies in photosynthetic antenna proteins, is a prime target for solar energy
conversion.*® Varying the distance and geometry between chromophores within an assembly is
well known to change the excitonic coupling between them.®® For example, a study of
merocyanine 540 (MC540) adsorbed on TiO> semiconductor nanoparticles shows a mix of
aggregated and monomeric forms of the sensitizer, while MC540 modified with Aerosol-OT
(OTA) is primarily monomeric.>> When the MC540-sensitized TiO- electrode is combined with
an electroactive polymer, the incident photon-to-photocurrent generation efficiency is significantly
higher when the dye sensitizer is monomeric rather than aggregated. That study demonstrated that
weakly coupled chromophores can promote higher charge injection efficiencies on semiconductor
surfaces. On the other hand, H-aggregation increases quantum yields for electron injection and
light-harvesting efficiencies of rhodamine derivatives on TiO2 surfaces.® Both findings
demonstrate the importance of the degree of dye aggregation on light-harvesting efficiencies.
Organic small molecules have been studied as photoactive surfaces in both dye-sensitized solar
cells (DSSCs) and organic photovoltaics (OPVs), and efforts to develop donor-acceptor sensitizers
that can be concurrently used in both DSSCs and OPVs are ongoing.>* A clearer understanding of
the optical properties of chromophore aggregates in DSSCs will thus be applicable to improved
efficiencies in OPVs.
The performance of OPVs using non-fullerene acceptors is often hindered by the trapping
of excitons by excimer states. Two chromophores often adopt face-on conformations in which
their electronic structure is a superposition of Frenkel exciton states and two charge transfer (CT)

states having varying contributions.*® It has been shown that solvent polarity can influence the
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extent of the CT state contribution to the excimer electronic structure. CT states are stabilized by
polar solvents, and this stabilization can reduce the energy needed for excimer formation. As CT
states become more involved in excimer formation, the emission spectra of the system become
more redshifted.>® When the CT states are stabilized, they can make the structural rearrangement
necessary for excimer formation easier to access.>’®® Evidence of the involvement of CT states
can be found in excimer emission spectra and the appearance of bands associated with radical ion-
like absorption in transient absorption spectra.?® Excimers have also been implicated as
intermediates in singlet exciton fission>®%! and their CT state energy is important in this process.®?

Perylenediimide (PDI) supramolecular dye assemblies have been studied because of their
applications to organic semiconductors, and the self-assembly of core-unsubstituted PDIs in
solution and solid state has been widely investigated.®*%” However, the self-assembly properties
of PDIs in unusual solvation conditions are not as well characterized; understanding
unconventional solvation regimes could improve our knowledge of these systems with regard to
their applications in organic electronics. One way to self-assemble PDIs to explore these regimes
is by binding them to the walls of the nanoscopic pores in an anodic aluminum oxide (AAO)
membrane. By using a silatrane group attachment strategy on a metal oxide surface, Brennan, et

al., anchored a tetra-arylporphyrin dye onto mesoporous TiO, incorporated in a dye-sensitized

solar cell.%8 This binding method can be extended to AAO membranes, and has been used to control
the orientation of photogenerated spin-correlated radical pairs in covalent donor-acceptor
molecules at room temperature.

Creating a system with PDI covalently attached to the walls of the pores of an AAO membrane
allows us to probe chromophore orientation as well as CT and exciton trapping in these aggregates.

An advantage of using AAO membrane assemblies is the ability to fill the pores with a wide range
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of solvents without regard to the solubility of the PDIs adsorbed or covalently bound to the AAO
membrane, allowing the interactions between the PDIs and the solvent to be tuned over an arbitrary
range of solvent polarities. The AAO assemblies studied here are measured in air (with a static
dielectric constant € = 1.0), toluene (e = 2.38), dichloromethane (e = 8.93), and water (¢ = 80.1).
This series of solvents provides a wide range of polarities to observe the effects of changing
dielectric constant on the degree of CT character. This approach allows us to observe the degree
of CT character in the PDI excimers as they are modulated by different dielectric environments.
2.2 RESULTS AND DISCUSSION

2.2.1 Synthetic Route
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Perylene dianhydride was purchased from Sigma-Aldrich and used without further purification.
12-tricosanylamine was synthesized following literature methods.®® Details for the synthesis of the
asymmetric PDI silatrane (1) can be found in the Supporting Information (SI, Section 2.4), while
the symmetric PDI (2) with 12-tricosanyl tails was synthesized as previously reported (Figure

2.1).7° Aminopropyl silatrane (Si(OEt),N,C,H;) was also synthesized using published methods."

Intermediates and final products were characterized via *H NMR and high resolution mass

spectrometry (ESI-MS). Details of the characterization can be found in the SI (Section 2.4).
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2.2.1 Steady State Spectral Measurements
A detailed description of the synthesis and assembly of PDI derivatives on the AAO membranes
is given in the Supporting Information. The steady-state absorption and emission spectra of PDI
derivatives 1 and 2 in DCM solution and incorporated into AAO membranes are shown in Figure
1. The solution spectra are characteristic of monomeric PDI.”2 The Franck-Condon vibronic bands
are well-defined in the solution absorption spectra (Figure 2.2a), while the vibronic progression is
perturbed when attached to AAO (Figure 2.2c). Enhancement of the 490 nm band (0-1 transition)
relative to the 525 nm band (0-0 transition) in 1 is due to excitonic coupling of PDI transition
dipole moments (H-aggregation) when 1 is stacked in the AAO membrane,®® indicating proximal
binding of the PDI units to the membrane pore walls. The AAO system with 2 intercalated in the
AAO having n-octadecylsilane chains covalently attached to the pore walls has absorption maxima
at 524 nm and 499 nm, and also exhibits increased relative absorbance of the 0-1 to 0-0 transition.
The spectrum of 2 in the AAO membrane is also significantly broadened relative to that 1 in the
AAO membrane. This spectral broadening observed in 2 relative to that in 1 may result from
increased disorder in the assemblies of 2, which is not covalently bound to the AAO membrane
wall. Unnormalized UV-Vis spectra (Figure 2.13) show that 2/AAO has twice the absorption
amplitude of 1/AAO in DCM, which suggests the PDIs are more densely packed in the intercalated
system. This denser packing may contribute to the higher disorder that leads to spectral broadening

in the steady state absorption of 2/AAO.
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Figure 2.2. (a) UV-Vis spectra and (b) fluorescence spectra of PDI derivatives 1 and 2 in DCM solution. (c)
UV-Vis spectra and (d) fluorescence spectra of 1 and 2 in AAO membranes.

The fluorescence spectra of 1 and 2 in solution are characteristic of monomeric PDI."
Upon the incorporation of 1 and 2 into the AAO membrane by covalent attachment or intercalation,
the emission spectra broaden and redshift to 698 nm. These features are suggestive of excimer
formation similar to that seen in other PDI aggregates.”® The steady-state optical data are
summarized in Table 2.1.

The loading of octadecyltriethoxysilane onto the AAO membrane walls was characterized

by FTIR spectroscopy (Figure 2.11). The presence of the ~3000 cm™ stretch in the FTIR spectrum
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of functionalized AAO confirms the attachment of lipid to the AAO wall because this stretch is

absent in the spectrum of blank AAO and is characteristic of the octadecyltriethoxysilane solution

spectra.

Table 2.1. Steady-state spectral data in DCM at 298 K.

Compound Amax.abs (NM) Amax.ems (NM) 0-1/0-0 transition
intensity ratio
1 524 537 0.76
2 524 539 0.64
1on AAO 524 698 0.97
2 on AAO 499 698 1.02

2.2.2 Transient Absorption Spectroscopy

The excited-state dynamics of 1 and 2 were characterized by femtosecond transient absorption

(fsTA) spectroscopy. The fsTA spectra of monomeric PDI derivatives 1 and 2 in DCM solution

exhibit typical ground-state bleaching from 445 to 530 nm and stimulated emission from 530 to
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640 nm (Figure 2.14). The excited-state absorption extends from 630 to 765 nm and appears as a
sharp band that decays to the ground state over the course of the 8 ns pump-probe delay window.
The transient absorption spectra of 1 covalently attached to the AAO membrane pore walls

are shown in Figure 2.3, where the pores are filled with H.O, DCM, toluene and air. The fsTA
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Figure 2.3. FSTA spectra at the indicated times of PDI 1 covalently bound to an AAO membrane with its pores
containing a) H,O, b) DCM, c) toluene, and d) air. The oscillations in the spectra of 1/AAO/H0 (a) result from

interference effects from the regular array of AAO pores.

data show that the broadened excimer absorption features from 550-775 nm? appear shortly after
excitation, implying that excimer formation is generally ultrafast in these systems, occurring
within a few ps. Notably, very little stimulated emission is observed in the 550-630 nm range;
however, this portion of the spectrum undergoes significant evolution in the first few ps (vide

infra), suggesting that there may be some contribution at early times from the local excited state
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prior to excimer formation. A broad absorption band centered at about 700 nm appears
immediately upon photoexcitation and loses the peak definition over the first few ps. Spectral
broadening is a general consequence of aggregation, however the shape of the spectrum after ~10
ps is characteristic of PDI excimer.?° The PDIs within the AAO membrane have sufficient -1
overlap in the ground state to allow the photogenerated excited state to form an excimer,’*" so

such a process is expected.
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Figure 2.4. FSTA spectra at 50 ps of (a) PDI silatrane 1 covalently attached to the AAO membrane, and (b) PDI 2
intercalated into the silylated AAO membrane. The AAO membrane pores contain the indicated solvents. The
cation band at 610 nm is highlighted.

A second feature at 610 nm also appears, which is illustrated in the expanded spectra presented
in Figure 2.4a and 2.4b, and is most pronounced for 1/AAO and 2/AAQ having DCM and H20 in
the pores, respectively. This feature redshifts to 616 nm for 1/AAO/air compared to 1/AAO in
other solvents and is less distinct in the fsTA spectra of the 1/AAO/toluene. The sharpening of the
feature between 600 and 620 nm as the solvent polarity increases suggests that this band correlates
with CT character within the PDI assembly,?® 2 7 and is likely due to absorption by the PDI

radical cation.”®
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Figure 2.5. FSTA spectra of 2 at the indicated times intercalated in the silylated AAO membrane with its
pores containing a) water, b) DCM, c) toluene, and d) air.

In the 1/AAQ system, the broad excited-state absorption maximum at later times appears as

two absorption bands at 608 and 707 nm, which are more prominent in 1/AAO/DCM and H20

(Figures 2.3a and 2.3b). As discussed above, the PDI cation has been reported to absorb at ~600

nm,”® while the anion absorbs between 700-720 nm,”” so the presence of the absorption bands at

608 and 707 nm are diagnostic for the CT character of the excimer, though this will be

accompanied by the Frenkel exciton absorption of PDI around 700 nm as well. The fixed silatrane

length may enforce H-type aggregation, which is consistent with the observed steady-state

absorption spectrum. These two absorption bands are less distinct in 1/AAO/toluene, which may

be a consequence of a diminished contribution from CT states to the PDI excimer state. As
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discussed above, these charge-resonance states are stabilized by high dielectric solvents. The
energy of the CT state dictated by the environment changes the relative contributions to the
quantum mechanical admixture that describes the excimer,? with more CT character accessible in
higher dielectric constant solvents. Previously, transitions in the visible region from excimer to
CT-like states have been detected and their band shape analyzed.”® "®7° Thus, the presence of the
608 nm and 707 nm support the presence of significant CT character in 1 when the AAO pores are
filled with polar solvents.

The excited-state dynamics of 2 intercalated into the silylated AAO membranes (A, = 534 nm)

were probed in the same solvents as 1 (Figure 2.5). Similar positive features at about 610 and 700
nm are observed for 2 compared to those in 1 (Figure 2.4b). The depressed relative intensity below
700 nm at early times may reflect the contribution from stimulated emission from the local excited
state of PDI prior to excimer formation. This most likely results from a slowed rate of excimer
formation (vide infra), at least for some of the pores. Notably, for 2 in AAO membranes containing
H>0 in their pores, the 610 nm band is very prominent, once again suggesting that this band likely
derives from a CT state.

The transient absorption data were fitted to a sum-of-three exponentials in a decay-
associated model (Figures 2.15-2.18) to describe simply and account for the disorder in the AAO
system. Importantly, because of this disorder, we expect many different relative chromophore
spacings and orientations to be present in the probe volume, leading to a distribution of rates with
the observed values being the most strongly represented, i.e. the modes of the distribution.
Nonetheless, multiphasic evolution in excimers has been previously proposed® wherein the initial

excimer undergoes a structural change in intermolecular packing to better accommodate the
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excited state before ultimately decaying. Given the span of rates extracted, we will discuss the
dynamics in this context.

In 1/AAO/H20, a short 2.6 £ 0.3 ps component is observed (Figure 2.6d), which has
characteristics of 1"PDI, particularly the negative features below 600 nm. The other species live
for 160 + 20 ps and 1.8 £ 0.2 ns with similar decay-associated spectra. The 160 ps component
likely represents some average geometric reorientation in the excimer state, which then forms the
1.8 ns relaxed excimer. Both components capture the absorption near 610 nm, indicating that the
dynamics are associated with excimers of high CT character. The longer time constant is assigned
to the lifetime of the excimer, which is significantly shorter than the monomeric **PDI lifetime of
~3 ns. While PDI excimers typically have lifetimes longer than 10 ns, previous studies have shown
that strongly coupled excimers can have lifetimes shorter than the monomer.2°

In moderate polarity DCM, the dynamics are similar, though the timescales change somewhat.
The shortest component in 1/AAO/DCM is 2.3 = 0.1 ps and its spectrum again resembles the
transient absorption spectrum of 1*PDI, suggesting that this is the timescale for excimer formation
in this system, comparable to that in H2O. The same structural relaxation observed in 1/AAO/H,0
is slightly slowed to 204 £ 5 ps, however the degree of stabilization appears higher compared to
that observed in H20, as the longest-lived component exhibits a very prominent PDI cation
absorption at 610 nm.. The higher degree of stabilization may be due to better solvation of the PDI
by DCM compared to water. The n-stacking between the PDI units may be disrupted to a weak
extent by the DCM which could penetrate between the edges or ends chromophores leading to a
weaker excimer coupling. The 4.09 + 0.05 ns species excimer lifetime is closer to that of PDI in

solution, which may also be a result of such better solvation and weaker coupling.
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In toluene, the dynamics are mostly faster than in either water or DCM. The initial excimer

formation occurs with a 0.9 £ 0.3 ps time constant, followed by 58 + 2 ps and 2.32 £ 0.05 ns

decays. The latter two components have similar spectra, though again the longer-lived component

appears to have more CT character, which suggests the intermediate process is relaxation of the

system to better accommodate the charge resonance states. The 2.3 ns excimer lifetime is again
shorter than the monomer.

In the absence of a solvent, the PDI units are self-solvated and spectrally more closely
resemble 1/AAO/H-0 than in other solvents, despite the largest difference in dielectric constants.
This can be attributed to the lack of solvation in water, particularly between the PDI w-surfaces
that is likely present in both DCM and toluene. Dynamically, excimer formation is faster in air
than in other solvents, as there is no component resembling **PDI apparent in the analysis; the only
stabilizing interaction present is between chromophores, leading to apparent optimal coupling for
excimer formation. The 8 ps and 310 ps components are assigned to relaxation on the basis of their
spectral shapes before decaying in 3.5 ns. As discussed above, theoretical studies show that while
excimer formation may be ideal at one geometry, the adiabatic geometry of the excimer itself may
be quite different, requiring relaxation along multiple coordinates, leading to the observed
relaxation components in the TA data.

In the intercalated 2/AAQO systems we observe similar three-state decay dynamics. In

2/AAO/H;0, Y'PDI undergoes sub-picosecond excimer formation before relaxing in 122 ps and
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Figure 2.6. Decay-associated spectra for 1/AAO in (a) air, (b) toluene, (c) DCM, and (d) H-O.

ultimately decaying in 2.4 ns (Figure 2.7d). Poor solvation by the water molecules is again the
likely origin of the strong r-overlap necessary for rapid excimer formation. The drastic increase
in the intensity of the 610 nm cation band is again attributed to stabilization of the charge resonance
states by the high polarity water environment.

2/AAO/DCM exhibits excimer formation time of 2.9 + 0.1 ps, which is followed by a ~60
ps relaxation with a decay-associated spectrum showing no stimulated emission but only a weak

absorption near 600 nm accompanied by a relatively strong absorption near 700 nm. Since **PDI
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absorbs strongly at 700 nm, the presence of this prominent band in the decay-associated spectrum
may indicate an intermediate excimer composition which has strong Frenkel exciton character or
may be capturing some slower excimer formation. The longer-lived 1.32 ns component features a
more intense band at 610 nm associated with higher CT character, implying that this component
represents the fully relaxed excimer decay. The excimer in 2/AAO/DCM forms in 2.9 £ 0.1 ps.
Since 2 is highly soluble in DCM, it would be expected that the solvent could disrupt r-stacking
in this system and slow its formation. Additionally, the excimer decay is faster than the analogous
process in 1, which suggests it is an effect of the higher conformational and overlap freedom
available to the intercalated 2 compared to the covalently linked 1. The higher loading efficiency
of PDIs in 2 compared to 1 (indicated by Figure 2.13) likely contributes to faster excimer decay in
2 because the greater number of PDIs in the probe volume also increases conformational freedom.

In toluene, 2/AAO undergoes slower excimer formation, with a time constant of 4.4 + 0.3
ps followed by relaxation to a higher CT character excimer in 83 ps that then decays in 1.8 ns. The
formation and relaxation times are slower than in 1/AAO/toluene, and the degree of CT character
overall appears lower.

Finally, in 2/AAO/air, we observe an excimer formation time of 1.3 ps, broadened but still
recognizable features of 1*'PDI decaying in that time. The other component spectra decay with 130
ps and 1.5 ns with similar spectra. The fast excimer formation time is in stark contrast to that of
1/AAO/air where the slowest formation time was observed. Presumably both systems are affected
by the lack of solvent which may force the PDIs to solvate themselves, as discussed above.
However, in 2/AAO the octadecyltriethoxysilane coating the walls of the AAO may be acting as
a low-polarity “solvent” (¢ ~ 2) in the absence of a bulk dielectric environment, which could lead

to more aggregate-like behavior, with on-average stronger coupling leading to faster excimer



44
formation times. This pronounced aggregate-like behavior in 2 is also a result of the higher loading

ratio of PDI on 2 compared to 1.
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Figure 2.7. Decay-associated spectra for 2/AAQ in (a) air, (b) toluene, (¢c) DCM, and (d) H20. Data between 550-
570 nm for (a-c) and below 550 nm (d) are obscured by pump scatter and are omitted.
Generally, the excimer lifetimes in 2 are shorter than those observed in 1. The bands attributed
to charge-resonance character in system 1 are somewhat less prominent in 2, except when H2O is
present, indicating that the positions of the PDIs relative to one another when intercalated in the

lipid-coated AAO walls may in general be larger causing the excimers have a higher relative
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contributions from the Frenkel exciton state. This is attributed to the steric interactions between
the 12-tricosanyl groups on the PDIs, which causes the torsional angle ¢ between N-N axes of
cofacial PDIs to be somewhat larger than 0°. The fixed length of the silatrane in 1 encourages H-
aggregation and increased order, while intercalation of 2 into the silylated AAO membrane
nanopore walls leads to more inter-PDI conformational freedom. This may allow 2 to be fully
stabilized in the ground state at ¢ ~ 30° relative to its neighboring PDI molecules, according to
theory.?® ™ The intercalation method in 2 allows a greater number of interchromophore
orientations because of the flexibility of the tails and lipid on the AAO wall; this flexibility gives
rise to greater conformational and overlap freedom of the PDIs, as represented in Figure 2.8. The
steric demands of the PDI 12-tricosanyl groups may also inhibit the PDI excimers from achieving
their optimal conformations. The generally slower excimer formation times observed here relative
to those in covalent dimers is likely a consequence of this conformational freedom, where
relatively few PDlIs are in an optimized configuration in equilibrium. Similarly, the PDIs in the
AAO membrane may require greater geometric rearrangement to optimize their electronic

interactions compared to dimers.
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8.2+0.5ps 310 £20 ps 3.5+ 03 ns

toluene 0.85 +0.05 ps 58 +2 ps 232 +£0.05 ns
DCM 23+0.1ps 204 +5 ps 4.09 +0.05 ns
26+03ps 160 + 20 ps 1.8+0.2ns
13+08ps 130 £10 ps 1.5+0.1 ns
toluene 4401 ps 83+2ps 1.78 £0.05 ns
DCM 29+0.1ps 60 +3 ps 1.32 £ 0.06 ns
0.75 +£0.09 ps 122 +7 ps 24+0.7ps

Table 2.2. Comparison of fSTA time constants of kinetic species for 1/AAO and 2/AAQO in air,
toluene, DCM, and H,,0O.

The overall shorter excimer lifetimes in both 1 and 2 compared to typical PDI excimers in
dimers may be a consequence of the higher flexibility and conformational freedom afforded by the
AAQOs, enhancing the rate of internal conversion and lowering the excimer lifetime; this is likely
exacerbated in 2 by the interactions of the PDI with the surrounding octadecyltriethoxysilane

chains and the closer packing of PDIs in 2 due to the higher loading efficiency.

Figure 2.8. Left: Depiction of 1/AAO with PDIs arranged as H-aggregates and of Right: 2/AAO with
PDls intercalated in lipid and aaareaated in numerous orientations.

While the anodization process used to create AAO layers has been improved to produce highly
ordered pore structures,® the surface loading on the pore walls of 1 and 2 is not necessarily

uniform, as seen in scanning electron microscope (SEM) images of the AAO membrane surface
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(Figure 2.12). The silatrane has three potential binding sites to the oxide surface and depending on
the rate of hydrolysis, the silatrane may bind to one, two, or all three sites. This will affect the
orientation of the molecule on the surface and the subsequent binding of other molecules to the
surface. Additionally, previous work has shown that molecules bound to the walls of AAO hang
at an angle that is not perfectly perpendicular to the surface®® and this angle may vary based on the
proximity of the other surface-bound molecules. One way to improve the binding uniformity is to
react the AAO walls with the molecules in the presence of acid to promote faster hydrolysis and
higher loadings.®? Future efforts to control the orientation of molecules on AAO membrane pore
walls will include using stimuli-responsive materials covalently attached to an AAO wall that can
be aligned using a magnetic field for long-range ordering. Anisotropic PDI mesogens in
supramolecular block copolymer structures have been aligned with a magnetic field previously,
resulting in monoliths with a singular orientation.®
2.3 CONCLUSIONS
We have prepared two PDI systems that exhibit excimer formation in aggregates that are
assembled inside an AAO membrane. One system is formed by covalent attachment of a PDI
silatrane molecule to the walls of the AAO, and the other through intercalation of PDI with long
side chains into an AAO coated with lipid. By using steady-state and time-resolved absorption
measurements, we observed excimer formation and subsequent relaxation and decay of PDI
molecules closely arranged on the surface of the AAO membrane pore walls. Increased charge
transfer character occurs with higher dielectric constant solvents for the covalently attached PDI
system. These results show that AAO membranes are useful tools to self-assemble chromophores
and understand the role of exciton trapping in a system that has characteristics in the intermediate

regime between the solution and solid state.
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2.4 SUPPLEMENTARY INFORMATION
2.4.1 Synthesis
'H nuclear magnetic resonance spectra were collected on a Bruker Avance I11 500 MHz system
and chemical shifts are recorded in ppm (8) and samples dissolved in deuterated chloroform. The
matrix assisted laser desorption ionization — time of flight (MALDI-ToF) spectra were taken on a
Bruker AutoFlex-I11. The synthesis of 1 is outlined below.

)

=3 e Y e

11M23
0~

CyH

4 o 11H23

N-(12-tricosanyl)perylene-3,4:9,10-tetracarboxy-3,4-[(3-silatranylpropyl)amide]-9,10-imide

O<\-0

o)

N-(12-tricosanyl)perylene-3,4:9,10-tetracarboxy-3,4-anhydride-9,10-imide (0.44 g, 0.621 mmol)
and (3-silatranylpropyl)amide’ (0.433 g, 1.86 mmol) were dissolved in pyridine and stirred for 1
hour. The solvent was removed by rotary evaporation and the resulting solid dissolved in
dichloromethane and purified on a silica gel column using CHCI; to elute the residual N,N’-bis(12-
tricosanyl)perylene-3,4:9,10-bis(dicarboximide). A mixture of CHCIs: acetic acid (9:1) was used
to the elute the product. The product was further purified using *H NMR (& in CDCls, 500 MHz):
8.63 (M, 8H), 5.18 (m, 1H), 4.21 (t, 2H), 3.74 (t, 6H, ~CH,-0-), 2.78 (t, 6H, -CH2-N), 2.25 (m,
2H), 1.86 (m, 2H), 1.47 (m, 2H), 1.12-1.33 (m, 36H), 0.84 (t, 6H), 0.57 (m, 2H). HR-MS
(ESI)(m/z): [M*] calc. for CssH73N307Si, 928.30; found, 928.5296.

2.4.2 Assembly of PDIs on AAO Membranes

Free-standing anodic aluminum oxide membranes (80 nm pore diameter, 1 cm diameter, 50 pum

thickness) were purchased from InRedox. To covalently attach PDI to the surface of the AAO
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membrane nanopores, a free-standing AAO membrane with an 80 nm pore diameter was soaked
in a1 mM solution of PDI silatrane in dichloromethane. To intercalate PDI in the AAO nanopores,
an AAO membrane was soaked in 1 mM of octadecyltriethoxysilane for 24 hours. This lipid-
coated AAO was then soaked in 1 mM solution of symmetric PDI for 24 hours. Both AAO
membranes were washed with dichloromethane and methanol and dried prior to making
measurements.

2.4.3 Steady-State Spectral Measurements

UV-vis spectra of the PDI derivatives were obtained at ambient temperature on a Shimadzu 1800
UV-vis spectrometer in DCM. Fluorescence measurements were obtained using a HORIBA
Fluorolog-3 spectrofluorimeter. Fourier transform infrared (FTIR) spectra were acquired on a
Shimadzu IRAffinity-1 spectrometer.

2.4.4 Femtosecond Transient Absorption (fsTA) Spectroscopy

Femtosecond transient absorption spectroscopy was conducted using a regeneratively amplified
Ti:sapphire laser system (Spectra Physics, Spitfire Pro) operated at a 1 kHz repetition rate.3*
Samples were excited at 534 nm in 2 mm (for PDI in solution) and 1 mm (for PDI in AAO
membranes) quartz cuvettes, with depolarized 110 fs, 1.0 uJ pulses focused to a 0.5 mm diameter
(1/e) spot. FSTA measurements were made on sample 2/AAO/H>O using a regeneratively
amplified Yb:KGW laser system operating at 1040 nm and a 100 kHz repetition rate as previously
described.®> The probe beam on this system was generated by pumping a 5 mm YAG plate to
create a continuum spanning 500-800 nm. The optical density at the excitation wavelength was
~0.3. The probe beam in the fsTA experiments was directed parallel to the long directions of the

AAOQO pores, and the 534 nm pump was polarized at magic angle (54.7°) relative to the probe.
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2.4.5 Time-Resolved Fluorescence (TRF) Spectroscopy.
Time-resolved fluorescence spectroscopy was used to obtain the lifetimes and spectra of the
emissive species in AAO membranes with 1 and 2. The time-resolved fluorescence spectra have

similar features to the steady-state fluorescence spectra. Figure 7 shows the decay-associated TRF
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Figure 2.9. Time-resolved fluorescence of 1 covalently attached to AAO. Kinetic fits at selected
wavelengths for the a) 50 ns time window, and c) 5 ns time window. Decay-associated spectra for
the b) 50 ns time window and d) 5 ns time window. IRF is ~2% of time window.

at 510 nm and monitored at 660 nm. In 1/ AAO / dry, we observe a 1.6 = 0.1 ns process, followed

by decay of the emission with a lifetime of 3 + 1 ns.
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TRF data for 2 intercalated in AAO are shown in Figure 8. The fast component is 110 + 40 ps,
while the slow component is 622 + 200 ps. The emission lifetime of the excimer is markedly
shorter than that of 1 covalently attached to the AAO membrane, suggesting the availability of
additional decay pathways or an increased rate of internal conversion due to the different
interchromophore interactions between PDIs. The shorter lifetime of the excimer in 2 compared
to 1 may be due to increased disorder in 2. The intercalation method in 2 allows a greater number
of interchromophore interactions because of the flexibility of the tails and lipid on the AAO wall;
this flexibility gives rise to greater conformational and overlap freedom of the PDIs. The relatively
small intensity of the excimer fluorescence in both systems shows that the longer component

originates from a state that is not highly emissive.
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Figure 2.10. Time-resolved fluorescence of 2 intercalated in AAO. Kinetic fits at selected
wavelengths for the a) 10 ns time window, and c) 2 ns time window. Decay-associated spectra
for the b) 10 ns time window and d) 2 ns time window. IRF is ~2% of time window.

2.4.6 Kinetic Analysis of fsTA Data
Prior to kinetic analysis, the fsTA data were background/scatter-subtracted and chirp-corrected,
and the visible and NIR data sets are spectrally merged (Surface Xplorer 4, Ultrafast Systems,
LLC). The data sets of AA vs time vs wavelength were subject to global fitting to selected single-
wavelength kinetics to yield the kinetic time constants and their decay-associated spectra in
MATLAB?® using lab-written programs.

The time-resolution is given as w = 300 fs (full width at half maximum, FWHM); the

assumption of a uniform instrument response across the frequency domain and a fixed time-zero
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(to) are implicit in global analysis. Each wavelength was given an initial amplitude that is
representative of the spectral intensity at time to and varied independently to fit the data. The
time/rate constants and to are shared between the various kinetic data and are varied globally across
the kinetic data to fit the model. We globally fit the dataset to a set of three exponential decays and
use the resultant populations to deconvolute the dataset and reconstruct decay-associated spectra.
The MATLAB program convolutes the solutions with a Gaussian instrument response function
with width w, before employing a least-squares fitting using a Levenberg-Marquardt or Simplex
method to find the parameters which result in matches to the kinetic data. Each function
corresponds to a given population with a well-defined temporal evolution. The raw data matrix is
deconvoluted with the resultant populations as functions of time to produce the spectra associated

with each mathematical component.
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2.4.7 Fourier Transform Infrared Spectroscopy characterization of
octadecyltriethoxysilane chains on the AAO surface.
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Figure 2.11. Left: FTIR spectrum of AAO coated in 0.1 mM of octadecyltriethoxysilane for 24 h. Middle:
Concentration study of octadecyltriethoxysilane in carbon tetrachloride (CCl ). Right: FTIR spectrum of uncoated

AAO which exhibits no stretch at ~3000 cm .

2.4.8 Scanning Electron Microscopy Images of Anodic Aluminum Oxide Membrane

Figure 2.12. Left: Scanning electron microscope (SEM) image of the edge of an AAO membrane.
Right: SEM image of the top of an AAO membrane.



2.4.9 Additional Steady-State Absorption Spectroscopy
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Figure 2.13. Unnormalized UV-Vis spectra of 1/AAO/DCM and 2/AAO/DCM.

2.4.10 Additional Transient Absorption Spectroscopy

— 927 fs
0.010 37.4ps
466 ps
895 ps
0.00564 ——2.78ns
——5.89ns
4‘« <
;E 0.000 ~Jwnnss <
-0.005 - WV
\ 1/ solution / CH,CI,
-0.010 \I
T T T
500 600 700 800

Wavelength (nm)

55

0.04

0.02

—921fs
2.54 ps
174 ps
725 ps

—2ns

——5.35ns

0.00

-0.02

\/ 2/ solution / CH,CI,

-0.04

500 600 700
Wavelength (nm)

800

Figure 2.14. TA spectra for a solution of 1 (left) and 2 (right) in DCM acquired with dex = 534 nm, ~110 fs pulses.
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Figure 2.15. TA spectra for 1/AAO and 2/AAO in MeCN and DMSO.
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Figure 2.16. Decay-associated spectra for 1/AAO and 2/AAO in MeCN and DMSO.
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Figure 2.17. Kinetic fits for 1/AAO. (DCM = CHCl,; MeCN = acetonitrile; DMSO = dimethylsulfoxide)
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Chapter 3.

Excimer Diffusivity in 9,10-
Bis(phenylethynyl)anthracene Assemblies on Anodic
Aluminum Oxide Membranes
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3.1 INTRODUCTION
To meet the world’s energy demands, solar energy must be captured, transferred, and stored
efficiently.®” The efficiency of natural photosynthetic light harvesting systems depends on the
electronic energy transfer between molecules in chromophore assemblies (often comprised of
~200 chromophores) that surround a reaction center.” 8% Because the electronic coupling
between the chromophores determines the degree of energy transfer and can be tuned by the
modifying the distance and orientation between molecules, research efforts have focused on
creating self-assembled supramolecular chromophore structures.® The interactions between
chromophores in these assemblies can be optimized through rational design of the constituent
molecules, making them suitable systems for studying light harvesting applications. In these
photoactive assemblies, a variety of excited-state dynamics occur, including symmetry-breaking-
charge transfer, excimer formation, and singlet fission.%** Supramolecular assemblies have been
formed from molecules by exploiting their n-m interactions, hydrogen bonding, >’ and host-guest
interactions.®® Alternatively, nanoporous anodic aluminum oxide (AAQO) membranes can be used
to create ordered supramolecular aggregates through either covalent binding to the pore walls or
electrostatic interactions between the molecules and lipid-coated walls.

The strong electronic coupling between the molecules in self-assembled 9,10-
bis(phenylethynyl)anthracene (BPEA) molecules covalently bound to AAO membranes induces
excimer formation, which has been observed for BPEA molecular dimers.*® In light harvesting
applications, the excimer is often viewed as an undesirable lower energy trap state.®* % Despite
their lower energy compared to the first singlet excited state, pyrene excimers have a high
fluorescence quantum yield making them good blue light emitters, % benzanthracene excimers emit

green light useful for organic light-emitting diodes (OLEDs),* and cyanovinylene excimers can
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probe caspase for disease diagnostics.!® Additionally, the lifetime of excimer states typically
exceeds that of the singlet excited state of one of the constituent chromophores, which enhances
their ability to undergo further transformation or to be harvested prior to decay. Hence, excimers
are useful in a range of applications including energy conversion although they limit energy
migration, and a comprehensive description of the excimer state, and in particular its mobility, is
needed to exploit its useful properties. The formation of excimer states is known to be a multi-step
process, in which a primary exciton forms an intermediate before decaying to the ground state
from its relaxed excimer state.91-19 This depiction indicates that excimers share characteristics of
excitons, a key to fully describing the character of the relaxed exciton intermediate that is shown
to have useful applications. Numerous studies have shown that excimer and exciton states share a
degree of mobility, and excimer exciton diffusion constants have been reported for pyrene
excimers.8% 104106 n the remainder of this paper, the term excimer will be used to indicate the
mobile excimer exciton.

In this study, we probe the excimer mobility in supramolecular assemblies of BPEA
chromophores on AAO membranes. We have demonstrated that BPEA dimers in solution undergo
rapid excimer formation times (<1 ps), while having relatively long lifetimes (~10s of ns), both of
which were modulated by the relative degree of overlap between BPEA units and the solvent
environment.®® Formally, excimers are considered a mixture of local (Frenkel) excitonic states
and charge resonance or charge transfer (CT) states.>®>" 107110 The charge transfer contribution of
the exciton state can be modulated by the dielectric environment, with more polar solvents
stabilizing the constituent CT state and promoting mixing with the singlet excited state. This
increased CT character typically lowers the overall energy of the excimer state, leading to a red-

shift and broadening of the excimer emission and an abbreviation of the excimer state lifetime.
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Hence it is desirable to work with excimers in a low polarity environment to maximize both the
excimer energy, but also to mimic the environment of organic solids. For these reasons we
submersed the BPEA-AAO membranes in toluene (¢ = 2.38). Although the length of the N-(3-
(triethoxysilyl)propyl) functional group in each silyl-BPEA (Figure 3.1) is fixed, the
inhomogeneity of the AAO surface may allow for a distribution in lateral slip distances, which can

also affect the electronic coupling**

and potentially influence excimer migration.

Using transient absorption spectroscopy, we calculate diffusion coefficients to compare the
excimer mobility in BPEA assemblies to that of other chromophore aggregates. These findings
align with previous studies that show that the excimer is generally less mobile than primary
excitons and expands our understanding of excimers in multichromophore systems. The AAO
membrane geometry confines the mobility of the excimer to one dimension, highlighting the
ability of the nanostructure to serve as a platform that forces many chromophores into specific
geometric relationships. BPEA molecules self-assembled on AAO membranes also represent the
mesoscopic regime between the solution phase and solid state in which we can study both how
bimolecular diffusion in solution and close packing in the AAO membrane influence the
mechanism of excimer formation and diffusion. Immersing the BPEA-AAQ system in toluene
allows some degree of solvent-assisted structural rearrangement between the BPEAs.!*? At the
same time, this supramolecular structure with intrinsic disorder displays the close packing of
molecules seen in nanoparticles and single crystals, which often leads to instantaneous excimer
formation because the molecules in H-aggregates are pre-associated. Our findings support an
exciton theory description of the excimer and its application to a wider range of supramolecular

systems. The BPEA excimer has a greater mobility than that of the pyrene excimer and is only an

order of magnitude lower than the highly mobile excitons in non-fullerene based acceptor
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chromophores used in organic photovoltaic (OPV) cells.!!3 This study explores a unique instance
of mobile excimers in a nanoporous material that is distinct from the well-studied pyrene excimer
and will guide the future synthesis of supramolecular systems to study energy transfer in light
harvesting systems.

3.2 EXPERIMENTAL
3.2.1 Synthesis
The synthesis of silyl-BPEA is shown in Figure 3.1. Details of the synthetic procedures

and purification methods are given in the Supporting Information (Section 3.5).
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Figure 3.1. Synthesis of silyl-BPEA (3) by Sonogashira coupling of 1 and 2.

3.2.2 Preparation of AAO Assemblies
An InRedox AAO membrane wafer (diameter = 1 cm, pore size = 80 nm, thickness = 50
pum) was prepared by first sonicating it in deionized water and then in MeOH each for 5 min. The

AAO membrane was immersed in a 1 mM solution in toluene of silyl-BPEA for 24 h. Afterward,
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the residual silyl-BPEA was washed away by flowing dichloromethane, methanol, and toluene
through the AAO membrane pores. The silyl-BPEA functionalized AAO membranes were dried
prior to measurements. The AAO membrane was placed in a 1 mm thick cuvette (Starna Cells)
filled with toluene solvent for time-resolved measurements.

3.2.3 Transient Absorption Spectroscopy

The femtosecond and nanosecond transient absorption (fsTA) experiments were conducted
using a previously described instrument.%® The 414 nm pump pulses were generated using by
frequency-doubling the 827 nm fundamental, and the 430 nm excitation pulses were generated in
a commercial collinear optical parametric amplifier (TOPAS-Prime, Light-Conversion, LLC).
Excitation power was modulated using a neutral density filter and depolarized to suppress the
effects of orientational dynamics. Transient absorption spectra were detected using a customized
Helios/EOS spectrometer (Ultrafast Systems, LLC).
3.3 RESULTS AND DISCUSSION
3.3.1 Properties of the BPEA-AAO membrane assemblies

The silyl-BPEA reacts with the hydroxy-terminated surface of the AAO membrane to form
siloxane attachments to the AAO membrane pore walls. The total number of BPEA molecules
loaded into the membrane was calculated using the mass (m) of the silyl-BPEA attached to the
membrane and it was assumed that the BPEAs occupy the volume of an annulus that is one BPEA
molecule thick and are evenly spaced on a square with surface area of one pore (A). The average
distance between the chromophores is ~2.8 A, indicating that the BPEAs are n-stacked in the AAO
pore. Average distance calculations using the model shown in Figure 3.5 are presented in Section

3.5.2. The aggregation implied by this short intermolecular distance between BPEASs in the AAO
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pores is observed directly as changes in the vibronic bands of the steady-state absorption and
emission spectra.

3.3.2 Steady-State Optical Properties

The steady-state absorption spectra of the silyl-BPEA monomer shows 0-0 and 0-1 bands
with maxima at 468 and 446 nm, where the 0-0 transition has greater intensity than the 0-1
transition (Figure 3.2a). The steady state emission of the BPEA monomer in dichloromethane
shows the clear vibronic progressions of the 0-0, 1-0, and 2-0 bands, as seen in previously reported
emission spectra of BPEA monomer.® The crossing point of the absorption and emission curves

yields a lowest excited state singlet energy of 2.61 eV.
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Fiqgure 3.2. Steady-state absorption of emission spectra of silyl-BPEA (a) in solution and (b) on AAO

In contrast, the BPEA assemblies on the AAO membrane have a 0-1 absorption transition with
a higher intensity than the 0-0 transition (Figure 3.2b). The higher intensity of the 0-1 transition
indicates that the BPEA assemblies resemble H-aggregates.!* The maxima of the 0-0 and 0-1
transitions are at 470 and 447 nm, respectively, and are redshifted slightly from those of the BPEA
monomer. The steady-state emission spectrum of the BPEA assembly on the AAO membrane is

broadened and redshifted with the 0-0 and 1-0 bands at 517 and 494 nm, respectively. In addition,
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a broad emission band characteristic of excimer formation occurs at ~570 nm, which corresponds
to an excimer state energy of ~2.2 eV. The emission spectra resemble that of a recently reported
rigid n-stacked BPEA molecular dimer in which the two BPEA molecules are slipped along their
long axes by ~4.3 A% as well as that of a BPEA cyclophane,*'* both of which displayed somewnhat
distinct vibronic progressions in their emission spectra.
3.3.3 Excited-State Dynamics
The fsTA spectra of monomeric silyl-BPEA in dichloromethane solution show a ground-
state bleach (GSB) from 415-470 nm, stimulated emission from 470-510 nm, and a sharp excited-
state absorption (ESA) band from 520-635 nm (Figure 3.6). The ESA decays to the ground state
over the 8 ns pump-probe delay window. Similar spectral features and lifetimes are observed for

unsubstituted BPEA.11!
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Figure 3.3. (a) fsTA spectra of silyl-BPEA covalently bound to AAO; (b) The decay-associated spectra
extracted from the decay-associated global fit.

Transient absorption data of silyl-BPEA covalently bound to AAO reveal fast formation of an
excimer species. Within the first few picoseconds after excitation of the BPEA-AAO assembly in

toluene at 414 nm, there is a GSB from 435-455 nm with very little stimulated emission (SE) from
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480-500 nm observed. An absorption band that spans 500-700 nm and is centered at 595 nm
slightly broadens over ~30 ps and blue shifts to form absorption maxima at 486 and 695 nm (Figure
3.3a). Near zero-time delay there is a strong non-resonant response from the toluene solvent and
AAO membrane that is prominent below 400 nm and persists for the first picosecond; this feature
is not involved in the BPEA excited-state dynamics. A decay-associated global fit of the data using
a sum of three exponentials shows a state that decays in 2.6 + 0.3 ps (state 1, Figure 3.3b); this is
assigned to the decay of the localized exciton state because the 0-0 transition at 470 nm is stronger
than the 0-1 transition at 443 nm. The non-resonant response is also partially captured by this state.
States 2 and 3 show the ESA of the excimer species with slower decays (210 + 30 ps and ~13 ns,
respectively), with the primary spectral difference between them being that the 486 nm absorption
band is more prominent in state 3 (blue). The significant n-r orbital overlap between the BPEAs
in the BPEA-AAO system as indicated by the close interchromophore distance promotes excimer
formation, as has been observed for BPEA molecular dimers.? Thus, the excimer formation time
is 2.6 £ 0.3 ps, similar to that observed for a n-stacked BPEA molecular dimer in which the two
BPEA molecules are slip-stacked by ~8.6 A along their long axes,?® which may indicate some
conformational disorder in the stacking as the formation time is slower than for direct, cofacial
stacking. The slower time constants associated with states 2 and 3 may imply some degree of either
structural relaxation or population loss due to annihilation. While the data can be adequately fit
using exponential decays, we will demonstrate below that they are more properly interpreted using
non-first order diffusion kinetics for exciton annihilation.
Previous work has also shown that the structure of the BPEA molecular dimer having ~8.6 A
slip-stacked BPEA molecules has a dihedral angle 6 = 22° between the = systems of the two BPEA

molecules while the corresponding angle in the BPEA dimer slip-stacked by only ~4.3 A is 0 =
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41°. Solvation would change that optimized geometry and twist angle between the chromophores,
modulating the mixing between the singlet exciton and CT states and altering the excimer energy.%
Additionally, the penetration of a solvent molecule between the chromophores in the two-phenyl
spaced BPEA might decrease the twist angle and increase the n-surface overlap because of a more
cofacial orientation, though at the expense of increasing the center-to-center distance between the
BPEA units. The n-surfaces of the BPEAs would still interact strongly because excimer formation
occurs in AAO assemblies even with solvent molecules penetrating between the chromophores.1*2
The energetics of the excimer are also influenced by the solvent, which also impacts the excimer
mobility in the BPEA-AAO assemblies.

Numerous studies have also reported a multi-step excimer formation process in aromatic
hydrocarbons such as perylene and pyrene.!®t 115116 The observed relaxation is due to
intermolecular structural changes to stabilize the excimer.%? 12 Another possibility is that a
vibrationally excited excimer is formed rapidly after excitation that then cools to a relaxed state.
This mechanism is ruled out because there is no band narrowing or shifting, which is characteristic
of thermal effects.®° Changes in electronic structure manifest in the fsTA spectra as the appearance
of the absorption maxima at 486 and 695 nm, indicating that intermolecular structural changes are
indeed reasonable in the BPEA-AAOQ system.

Notably, singlet fission (SF) is absent in this system because the intermolecular packing differs
significantly from that of BPEA polycrystalline films that undergo SF.''! Here, rapid excimer
formation is outcompeting SF, which occurs on the >100 ps timescale in polycrystalline thin films.
We attribute the rapid excimer formation in BPEA aggregates on AAO membranes to the strong

CT contribution, as seen in the molecular dimers. At the same time, the CT contribution is
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insufficient to promote symmetry-breaking charge separation to form a BPEA contact ion pair and
has been observed as a minor decay pathway in covalent BPEA dimers.

3.3.4 Excimer Mobility in One Dimension

The transient absorption spectra show that bands closely related to the Frenkel exciton state
evolve into other absorption bands that are signatures of the excimer state. From the perspective
of exciton theory, the excimer is described as an exciton that has relaxed through intermolecular
structural changes to an excimer geometry that allows for mixing with the CT states.®

This concept of the excimer implies a degree of mobility through the chromophore
assembly. Exciton mobility is a shared characteristic of both excimers and Frenkel excitons 104106
and has been observed for a range of organic chromophores. The mobility of the excimer state in
the system presented here is supported by our observation that AA in the transient absorption data
IS sensitive to incident pump power, as seen in Figure 3a. As the pump power increases from 0.25-
1.50 mW, AA decays more rapidly (Figures 3.7-3.11). This indicates that the kinetics are not purely
first-order, meaning that even though the TA data were reasonably well fit by exponential
functions (Figure 3.3), the underlying dynamics are better described using more complicated
processes. Annihilation between the Frenkel exciton states is ruled out as the cause of the
intermediate time behavior because the transformation to the excimer state is sufficiently fast to
outcompete Frenkel annihilation, with excimer formation observed directly in the data within the
first few ps. Thus, we consider annihilation between nearby excimers and that these excimers are

mobile.
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Figure 3.4. (a) Power dependence of AA signal at 600 nm where the excimer exciton
photoinduced absorption band appears, taken as the average from 595-605 nm. (b) Fit of
the TA data to the one-dimensional exciton annihilation model at different pump powers.

Excimer mobility was investigated in the BPEA assemblies by studying the dependence of AA
on the excitation photon fluence. In systems with high exciton densities, ultrafast bimolecular
annihilation can occur where one exciton transfers its energy to a neighboring exciton. One exciton
then decays to the ground state while the other is promoted to a higher excited state that is singlet
in character before relaxing to the S; state. The bimolecular annihilation rate constant can be used
to determine diffusion coefficients and exciton diffusion lengths. The decay curves are fit to the
kinetic model for bimolecular one-dimensional annihilation based on the geometry of the system
where the m-m interactions in columnar BPEA aggregates on the AAO membrane force the
diffusion to be preferentially one-dimensional. Following formation, the excimers decay according

to the kinetic model:

dE] _
~ = ~la[E]-k [E]’ (Eqn. 3.1)

where kj is the intrinsic unimolecular decay rate constant of the excimer and k is the bimolecular
annihilation rate coefficient, which can take on a time-dependence based on the dimensionality of

the exciton diffusion. For one-dimensional diffusion, this coefficient is expressed as:'’
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/8D c
ky(t) = R n;” =7 (Eqn. 3.2)

where R, is the annihilation radius, D, the one-dimensional diffusion coefficient, and C is a

composite constant that is determined by the fit and used to extract D;,. We assume that the
distance R, = 1.1 A, based on the average annihilation radius for reported organic materials (see
Sl for details).

The intrinsic lifetime of the BPEA excimer state (ki ~ (10 ns)™)% is significantly longer than
the 10s of ps timescale on which we observe exciton annihilation, and at larger pump fluences we

can neglect it in egn. 3.1 to yield:

d[E] _ 2
— = ~ka[E] (Ean. 3.3)

which can be solved to obtain the time-dependent excimer concentration:*8
[E] = ([E]g" +2¢VD)~! (Ean. 3.4)

The excimer appears in the time-resolved spectra as the excited-state absorption (ESA) centered
at 600 nm. The transient absorption data were fit to (3.4) and the diffusion coefficient was obtained
by solving for D, in (3.2). The details of calculating the diffusion coefficient and the constant C
in (3.2) are detailed in Section 3.5.5. It was observed that the annihilation rate coefficient, ko,
changes with pump power due to the number of initial excimer states formed (Figure 3.13). This
trend has also been observed in an organic cocrystal that undergoes charge-transfer biexciton
annihilation.* The average diffusion coefficient of the excimer is 2.4x 10 cm?/s at a pump power
of 1.5 mW (far into the annihilation regime), which is only about an order of magnitude lower than
that of singlet excitons in organic materials with strong n-7 interactions. 12 The lower diffusivity

of the excimer is due to the intermolecular structural changes in the BPEA aggregate that lead to
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reduced efficiency of the energy transfer process.®’ The reduced mobility of the excimer in the
one-dimensional BPEA assemblies may also be due to the intrinsic heterogeneity of the AAO
system where the molecules can adopt a range of conformations.*'? This disorder potentially
disrupts the association of the BPEASs with one another in various areas of the assembly, further
limiting the migration of the excimer. The change in the relative transition dipole moments of the
BPEA molecules due to the structural relaxation that the excimer undergoes may also lead to less
efficient Forster energy transfer.?

Potential mechanisms of excimer diffusion have been proposed where either the excimer
adopts the ground-state geometry of an adjacent dimer pair, or a ground-state molecular dimer
relaxes to the excimer geometry prior to energy transfer.80 106 122123 pravious studies of
temperature-dependent pyrene absorption support a mechanism where the distance between the
units of the ground-state dimer expands to the geometry of the excimer prior to the excitation
energy transfer. It is also possible that the observed excimer diffusion occurs by a mechanism
where both the distance between the units of the ground-state dimer expands, and the interplanar
distance in the excimer contracts to accommodate energy transfer. However, since the emission of
the BPEA aggregates is considerably perturbed compared to the monomeric emission, it is likely
that the excimer geometry is also distorted relative to that of the monomer, as mixing with the CT
state typically leads to structural changes as the excimer adjusts to the new electron distribution.
3.4 CONCLUSIONS

BPEA chromophores were self-assembled on nanoporous AAO membranes using silyl-
BPEA. Excimer formation in this supramolecular system is a multi-step process and the system is
well-described by exciton theory. This description reveals that the BPEA excimer undergoes one-

dimensional diffusion in the AAO membrane. The BPEA-AAO assemblies show that the excimer
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diffusion coefficient is greater than that of other excimers and is nearly as mobile as some singlet
excitons. This makes it possible that BPEA chromophore aggregates can serve as light harvesting
systems for solar energy applications.

3.5 SUPPLEMENTARY INFORMATION

3.5.1 Synthesis

Instrumentation and materials. All reagents and solvents were commercial grade and used
without further purification. Column chromatography was performed on silica gel. *H nuclear
magnetic resonance spectra were collected on a Bruker Avance I11 500 MHz system and chemical
shifts are recorded in ppm (8) and samples dissolved in deuterated chloroform. The high-resolution
mass spectroscopy (HRMS) spectra were taken on an Agilent LCTOF 6200 series mass
spectrometer using electrospray ionization (ESI).

Synthetic procedures.

Synthesis of N-(3-(triethoxysilyl)propyl)-4-ethylnylbenzamide (1)

> 0
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A previous synthetic procedure was followed for the synthesis of 1.124 4-ethynylbenzoic acid (0.3
g), 3-aminopropyltriethoxysilane (0.6 mL), and SOCI> (5 mL) were refluxed in THF (20 mL) for
3h, and the mixture was vacuum distilled to remove residual solvent and SOCI.. The black residue
was dissolved in anhydrous CH2Cl, (20 mL), then 3-aminopropyltriethoxysilane (20 mL) and NEt;

(2 mL) were added dropwise to the reaction. The mixture was dry loaded onto silica gel and



75
purified by column chromatography (75% hexanes: 25% EtOAc) to yield the pure product (311

mg, 44% yield) as a white solid.

IH NMR (3 in CDCls, 500 MHz) &: 7.72 (d, 2H), 7.53 (d, 2H), 6.53 (b, 1H), 3.83 (g, 6H), 3.46 (m,

2H), 3.18 (s, 1H), 1.76 (m, 2H), 1.24 (t, 9H), 0.69 (t, 2H)

Synthesis of 9-Bromo-10-phenylethynylanthracene (2)

Br

< > Cul, Pd(PPh3), OOO
diisopropylamine,
toluene

J

2

A mixture of 9,10-dibromoanthracene (1.5 g), phenylacetylene (0.43 g), and Pd(PPhs)4 dissolved
in toluene:i-ProNH 7:3 was stirred under N2 at 55°C for 24 h. The reaction mixture was cooled to
room temperature, CH2Cl> was added, and the mixture was stirred until all the solid was dissolved.
The mixture was extracted with CH2Cl, (3x), washed with water, and dried over Na,SO4. The
product was purified by column chromatography using a solvent gradient of 100% hexanes —

15% CHCIl3:85% hexanes to yield the pure product (340 mg, 25% vyield) as yellow needles.

IH NMR (& in CDCls, 500 MHz): 8.69 (m, 2 H), 8.55 (m, 2 H), 7.73 (m, 2 H), 7.63 (m, 4 H), 7.42

(m, 3 H).
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Synthesis of silyl-BPEA (3)

_—<>—’< CLPEENC, o Q _

NEts, 17h, 70°C — —
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O > (EtO),Si

9-Bromo-10-phenylethynylanthracene (20 mg), N-(3-(triethoxysilyl)propyl)-4-ethynylbenzamide
(19 mg), and Cul (1 mg) were dissolved in diisopropylamine:THF (10 mL:10mL) and degassed
with N2 for 15 min. Pd(PPhs).Cl> (2 mg) was added to the reaction under N2 and the mixture was
degassed for another 15 min. The reaction was heated to 70°C and run to completion over 20 h.
The reaction was purified using column chromatography and eluted with 50% hexanes: 50%

EtOAC to yield the pure product (15 mg, 40% yield).

'H NMR (8 in CDCls, 500 MHz): 8.70 (m, 3H), 7.87 (d, 2H), 7.83 (d, 2H), 7.78 (dd, 2H), 7.75 (d,
1H), 7.66 (m, 3H), 7.58 (d, 1H), 7.45 (m, 3H), 6.63 (t, 1H), 3.84 (m, 6H), 3.51 (m, 2H), 1.79 (m,
2H), 1.25 (m, 9H), 0.72 (m, 2H). HR-MS (ESI)(m/z): [M*] calc. for C4H39NO4Si, 625.84; found,

626.27.
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3.5.2 Average Distance between BPEAs on Nanoporous AAO Membranes

- ’
[

Figure 3.5. Schematic of AAO membranes depicting the parameters used for calculation of the average BPEA
spacing.

Blank AAO membranes were pre-weighed and soaked in a solution of silyl-BPEA for 24 h. After
extensive rinsing with DCM and drying, the coated AAO membranes were weighed to obtain the
average mass (m) of silyl-BPEA covalently bound to the AAO membranes. Thus, the mass m =
0.4 mg for silyl-BPEA bound to one AAO membrane. The pore density (d) of the AAO membrane
is 3x10° cm? (provided by the manufacturer InRedox).

The total number of pores in the AAO membrane is:
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N = nR?d (Egn. 3.5)

The surface area (S) of one pore is:
S =2nrh (Eqgn. 3.6)
Therefore, the total surface area A of the AAO membrane is:
A =2nR X h+ 2(nR?* — Nur?) + NS = NS (Eqgn. 3.7)

The number of BPEA molecules on the AAO membrane is:

Ny X —

(Eqgn. 3.8)

MBpEA

Assuming the distance [ between the BPEAs on AAO is the same, and the BPEAs are distributed
evenly over a square with area A, the number of BPEAs on the AAO membrane can be described

by equating two expressions:

() =

(Egn. 3.9)

MppEa

The left side of the equation describes the number of BPEAs on AAO from the square with area
A, while the right side uses the mass m to determine the number of BPEASs. By solving the equation
above for distance [, where h is the height of the membrane, r the radius of the AAO pore, R the
radius of the AAO membrane, Mzpy,4 the molecular weight of the silyl-BPEA, and N, Avogadro’s

number. We calculate that the distance between the BPEAs on AAO is 0.28 nm.
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3.5.3 Femtosecond Transient Absorption Spectroscopy
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Figure 3.6. fsSTA spectra of monomeric silyl-BPEA in dichloromethane following 414 nm, ~100 fs
excitation (1 pJ/pulse) at 500 Hz.
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Figure 3.7. fsTA spectra of BPEA-AAO at 0.25 mW pump power: a) spectra, b)
kinetic fits at selected wavelengths, c) decay-associated spectra, d) species populations.
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Figure 3.8. fsTA spectra of BPEA-AAO at 0.5 mW pump power: a) spectra, b) kinetic fits
at selected wavelengths, c) decay-associated spectra, d) species populations.
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Figure 3.9. fsSTA spectra of BPEA-AAO at 0.75 mW pump power: a) spectra, b) kinetic fits at
selected wavelengths, c) decay-associated spectra, d) species populations.
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Figure 3.10. fsTA spectra of BPEA-AAO at 1.0 mW pump power: a) spectra, b) kinetic fits
at selected wavelengths, c) decay-associated spectra, d) species populations.
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Figure 3.11. fsTA spectra of BPEA-AAO at 1.25 mW pump power: a) spectra, b) kinetic fits
at selected wavelengths, c) decay-associated spectra, d) species populations.

3.5.4 Calculation of Excitation Density

The excitation density (&) is the number of absorbed photons (N,,) in the excitation volume

(V) per pulse. The values 4, P, A, f, r, and t are the excitation wavelength, pump power,

absorbance at the excitation wavelength, pump repetition rate, radius of the probe beam, and

thickness of the crystal. Values h and c are Planck’s constant and the speed of light in a vacuum.

(Egn. 3.10)
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_AxXPx(1-107%
P hxcxf

(Egn. 3.11)

The excitation volume (V) is the volume of an annulus of a ring of BPEA molecules around the
pore rim, multiplied by the number of AAQO pores in the probe area. R, 7, H, Ay,ope, and d are the

radius of the pore, inner radius (to the edge of the annulus), height of the pore, area of probe (radius

= 100 um), and pore density, respectively.

For the experiment at these parameters the excitation density is: 3.78 x 108 cm,

Table 3.1: Excitation density at different powers

Power (mW) Excitation density (cm)
1.5 3.78 x 10'®
1.25 3.15 x 10*8
1.0 2.52 x 10*8
0.75 1.89 x 10%8
0.25 6.29 x 10

V= m(R—1)*H X Aprope X d

R Figure 3.12. The area of an annulus of
BPEA molecules in the AAO pore is
highlighted in green.

Table 3.2. Parameters for calculating number of photons, N,,

A (nm) \ P (mW) \ A (OD) \ f (Hz)
414 \ 1.5 | 0007 | 500
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Table 3.3. Parameters for calculating excitation volume, VV
r (nm) ‘ H (Um) ‘ Aprobe (sz) d (Cm-z)

R (nm)
40 | 377 | 50 | 3.14x10* | 3x10°

3.5.5 Calculation of Diffusion Coefficient

To calculate the bimolecular rate coefficient, the data were fit to the following kinetic
model. The excimers decay unimolecularly with an intrinsic lifetime not captured by the following
one-dimensional diffusion model. We neglect the unimolecular decay process because it is >>10x
slower than the excimer annihilation process. Excimers annihilate through one-dimensional
diffusion:

d[E
dlE] = —k,[E]? (Egn. 3.12)
dt
Where [EE] is the concentration of excimers and k, is a Smoluchowski-type rate coefficient for
diffusion-controlled excimer annihilation. Assuming one-dimensional diffusion of excimers and
that annihilation is effectively instantaneous upon contact, k, may be related to the one-

dimensional diffusion coefficient D;, and the annihilation radius R, of excimers by’

8D C 8D
1D _ S oc= anz 1D
mt Jt

with R, estimated as 1.1 nm according to literature.®® Solving the differential equation (3.12)

ky(t) = mR,? (Eqn. 3.13)

with k, expressed as (3.13) yields*!é:
[E] = ([E]gt + 2CV) ™2 (Eqn. 3.14)

where [E], is the initial concentration of excimers after excitation, and k, = 2C. With TA spectra,

the concentration of excimers [E] at any given time t after can be expressed as:



[E]

=—X
AA,

AA

[Elo
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(Egn. 3.15)

Where AA and AA, are the TA signal at time t and at time zero, respectively. Assuming every

photon absorbed by the system converts to an excimer, [E], reduces to the excitation density ¢,

calculated in the previous section.

Inserting equation (3.15) into (3.14), the evolution of TA signal in time can be expressed

in units of AA as:

AA = (AA,"t + 2E—C\/E)—l

AA,

(Eqgn. 3.16)

The TA data excited at 414 nm were fit at 600 nm to equation (3.14) to obtain the C value, and

finally equation (3.13) can be solved for the value of D, :

DlD:<

3.5.6 Annihilation Rate vs. Power
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Figure 3.13. Rate coefficient of annihilation (from fitting to a one-dimensional

annihilation model) vs. pump power. Annihilation rate decreases as power increases.

(Eqgn. 3.17)
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Using the values of kz defined above, the value of C was obtained according to Eqns. 3.12-3.17
and calculated in units cm® s/, The larger deviation and uncertainty associated with the extracted
value of k> for lowest measured power is likely a consequence of neglecting first order decay or
other, slower processes such as structural relaxation that are outcompeted by excimer annihilation

at higher pump powers.
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Chapter 4.

Ultrafast Photo-driven Charge Transfer Exciton
Dynamics in Mixed-Stack Pyrene-Perylenediimide
Single Cocrystals
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*4.1 INTRODUCTION

Organic donor-acceptor (D-A) cocrystals are formed by charge transfer (CT) interactions
between their two components, which result in new photophysical properties?6-128 with potential
applications in tunable dye lasers, %1% sensors,¥1132 and organic photovoltaics.*31% Several
studies characterizing the CT ground state optical absorption as well as the steady-state and time-
resolved photoluminescence of D-A co-crystals have been reported.3-44 46, 127, 137-145 \whjle a few
reports on excited state dynamics in D-A cocrystals employ transient absorption and emission
spectroscopy on polycrystalline powders to draw conclusions about the crystal morphology
dependence of the dynamics,!3% 146-149 there are even fewer studies that employ transient optical
absorption measurements to study CT exciton dynamics in single D-A co-crystals. %0152

Port and co-workers reported the first example of using femtosecond transient absorption to
study ultrafast CT exciton dynamics in single cocrystals of anthracene and PMDA. 10151 Wwe
recently reported on a single cocrystal of a peri-xanthenoxanthene (PXX) donor with a N,N-bis(3-
pentyl)-2,5,8,11-tetraphenylperylene-3,4:9,10-bis(dicarboximide) (PhsPDI) acceptor to give an
orthorhombic PXX-PhsPDI D-A r-stacked cocrystal with a CT transition dipole moment (TDM)
perpendicular to the TDMs for Sp « So excitation of PXX and PhsPDI. Using polarized,
broadband, femtosecond transient absorption microscopy (fsTAM), we determined that selective
photoexcitation of PhsPDI in the single cocrystal results in CT exciton formation within the 300-
fs instrument response time. At early times (0.3 <t < 500 ps), the CT excitons decay with a t*/2
dependence, which was attributed to CT biexciton annihilation within the one-dimensional D-A
n-stacks producing high-energy, long-lived (>8 ns) electron-hole pairs in the crystal.

Here, we have cocrystallized a pyrene (Pyr) electron donor with either an N,N'-bis(2,6-

diisopropylphenyl)- or N,N’-bis(3-pentyl)-perylene-3,4:9,10-bis(dicarboximide) (diisoPDI or
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CsPDI) electron acceptor to yield single Pyr-diisoPDI or Pyr-CsPDI donor-acceptor cocrystals
with mixed n-stacking. Polarized, broadband fsTAM was used to study the CT exciton dynamics
of Pyr-diisoPDI and Pyr-CsPDI single cocrystals, which reveal that the CT exciton diffusion
coefficient in the Pyr-diisoPDI cocrystal (~3x10* cm?/s) is about two orders of magnitude higher
than that of Pyr-CsPDI (~3.5x10° cm?/s). Additionally, when the pump polarization is
perpendicular to its crystallographic a-axis (crystal long axis), the CT exciton decay kinetics in the
Pyr-diisoPDI cocrystal are dominated by CT exciton annihilation, while charge recombination of
the CT exciton contributes significantly to the dynamics when the pump polarization is parallel to
the a-axis. In contrast, CT exciton recombination contributes significantly to the dynamics in the
Pyr-CsPDI cocrystal for both pump polarizations. A comparison of the two cocrystal morphologies
shows that CT exciton diffusion is most likely confined to individual D-A & stacks in the Pyr-
CsPDI cocrystal, while rapid charge hopping or delocalization between adjacent donors and
acceptors in the Pyr-diisoPDI cocrystal results in more rapid diffusion, even though CT exciton
diffusion remains one-dimensional. These results provide insight into how crystal morphologies
can be designed to tailor CT exciton mobilities in organic semiconductors for optoelectronic
applications.
4.2. EXPERIMENTAL
4.2.1 Steady state absorption and emission microscopy
Steady-state absorption spectra on the single crystals were obtained using an adapted commercial
epi-illumination microscope (Nikon Ti-U) using the white light continuum probe beam from the
femtosecond apparatus (see below). The white light source was focused on the sample with a 60%
objective lens (Nikon, NA= 0.70), and the transmitted light was collected and recollimated with

another 50x objective lens (Nikon, NA= 0.55) mounted over the sample. The collimated output
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was directed to a home-built spectrometer and the spectrally dispersed signal was recorded with a
fast line-scan camera (OctoPlus, Teledyne e2v). To obtain an absorption spectrum, a reference
transmission was first taken with the beam focused on the bare glass substrate, and the signal
transmission was measured on the single crystal. The polarization of the beam was controlled with
a broadband half-wave plate (HWP) before the microscope to obtain the steady-state absorption
spectra at different polarizations.

Steady-state emission spectra were measured using a similar epi-illumination microscope
(Nikon Ti-U), excited by a 532 nm continuous-wave laser (Spectra-Physics) beam. A 40x
magnification objective lens (Nikon, NA = 0.60) was used both to focus the incident beam onto a
single crystal and to collect the emitted light. The emitted light was then sent into an Acton
spectrograph (Princeton Instruments) equipped with a PIXIS 400BR CCD Camera (Princeton
Instruments). A long-pass filter was used to block the scattered excitation beam within the signal.
4.2.2 Transient absorption microscopy
Femtosecond transient absorption microscopy (fsTAM) was performed as follows: The 1040 nm
fundamental output (> 8 W, < 400 fs, 200 kHz repetition rate) of a commercial amplified laser
system (Spirit One, Spectra-Physics) was down-counted to 100 kHz with the integrated pulse
picker, and then divided with a beam splitter (BS) into two beam paths. One beam (probe path)
was sent to a double-pass linear delay line (Newport), and then focused into a 10 mm thick undoped
yttrium aluminum garnet (YAG) crystal for white light continuum generation. The other fraction
of the 1040 nm fundamental beam was used to drive a collinear optical parametric amplifier
(Spirit-OPA, Spectra-Physics), which generated the visible pump pulses. The visible pump pulses
were modulated at 50 kHz with an electro-optic amplitude modulator (EOAM-NR-C4, Thorlabs),

which was synchronized to the fundamental laser output. The pump was converted to a circularly



92
polarized beam before entering the modulator, and the modulated output pump beam was routed
through a polarizer. This is followed by dispersion compensation of the modulated pump pulses
using a prism compressor consisting of two prisms. The pump and probe beams were co-axially
combined using a 50:50 BS and sent into the same microscope setup, spectrometer, and camera
used for steady-state absorption measurements described above. The polarizations of the pump
and the probe beams were varied independently using two HWPs. The pump and probe focused
spot sizes (FWHM) on the sample were 0.83 um and 0.93 um, with Gaussian beam shapes. The
total instrument response function (IRF) was 400-600 fs.

4.3 RESULTS
4.3.1 Donor-acceptor cocrystal structures

Single cocrystals containing a 1:1 stoichiometric ratio of pyrene to either diisoPDI or CsPDI
in their unit cells were grown and their x-ray diffraction structures were determined using
techniques given in Section 4.6. The Pyr-diisoPDI cocrystal is monoclinic with the space group
P2:/c. Bravais-Friedel-Donnay-Harker (BFDH) cell morphology calculations (Figure 4.5) show

that the crystallographic a-axis is nearly parallel to the crystal long axis. The view down the b-c
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Figure 4.1. Pyr-diisoPDI cocrystal structure: (a) View down the b-c crystallographic plane with the interstack
distance labeled, (b) View down the a-c crystallographic plane with the Pyr-diisoPDI and diisoPDI-diisoPDI
distances labeled as well as the angle between the planes of the molecules and the crystallographic c-axis, and (c)
View nearly in line with the crystallographic b-axis showing the edge-to-edge n-rt distances of Pyr-Pyr, Pyr-
diisoPDI, and diisoPDI-diisoPDI. Pyr-CsPDI cocrystal structure: (d) View down the a-c crystallographic plane
with intrastack and interstack distances labeled, (e) View down the a-b crystallographic plane, (f) View down the
crystallographic a-axis with the Pyr- CsPDI, CsPDI- CsPDI, and Pyr-Pyr distances labeled.

crystallographic plane shows that the interstack distance between the D-A pairs is 9.6 A (Figure
4.1a). The planes of the diisoPDI and pyrene molecules are tilted 51° from the a-axis of the unit
cell (Figure 4.1b) and the Pyr-diisoPDI n-n stacking distance is 3.5 A. While the center-to-center
distance between two diisoPDI molecules in separate D-A stacks is 7.2 A, they have an edge-to-

edge distance of one of their oxygen atoms to the carbon atom of an adjacent diisoPDI of only 3.31
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A (Figure 4.1c). The structure also shows that half of the Pyr molecules are in the same plane as
diisoPDI with an edge-to-edge closest distance of the diisoPDI oxygen atom to the Pyr carbon
atom of 3.37 A. In addition, adjacent Pyr molecules have a slip-stacked arrangement in which the
closest edge-to-edge distance of their m systems is only 3.34 A. While the intrastack n-n
interactions of the cofacial Pyr and diisoPDI should be large, given the close edge-to-edge
interstack Pyr-Pyr, diisoPDI- diisoPDI, and Pyr-diisoPDI distances (Figure 4.1c), the interstack
electronic interactions may also be sufficiently large to influence the formation, migration, and
decay of CT excitons.

The Pyr-CsPDI cocrystal is triclinic with space group P-1 and its interstack distance is 9.8 A,
while the Pyr-CsPDI nt-rt stacking distance is 3.5 A, both of which are very similar to the Pyr-
diisoPDI cocrystal (Figure 4.1d). BFDH cell morphology calculations (Figure 4.6) once again
show that the crystallographic a-axis is nearly parallel to the crystal long axis. Looking down the
a-b crystallographic plane, the angle between the planes of adjacent D-A stacks is 47° (Figure
4.1e). In contrast to the Pyr-diisoPDI cocrystal, the Pyr-CsPDI cocrystal has significantly greater
edge-to-edge n-m distances of closest approach, where these distances are 6.43 A for CsPDI-
CsPDI, 6.12 A for Pyr-CsPDI, and 3.98 A for Pyr-Pyr (Figure 4.1f). This implies that the
photophysics of the Pyr-CsPDI may be dominated by intrastack cofacial D-A interactions.

4.3.2 Steady state absorption and emission

Polarization-dependent steady-state absorption and PL spectra of both cocrystals are shown in
Figure 4.2. The Pyr-diisoPDI cocrystal exhibits three distinct absorption bands at 460, 510, and
550 nm that are assigned to transitions of diisoPDI (Figure 4.2a).1%> Absorption peaks related only
to Pyr are not observed because the molecule absorbs at 300-350 nm, which is outside of the range

of the absorption measurement. The absorption in the 600-700 nm range is assigned to the CT
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Figure 4.2. Steady-state absorption spectra at various polarizations with respect to the macroscopic crystal long
axis (crystallographic a-axis), and unpolarized PL of (a) Pyr-diisoPDI cocrystal and (b) Pyr-CsPDI cocrystal.

band of the cocrystal. The CT TDM lies along the direction normal to the n-stacking direction, so
that the TDM makes an angle of ~40° relative to the crystallographic a-axis, which is parallel to
the glass substrate surface. In contrast, the TDM of diisoPDI lies along its N-N axis,®* which is
also ~40 relative to the crystallographic a-axis. As the direction of the linearly polarized light
relative to the a-axis is changed, both the diisoPDI and CT bands exhibit modest intensity changes
(Figure 4.2a). Additional polarized absorption data are given in Figures 4.7-4.9. The unpolarized
PL spectrum of the Pyr-diisoPDI cocrystal shows a maximum at 710 nm.

The Pyr-CsPDI cocrystal displays a broad absorption band with a maximum at 530 nm and
a shoulder at 577 nm that are both assigned to vibronic transitions of CsPDI (Figure 4.2b).5* The
Pyr-CsPDI CT band is not observed because its TDM is nearly perpendicular to the
crystallographic a-axis, which is parallel to the glass substrate surface, and is thus nearly
orthogonal to all orientations of the polarized light. The orientation of the CsPDI TDM®* is ~40°
relative to the crystallographic a-axis, so that the CsPDI absorption of the cocrystal exhibits a
modest dependence of the polarized light orientation. The sharp absorption band at 410 nm may

result from the red-shifted pyrene absorption in the solid state. Additional polarized absorption
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data are given in Figures 4.10-4.12. The unpolarized PL spectrum of the Pyr-CsPDI single crystal
shows a band maximum at 710 nm, which is nearly identical to that of Pyr-diisoPDI. We assign
this PL to the CT emission in both cocrystals.

4.3.3 Transient absorption microscopy

Polarization-dependent femtosecond transient absorption microscopy (fSTAM) was used to
investigate the CT exciton dynamics of both the Pyr-diisoPDI and Pyr-CsPDI cocrystals. The
pump and probe focused spot sizes (FWHM) on the sample were 0.83 pm and 0.93 um, with
Gaussian beam shapes (Figure 4.13). The total instrument response function (IRF) was 300 fs. The
spectral features of Pyr-diisoPDI differ when the probe polarization is parallel or perpendicular to
the a-axis of the cocrystal. After selective photoexcitation of diisoPDI at 540 nm, an absorption
peak appears at 710 nm within the IRF when the probe is perpendicular to the crystallographic a-
axis that is assigned to diisoPDI*~ within the Pyr**-diisoPDI*~ exciton (Figure 4.3a).”” In contrast,
when the probe direction is parallel to the crystal a-axis, the diisoPDI*~ positive absorption feature
broadens. Both spectra decay over the ~8 ns time window of the pump-probe experiment. The
spectral shape resembles the solution phase spectrum of PDI*~ observed previously.”” Pyr' is not
observed because the spectral feature would be around 400 nm,**3 which is outside the wavelength
window of the experiment. The sharper diisoPDI*~absorption observed for the perpendicular probe
orientation is a consequence of cancellation of part of the diisoPDI*~ absorption by the ground state
bleach of the CT absorption band at 600-700nm (Figure 4.3a). When the probe is parallel to the
crystallographic a-axis, the ground state bleach of the CT band is diminished and thus, the

diisoPDI*~ absorption appears more symmetric (Figure 4.3b).
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Figure 4.3. FSTAM spectra of the Pyr-diisoPDI cocrystal with probe polarized (a) perpendicular or (b) parallel
to crystallographic a-axis and of the Pyr-CsPDI cocrystal with probe polarized (c) perpendicular or (d) parallel
to crystallographic a-axis.

The fsSTAM spectra of the Pyr-CsPDI cocrystal are only slightly probe-polarization
dependent. After selective excitation of CsPDI, formation of the Pyr*-CsPDI*~ CT exciton is
observed as a broadened positive absorption band at 700 nm due to CsPDI*™ when the probe is
perpendicular to the a-axis of the crystal. The CsPDI* feature decays within the 8 ns pump-probe
delay window (Figure 4.3c). Similar spectral features are observed when the probe is parallel to

the crystal long axis. CsPDI*~ is observed at 700 nm along with a shoulder at 640 nm (Figure 4.3d).
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4.4 DISCUSSION
4.4.1 CT exciton diffusion and decay dynamics
Our data show that the kinetics of CT exciton diffusion in the Pyr-diisoPDI cocrystal depend
on the pump polarization relative to the crystallographic a-axis. When the pump is polarized
perpendicular to the crystallographic a-axis, the TDM of diisoPDI within the Pyr-diisoPDI
cocrystal is nearly parallel to the polarization direction of the light (Figure 4.1a), so maximal light
absorption occurs. The decay kinetics are best modeled using a bimolecular, one-dimensional CT

exciton annihilation process:

d[CT]
dt

= —k,[CT]? (Egn. 4.1)
which for a Smoluchowski-type time-dependent rate coefficient k, < t~1/2 has the analytical
solution:!!8

[CT] = ([CT]yt + 2¢Vt) ™t (Eqn. 4.2)
where C is a composite constant discussed below. This model fits the data well for the ~8 ns time

window of the pump-probe experiment (Figure 4.4a).
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Figure 4.4. (a) Kinetic fits to a bimolecular, one-dimensional decay model at two different pump fluences for
Pyr-diisoPDI with the indicated pump and probe polarizations. (b) Kinetic fits to a bimolecular, one-dimensional
decay and first order decay model at two different pump fluences for the Pyr-diisoPDI cocrystal with the indicated
pump and probe polarizations. Oscillations in the data are due to acoustic phonons produced in the cocrystal at
higher pump powers. (c) Kinetic fits to a bimolecular, one-dimensional decay and first order decay model in the
Pyr-CsPDI cocrystal with the indicated pump and probe polarizations. The pump energy is 2.3 uW for both
polarizations. Oscillations in the data are due to acoustic phonons produced in the cocrystal at higher pump
powers.

In contrast, when the pump is polarized parallel to the crystallographic a-axis, the TDM of
diisoPDI within the Pyr-diisoPDI cocrystal is nearly perpendicular to the polarization direction of
the pump diminishing the absorbance. The kinetic model that best describes the data requires the

addition of a first order decay component to egn. 4.1:

L = —ky [CT] = ky[CT)? (Eqn. 4.3)

The analytical solution'!’ to eqn. 4.3 as detailed in the ESI is:

—-kqt
[CT] = [CT]oy/kie k1

= TRt CToova [Tl cVaxerfe(yian)  (Cam44)

This model fits the data well for the ~8 ns time window of the pump-probe experiment (Figure
4.4b).

Charge recombination of the CT exciton begins to compete with the CT biexciton annihilation
process when the pump polarization changes because irradiating the crystal with a parallel

polarized pump reduces the number of absorbed photons and leads to fewer initial CT excitons
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produced (Figure 4.4b). This leads to a diminished CT biexciton annihilation rate and increased
contribution of charge recombination to the decay kinetics. Indeed, the effects of the concentration
of CT excitons on the kinetics can be seen in both pump polarizations when the incident pump
power is decreased from 17 uW to 3.8 uW (Figures 4.4a and 4.4b). The lower concentration of
CT excitons causes the nonlinear contribution in eqn. 3 to diminish, leading to slower decay
kinetics and a larger contribution of first-order geminate charge recombination.

The TDM of CsPDI in the Pyr-CsPDI cocrystal is rotated by ~40° relative to the
crystallographic a-axis, so that the CT exciton dynamics are nearly independent of the pump
polarization direction. The CT exciton dynamics in the Pyr-CsPDI cocrystal are best modeled
using egns. 4.3 and 4.4, regardless of pump polarization direction. The Pyr-CsPDI transient
absorption data and kinetic fits using eqn. 4.4 are shown in Figure 4.4c. The presence of a
significant first-order decay term at both pump polarizations indicates there is a significant
contribution from the CT exciton recombination in addition to the dominant CT biexciton
annihilation process. This is reasonable because interstack CT exciton diffusion is strongly
diminished by the long CsPDI- CsPDI and Pyr-Pyr edge-to-edge distances (Figure 4.1f), relative
to the corresponding distances in the Pyr-diisoPDI cocrystal (see below).

The bimolecular annihilation rate constant, k2, can be cast as a one-dimensional diffusion

coefficient using:t’

__1 80i;p __C . _ 1 ’8D1D
kz " RipNp nt \/E'C " RyipNg . (Eqn 45)

Solving for the value of C in egn. 4.5, we calculated the CT exciton diffusion coefficients for both
Pyr-diisoPDI and Pyr-CsPDI, which are listed in Table 4.1. The details of the calculations for the

diffusion coefficients from C and AA are given in Section 4.6 (egns. 4.6-4.17). While the mobility
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of the CT exciton in a donor-acceptor cocrystal can be described by a hopping rate,’*? the
movement of excitons in crystalline pentacene and similar materials has also been modeled by a
diffusion coefficient.11” 1415 |t js known that CT excitons in mixed-stack donor-acceptor systems
diffuse via a superexchange mechanism, where the hole on D" tunnels to the next D through a
virtual singlet state, 1A 49152157160 A similar mechanism for tunneling of A™ is possible, but less
likely in the cases presented here because the virtual 1*D is much higher in energy.

Table 4.1. Rate constants and diffusion coefficients for Pyr-diisoPDI and Pyr-CsPDI cocrystals at different
pump polarizations.

Cocrystal ki (ps?) k2 (OD-ps™/2) D (cm?/s)
Pyr-diisoPDI, L pump - 6.86 + 0.05 2.16 x 10
Pyr-diisoPDI, || pump 1.57+0.08 x 10* | 0.137 + 0.004 3.70 x 10*
Pyr-CsPDI, L pump 5.1+0.3x10* 23+1 1.82 x 10
Pyr-CsPDI, || pump 6.3+0.5x10* 119+2 5.05 x 10°®

What aspect of the Pyr-diisoPDI cocrystal structure leads to a 100-fold increase in its CT
exciton diffusion coefficient relative to that of the Pyr-CsPDI cocrystal? Photoexciting the Pyr-
diisoPDI cocrystal may lead to efficient charge hopping or delocalization because the diisoPDI-
diisoPDI and Pyr-Pyr edge-to-edge distances are close enough to ensure interstack wavefunction
overlap (Figure 4.1c). Using EPR and ENDOR spectroscopy, we demonstrated earlier that the
radical anions of PDI dimers and trimers with orthogonal core n-systems separated by ~3.2 A have
charge hopping rates that are >>10" s, so that the nearly coplanar diisoPDI rt-systems in the
Pyr-diisoPDI cocrystal should also have a comparable or higher hopping rate. Dispersing the
charge in the CT exciton will reduce the Coulomb attraction of the CT state and the probability of
charge recombination.’®> Moreover, charge dispersal should result in additional electronic

coupling pathways for CT exciton diffusion via the superexchange mechanism outlined above.
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Thus, CT exciton diffusion becomes more favorable, even though CT exciton migration remains
largely one-dimensional. In contrast, the Pyr-CsPDI cofacial n-stacks in the cocrystal structure are
positioned farther apart, so that charge hopping or delocalization between adjacent n-stacks is
unlikely, thus confining CT exciton diffusion to the individual n-stacks. Thus, the fact that the CT
exciton diffusion coefficient for the Pyr-diisoPDI cocrystal is almost 100 times larger than that of
the Pyr-CsPDI cocrystal is consistent with the cocrystal morphologies, although one cannot
completely discount some contribution from differences in the density of CT exciton trap sites.
4.5 CONCLUSIONS

Two cocrystals, Pyr-diisoPDI and Pyr-CsPDI, were characterized using X-ray crystallography,
steady-state absorption and emission microscopy and fSTAM. The fsTAM spectra of both
cocrystals indicates the formation of Pyr-diisoPDI* and Pyr*-CsPDI" CT excitons, whose
kinetics were modeled using a one-dimensional CT exciton annihilation model with the addition
of a first-order decay term in certain cases. It was determined that one-dimensional CT exciton
diffusion occurs in the z-stacking direction in both Pyr-diisoPDI and Pyr-CsPDI cocrystals. The
100-fold increase in the CT exciton diffusion coefficient of the Pyr-diisoPDI cocrystal relative to
that of the Pyr-CsPDI cocrystal is attributed to charge dispersal within the CT exciton in the former
case. These results illustrate how D-A cocrystal morphology strongly influences CT exciton
diffusion and provide insight into optimizing D-A-cocrystals for optoelectronic applications.
4.6 SUPPLEMENTARY INFORMATION
4.6.1 Crystal Growth and Structure Determination

The Pyr-CsPDI cocrystal was grown from 4 mL of 3.75 mM pyrene and 3.75 mM CsPDI in
CHCIs. This solution was pipetted into culture tubes (Fisher brand, 6x50 mm lime glass), which

were placed in a 20 mL glass vial filled with ~8 mL of MeOH, and the single cocrystals were
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grown by vapor diffusion. Similarly, the Pyr-diisoPDI cocrystal was grown from 4 mM pyrene
and 4 mL of 4 mM diisoPDI in CHCI3 using the same techniques. Once the crystals were visible
by eye, they were drop cast from the mother solution onto a glass slide and their excited-state
properties were measured.

4.6.2 Single Crystal X-ray Diffraction

A suitable single crystal of Pyr-CsPDI with dimensions of 0.049x0.071x0.268 mm3 was
mounted on a loop with paratone oil on an XtaLAB Synergy diffractometer equipped with a micro-
focus sealed X-ray tube PhotonJet (Cu) X-ray source and a Hybrid Pixel Array Detector(HyPix)
detector. The temperature of the crystal was controlled at 100.0 K with an Oxford Cryosystems
low-temperature device. Data reduction was performed with CrysAlisPro software using an
empirical absorption correction. The crystal under investigation was found to be non-merohedrally
twinned. The orientation matrices for the two components were identified using the program
CrysAlisPro (Rigaku Oxford Diffraction, 2019). The exact twin matrix identified by the
integration program was found to be (-0.9996 0.0001 -0.0007 -0.0023 -0.9991 0.0022 -0.4445 -
0.0238 1.0001). The second domain is rotated from first domain by -179.9126% about the
reciprocal lattice c axis. An hkIf5 file was used in all refinements. The structure was solved using
direct methods with only the non-overlapping reflections of component 1. The twin fraction
refined to a value of 0.413(2).The structure was solved using the XS structure solution program
using direct methods and by using Olex21%* as the graphical interface. The model was refined with
the XL refinement package using Least Squares minimization. The final structure has been
submitted to the Cambridge Crystallographic Data Centre: CCDC 2092900.

Crystal Structure Data for Pyr-CsPDI:C100HsoN4Osg (M =1437.75 g/mol): triclinic, space group

P-1 (no. 2), a = 7.3795(10) A, b = 9.5328(2) A, ¢ = 26.1396(6) A, o = 89.271(2)°, S = 86.498(2)°,
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y= 84.068(2)°, V= 182555(6) A%, Z= 1, T= 100.0K, w(CuKa)= 0.7659 mm™, Dcalc =
1.333 g/cm?®, 10696 reflections measured (6.776° < 20 < 155.016°), 7547 unique (Rint = merged,
Rsigma = 0.0075) which were used in all calculations. The final Ry was 0.0901 (I > 2o(I)) and WR>
was 0.2825 (all data).

A suitable single crystal of Pyr-diisoPDI with dimensions of 0.064x0.098x0.255 mm? was
mounted on a loop with paratone oil on the diffractometer system described above, and the
diffraction data was collected at 100.1 K. The structure was solved as described above for the Pyr-
CsPDI crystal. Squeeze was used to remove disordered chloroform solvent molecules. The pyrene
moiety (C48-63) displayed disorder and was modeled over two positions. Restraint RIGU was
applied to moiety C48-C63 and C48A-C63A. The final structure has been submitted to the
Cambridge Crystallographic Data Centre: CCDC 2092901.

Crystal Structure Data for Pyr-diisoPDI: CesHs:N2O4 (M = 912.07 g/mol): monoclinic, space
group P2i/c, a = 8.6684(3) A, b = 19.1525(5) A, ¢ = 30.3884(8) A, a = 90°, = 92.739(3)°, y =
90°, V = 5039.4(3) A%, Z =4, T=100.0 K, p(CuKo) = 0.648 mm™, Dcalc = 1.202 g/cm®, 32028
reflections measured (7.432° < 20 < 153.554°), 10136 unique (Rint = 0.0329, Rsigma = 0.0249)
which were used in all calculations. The final Ry was 0.1070 (I > 2o(I)) and wR2 was 0.3059 (all

data).



Figure 4.5. BFDH calculations were completed in Mercury for Pyr-diisoPDI cocrystal. (a) View of the crystal
along the (002) axis shows the molecules stack with their transition dipole moments perpendicular to the long
axis of the crystal. (b) View of the crystal along the (100) axis shows a degree of interstack overlap, though
the planes of the molecules are not perfectly cofacial with the axis of the crystal. (c) Manual face indexing of
the mounted single crystal that was diffracted shows reasonable agreement with the BFDH calculated

structures.
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Figure 4.6. BFDH calculations were completed in Mercury for Pyr-CsPDI cocrystal. (a) View of the
crystal along the (010) axis shows the molecules stack with their transition dipole moments perpendicular
to the long axis of the crystal. (b) View of the crystal along the (100) axis shows cleanly segregated stacks,
with the planes of the molecules perfectly cofacial with the axis of the crystal. (c) Manual face indexing
of the mounted single crystal that was diffracted shows reasonable agreement with the BFDH calculated

structures.
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4.6.3 Steady-state Absorption and Emission Microscopy

Steady-state absorption spectra on the single crystals were obtained using an adapted
commercial epi-illumination microscope (Nikon Ti-U) using the white light continuum probe
beam from the femtosecond apparatus (see below). The white light source was focused on the
sample with a 60x objective lens (Nikon, NA= 0.70), and the transmitted light was collected and
recollimated with another 50x objective lens (Nikon, NA= 0.55) mounted over the sample. The
collimated output was directed to a home-built spectrometer and the spectrally dispersed signal
was recorded with a fast line-scan camera (OctoPlus, Teledyne e2v). To obtain an absorption
spectrum, a reference transmission was first taken with the beam focused on the bare glass
substrate, and the signal transmission was measured on the single crystal. The polarization of the
beam was controlled with a broadband half-wave plate (HWP) before the microscope to obtain the
steady-state absorption spectra at different polarizations.

Steady-state emission spectra were measured using a similar epi-illumination microscope
(Nikon Ti-U), excited by a 532 nm continuous-wave laser (Spectra-Physics) beam. A 40x
magnification objective lens (Nikon, NA = 0.60) was used both to focus the incident beam onto a
single crystal and to collect the emitted light. The emitted light was then sent into an Acton
spectrograph (Princeton Instruments) equipped with a PIXIS 400BR CCD Camera (Princeton

Instruments). A long-pass filter was used to block the scattered excitation beam within the signal.



108

4.6.4 Polarized Absorption Plots
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Figure 4.7. Pyr-diisoPDI measured with probe at various polarizations.
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Figure 4.9. Pyr-diisoPDI measured with probe at various polarizations.
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Figure 4.10. Pyr-CsPDI measured with probe at various polarizations.
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Figure 4.12. Pyr-CsPDI measured with probe at various polarizations.
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4.6.5 Femtosecond Transient Absorption Microscopy

Femtosecond transient absorption microscopy (fsTAM) was performed as follows: The 1040
nm fundamental output (> 8 W, < 400 fs, 200 kHz repetition rate) of a commercial amplified laser
system (Spirit One, Spectra-Physics) was down-counted to 100 kHz with the integrated pulse
picker, and then divided with a beam splitter (BS) into two beam paths. One beam (probe path)
was sent to a double-pass linear delay line, and then focused into a 10 mm thick undoped yttrium
aluminum garnet (YAG) crystal for white light continuum generation. The other fraction of the
1040 nm fundamental beam was used to drive a collinear optical parametric amplifier (Spirit-OPA-
8, Spectra-Physics), which generated the visible pump pulses. The visible pump pulses were
modulated at 50 kHz with an electro-optic amplitude modulator (EOAM-NR-C4, Thorlabs), which
was synchronized to the fundamental laser output. The pump was converted to a circularly
polarized beam before entering the modulator, and the modulated output pump beam was routed
through a linear polarizer. This is followed by dispersion compensation of the modulated pump
pulses using a prism compressor consisting of two prisms. The pump and probe beams were co-
axially combined using a 50:50 BS and sent into the same microscope setup, spectrometer, and
camera used for steady-state absorption measurements described above. The polarizations of the
pump and the probe beams were controlled independently using two HWPs. The pump and probe
focused spot sizes (FWHM) on the sample were 0.83 um and 0.93 um, with Gaussian beam shapes

(Figure S5). The total instrument response function (IRF) was 400-600 fs.



4.6.6 Pump and probe spot sizes
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Figure 4.13. Gaussian fits for (a) probe and (b) pump spot sizes. Objective lens: Nikon (Plan fluor,

ELWD, 60X/0.7)

4.6.7 Calculation of excitation density
N, AxPx(1-10"%)
E p—vl —p p—vl

V  hxcXfxmrit

Table 4.2. Excitation density parameters.
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A (nm) P (uW) A (OD) f (kHz) 7 (um)

t (um)

540 17 0.25 50 0.46

The excitation density is the number of photons (N,,) in the excitation volume (V) per pulse. The

values 4, P, A, f, r, t are the excitation wavelength, pump power, absorbance at the excitation

wavelength, pump repetition rate, radius of the probe beam, and thickness of the crystal. VValues

h and c are Planck’s constant and the speed of light in a vacuum. For the experiment at these

parameters the excitation density is: 3.04 x 10%° cm=,
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4.6.8 Calculation of diffusion coefficients

To calculate the bimolecular rate constant, the data were fit to either one of the following kinetic
models:

1. CT excitons annihilate through one-dimensional diffusion:

L = k,[cTP? (Eqn. 4.6)
Where [CT] is the concentration of CT excitons and k,is the rate coefficient of diffusion-
controlled CT biexciton annihilation. Assuming one-dimensional diffusion of CT excitons
and that annihilation is effectively instantaneous upon contact, k, may be related to the
one-dimensional diffusion coefficient D, , annihilation radius R, of CT excitons, and the

average molecular density throughout the system N, by*’:

1 8D Cc 1 8D
k, = / L =—— C= 1D (Eqn. 4.7)
RlDNO tt t RlDNO s

With N, calculated by:
Ny = pxNa (Eqgn. 4.8)

My
where p is the density of the unit cell, N, is Avogadro’s number, M,, is the molecular
weight of the unit cell.

Solving the differential equation (4.6) with k, expressed as (4.7) yields'®®:
[cT] = ([CT15" + 2¢vE) (Eqn. 4.9)
[CT], is the initial concentration of CT excitons after excitation.

With TAM spectra, the concentration of CT excitons [CT] at any given time t after can be

expressed by:

AOD
AOD,

[CT] = x [CT], (Eqn. 4.10)

Where AOD and AOD, are the TAM signal at time t and at time zero,
respectively. Assuming every photon absorbed by the system converts to a CT exciton,

[CT], reduces to the excitation density &. The expression for ¢ is:

_in-A
§="p  DXPxAT10T) (Eqn. 4.11)

1% hxcXfXmr2t
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A is the excitation wavelength, P the pump power, f the repetition rate, r the spot radius,
t the thickness, and A the absorbance at the excitation wavelength and polarization as
measured with steady-state absorption microscopy.

Plugging eqgns (4.11) and (4.12) into (4.10), the evolution of TAM signal AOD can be

expressed as:

AOD = (AOD, ™! + 257y (Eqn. 4.12)
0

TAM spectrum at 540 nm was fitted to equation (4.9) to obtain the C value, and finally

equation (4.7) can be solved for the value of D p:

. CT excitons annihilate through one-dimensional diffusion with a first order decay:
L = iy [CT] = k,[CT)? (Eqn. 4.14)

Where k, is the unimolecular rate coefficient associated with the first-order CT exciton
decay and k,is the rate coefficient of diffusion-controlled CT biexciton annihilation.

Following equation 4.7, the kinetic model is written as:

dlcT] _ _c 2
=k [CT] 7 [CT] (Eqn. 4.15)
The analytical solution to equation 4.15 is:
-A
[CT] = Vaxbxe ™ (Eqn. 4.16)

"~ VA+cDVm—cDVmxerfc(VAt)
where D = [CT],, A=k, and the evolution of TAM signal is:

_ VAxe~Atx[0D],
[OD] = TAT Cevm—Cevmer f oD (Eqn. 4.17)

The diffusion coefficient was calculated in the same way as in the purely one-dimensional

diffusion model from the best-fit parameter C, according to eqns 4.10-4.13.
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Chapter 5.

Exciton Coherence in Assemblies of Rylene Dyes on
Anodic Aluminum Oxide Membranes
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5.1 INTRODUCTION

Photosynthesis provides chemical energy to living organisms on Earth through an initial
process that involves energy capture through the absorption of sunlight. In these light-harvesting
complexes chromophore aggregates absorb the light, which excites the chromophores from the
ground to an electronically excited state. For this excitation to be harvested as energy, it must travel
through the chromophores until it reaches a reaction center. It is generally thought that quantum
coherence effects play an important role in energy transfer in light-harvesting systems.'® Since
electronic coupling in chromophore assemblies is strong due to the decreased distance between the
molecules, delocalized excitations or excitons are often observed in these systems. The electronic
excited state is in a superposition of the electronically excited states of more than one molecule,
and therefore there is quantum coherence between neighboring chromophores. This has been
observed as a delocalized exciton using ultrafast fluorescence upconversion and femtosecond
transient absorption spectroscopy in the light-harvesting antenna of purple photosynthetic
bacteria,67-168

Probing exciton coherence in a chromophore assembly on anodic aluminum oxide (AAQO)
membranes could increase our fundamental understanding of excitation delocalization, since this
delocalization is different between solid state and molecular systems.'* Chromophores self-
assembled on AAO represent the intermediate regime between the solution phase and solid state
as noted in Chapter 2, and therefore this structure represents another phase space of interest to
explore exciton coherence length.

Spano and coworkers derived a method to estimate exciton coherence lengths and the
extent of disorder in both H and J-aggregates.'%® 1% The H-aggregates are thin films of regioregular

poly(3-hexylthiophene) (P3HT) that are good candidates for solar cells because of their high
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charge field effect mobilities. These films are semicrystalline with excellent ordering between the
polymers, allowing them to study the effect of interchain interactions on the photophysics.®
Spano and coworkers were able to extract the exciton coherence length by treating the P3HT films
as disordered H-aggregates and probing the (0,0) emission peak in these films, which is heavily
dependent on the coherence of the emitting exciton. This analysis also relies on the fact that
emission vibronic progressions in aggregates are significantly distorted relative to those in isolated
chromophores.!%172 The derivations show that the ratio between the (0,0) and (0,1) peaks in the
emission spectrum can be used to estimate the coherence length in aggregates. This is described

in the following equation 5.1:

42 {10%¢)
NCOh ~ A (I(O'l)C)

Egn. 5.1
where N}, is the number of chromophores over which the exciton is coherent, A2 is the Huang-
Rhys factor, and (> and 1(>V are the line strengths of the (0,0) and (0,1) emission bands.

We have previous demonstrated that the degree of charge transfer (CT) character in the
excimer can be modulated by the dielectric environment.!”® Increased CT character in excimers
lowers the overall energy of the excimer and shortens its lifetime. Therefore, changing the
dielectric environment of the chromophore assemblies that undergo excimer formation on AAO
likely impacts the exciton coherence length since higher dielectric environments promote the CT
state and its mixing with the Frenkel exciton state. The AAO systems in this study exhibit a range

of CT character, ranging from excimer with CT character to symmetry breaking charge transfer

(SB-CT) to symmetry breaking charge separation (SB-CS) depicted in Figure 5.1.
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Excimer Excimer with CT character SB-CT state SB-CS state

Figure 5.1. Depiction of perylene excimer, excimer with CT character, SB-CT, and SB-CS
states. Adapted with permission from J. Phys. Chem. C 2021, 27, 14843-14853. Copyright
2021, American Chemical Society.

5.2 EXPERIMENTAL

5.2.1 Assembly of AAO membrane systems

Free-standing anodic aluminum oxide membranes (80 nm pore diameter, 1 cm diameter, 50 pm
thickness) were purchased from InRedox. AAO membranes were sonicated in deionized water and
isopropanol for 10 min and then dried in an oven at 100 °C. To covalently attach PDI to the surface
of the AAO membrane nanopores, a free-standing AAO membrane with an 80 nm pore diameter
was soaked in a 1 mM solution of PDI silatrane in dichloromethane. To intercalate PDI in the AAO
nanopores, an AAO membrane was soaked in 1 mM of octadecyltriethoxysilane for 24 hours. This
lipid-coated AAO was then soaked in 1 mM solution of symmetric PDI for 24 hours. Both AAO
membranes were washed with dichloromethane and methanol and dried prior to making
measurements.t”® PEP-Si and C8-tpPDI-Si (Figure 5.2) were synthesized and dissolved in
dichloromethane (DCM). AAO membranes were immersed in each of these 1 mM solutions for
12 h to covalently attach PEP-Si to the membrane pores through the reaction between the
triethoxysilyl group on PEP-Si and hydroxy groups on AAO membranes to form Si—O bonds;

residual PEP-Si was removed by washing the membranes with excess DCM to give PEP-AAOQ,
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which were then dried under vacuum for further characterization. Following the same procedure
as for PEP-AAOQ, tpPDI-AAO was obtained. All four AAO systems were placed ina 1 mm cuvette

for time-resolved spectroscopy measurements.
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Figure 5.2. Chemical structures of (a) 3-(phenylethynyl)perylene (PEP), (b) Tetrakis(4-tert-
butylphenoxy)PDI, (c) PDI silatrane, and (d) PDI with C23 tails.

5.2.2 Steady state absorption and emission
UV-vis spectra of the PDI derivatives were obtained at ambient temperature on a Shimadzu 1800
UV-vis spectrometer in water, MeCN, THF, DCM, and toluene. Fluorescence measurements were

obtained using a HORIBA Fluorolog-3 spectrofluorimeter.
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5.3 RESULTS

5.3.1 Nature of chromophore aggregation (absorption) in different dielectric environments

3-(phenylethynyl)perylene (PEP) on AAO Tetrakis(4-tert-butylphenoxy) PDI on AAO
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Figure 5.3. Absorption spectra of (a) 3-(phenylethynyl)perylene (PEP) on AAO, (b)
Tetrakis(4-tert-butylphenoxy)PDI on AAO, (c) PDI silatrane on AAO, and (d) PDI
intercalated on AAO in water, MeCN, THF, DCM, and toluene.

Spectral signatures, including the vibronic bands, in the steady state absorption spectrum
of organic chromophore assemblies have been used to determine the nature of aggregation in the
system. Rylene dyes form both H- and J- aggregates, where H-aggregates stack “side-by-side” and

J-aggregates “head-to-tail.”*’* The change in the relative oscillator strengths of the (0,0) and (0,n)
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vibronic bands in the steady state absorption spectra of organic aggregates compared to their
monomers indicate the degree of excitonic coupling.

In perylene on AAO, the ratio of the vibronic bands (0,0) and (0,2) at 448 nm and 426 nm,
respectively, indicates the strength of excitonic coupling. The steady state absorption spectrum of
the 3-(phenylethynyl)perylene (PEP) monomer in dichloromethane yields an Aoo/Ao value of
~0.92. The values in Table 5.1 show that the degree of excitonic coupling between the PEPs on
AAO is significantly stronger than that of the PEP monomers in solution, and the average Aoo/Ao,2
value is 1.07. The dielectric environment has little effect on the excitonic coupling strength
between PEPs on AAO. Tetrakis(4-tert-butylphenoxy)PDI (tp-PDI) on AAO vyields Aoo/Aoz
values that are lower than the Ag,0/Ao,1 value of 1.53 for the tp-PDI monomer in DCM. The vibronic
bands (0,0) and (0,1) are the bands at 577 nm and 540 nm. In our previous studies of tp-PDI on
AAO, we demonstrated that tp-PDI does not cluster when incorporated in AAOs.Y"® The Ao o/Ao1
value is the highest at 1.32 for tp-PDI on AAO in water, which indicates that the excitonic coupling
between tp-PDI molecules decreases in water. This is due to the high dielectric constant of water,
which likely screens electron-electron and electron-hole interactions in the exciton and disrupts
the excitonic coupling.t’®

In PDI silatrane on AAO, the Ao1/Aoo ratios are enhanced compared to that of the
monomer, indicating significant excitonic coupling. The (0,0) and (0,1) vibronic bands are
observed at 540 nm and 490 nm. As seen in the case of PEP on AAO, the dielectric environment
does not strongly influence the absorbance ratio in the PDI silatrane on AAO system and the
average Ao,1/Aoo value is 1.05. The Ao,1/Ao,0 values for PDI intercalated on AAO in water, MeCN,
and DCM are larger than that of the PDI monomer; this indicates aggregation and a higher degree

of excitonic coupling between the PDIs. However, the PDI intercalated on AAO system in THF
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and toluene have lower Ao1/Aoo values, which indicates more monomeric behavior in these
solvents. This could be due to better solvation of PDI or the lipid chains on the AAO, which could
induce monomeric absorption due to solvent molecules penetrating between the cores of the PDI
molecules or the lipid chains, allowing the lipid molecules to disrupt packing between the PDIs
intercalated on the AAO.

Three of the organic chromophore aggregate systems discussed above—PEP on AAO, PDI
silatrane on AAO, and PDI intercalated on AAO—exhibit steady state absorption spectra
characteristic of H-aggregates since the absorption maximum is blue-shifted relative to that of the
isolated monomer.t”” The hypsochromic shift of the absorption maximum is absent only in the tp-

PDI on AAO system, which undergoes symmetry breaking charge separation (SB-CS).

Table 5.1: Steady-state absorption spectral data in various solvents at 298 K.

Solvent Ao,0o/Ao transition ratio
water 1.05
3-(phenylethynyl)perylene (PEP) MeCN 1.08
on AAO THF 1.07
DCM 1.09
toluene 1.06
Solvent Ao 0/Ao transition ratio
water 1.32
Tetrakis(4-tert-butylphenoxy)PDI
MeCN 1.14
(tp-PDI) on AAO
THF 1.12
DCM 1.16
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toluene 1.23

Solvent Ao 1/Aop transition ratio
water 1.02

MeCN 1.04

PDI silatrane on AAO

THF 1.05

DCM 1.03

toluene 1.08

Solvent Ao 1/Aop transition ratio
water 1.01

MeCN 1.03

PDI intercalated on AAO

THF 0.88

DCM 1.02

toluene 0.95




5.3.2 Comparing the exciton coherence length
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Spano et al. demonstrated that the 0-0 emission peak of J-aggregates and in some cases, H-

aggregates, is a probe for the degree of disorder in a system. Specifically, Eq. 5.1 mentioned in

introductory section 5.1 can be used to estimate the number of molecules over which the exciton

0-0
is coherent: N,,;, = A2 ;0—_1 The Huang-Rhys factor 12 was calculated as shown in 5.5.1.
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Figure 5.4. Emission spectra of (a) 3-(phenylethynyl)perylene (PEP) on AAO, (b) Tetrakis(4-tert-
butylphenoxy)PDI on AAO, (c) PDI silatrane on AAO, and (d) PDI intercalated on AAO in water,
MeCN, THF, DCM, and toluene.
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The emission data of all the AAO systems was fit to a sum of Gaussians, except for PDI
silatrane on AAO emission data that lacked a clear vibronic progression for analysis. The emission
peak intensity ratio 1°%/1%1 for the AAO systems were calculated from the area under the Gaussian

curves and are listed in Table 5.2.

Table 5.2: Calculated 0-0 to 0-1 peak ratio from the steady state emission spectra.

Solvent 19-0/10-1
water 1.28
3-(phenylethynyl)perylene (PEP) MeCN 2.23
on AAO THF 5.94
DCM 0.83
toluene 0.28
Solvent 1907102
water 0.35
Tetrakis(4-tert-butylphenoxy)PDI MeCN 0.31
(tp-PDI) on AAO THF 0.44
DCM 0.49
toluene 0.60
Solvent 19-0/10-1
water -
PDlI silatrane on AAO
MeCN -
THF -
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DCM -
toluene -
Solvent 19-0/10-1
water 0.41
MeCN 0.29

PDI intercalated on AAO

THF 0.39
DCM 0.37
toluene 0.43

All the emission peak intensity ratios are below 1, except for PEP on AAO in more polar solvents
(water, MeCN, THF). Using these values and the Huang-Rhys factors, we estimate Ncon and the

coherence length values are listed in Table 5.3.

Table 5.3: Calculated coherence length, Neon

Solvent Necoh
water 0.81
3-(phenylethynyl)perylene (PEP) MeCN 1.41
on AAO THF 3.74
DCM 0.52
toluene 0.18
Solvent Ncoh

Tetrakis(4-tert-butylphenoxy)PDI
water 0.39

(tp-PDI) on AAO

MeCN 0.34
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THF 0.48
DCM 0.54
toluene 0.66
Solvent Ncoh
water -
MeCN -

PDlI silatrane on AAO

THF -

DCM -
toluene -
Solvent Ncoh
water 0.27
MeCN 0.19

PDI intercalated on AAO

THF 0.26

DCM 0.25
toluene 0.29

The coherence length values are below 1, except for in PEP on AAO in MeCN and THF.
Such values are expected when emission data is not at very early times, as shown by Tempelaar et
al. Equation 5.1 holds for both H and J-aggregates at early times in the time-resolved emission
data where the exciton is coherent (10s-100s of femtoseconds).!’® At later times, the number of

units over which the exciton is coherence decreases to below unity for H-aggregates.
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5.3.3 Excitation wavelength dependent emission in tpPDI-AAO

When tpPDI on AAO is excited at redder wavelengths, this leads to the appearance of a

new emission band in the near infrared region of the steady state emission, centered at 840 nm.

Tetrakis(4-tert-butylphenoxy)PDI on AAQ
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Figure 5.5. Excitation wavelength-dependent emission spectra
of tetrakis(4-tert-butylphenoxy)PDI on AAO in water.

Excitation-dependent emission spectra are generally not common in idealized systems

because of Kasha’s rule. Because energy transfer and excimer formation that occur in systems

outcompete the fluorescence lifetime, only emission from the lowest excited electronic state is

observed. This red-shifted emission band is not observed in PDIs or BPEA on AAO, which

indicates the band at 830 nm is not from the bare AAO. Since tpPDI-AAQ exhibits complete

symmetry breaking charge separation, the origin of the excitation-dependent emission may be due

to the fact that out of the four chromophore-AAQO systems studied, tpPDI-AAO does not form

excimer upon photoexcitation.
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5.4 CONCLUSIONS
The exciton coherence length has been estimated in H- and J-aggregates from the steady
state emission vibronic band ratios and the Huang-Rhys factors in earlier work by Spano and
coworkers. We hypothesized that the degree of exciton coherence could be modulated by the
solvent environment because the dielectric environment changes the CT character of the excimer
in the AAO systems studied. After extracting the 1°%/1°1 values and Huang-Rhys factors, Nconh Was
calculated and yielded values mostly below unity. This is consistent with previous studies that
show the exciton is coherence only at very early times and that the emission ratio shrinks below
the single-chromophore value; steady-state emission of H-aggregates suffers from coherent
suppression instead of enhancement. Future work using broadband fluorescence upconversion

techniques could track Frenkel exciton dynamics in H-aggregates on AAO.



5.5 SUPPORTING INFORMATION

5.5.1 Calculation of Huang-Rhys factors
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Figure 5.6. Gaussian fits to monomer steady state absorption spectra for AAO systems discussed.
Huang-Rhys factor is calculated from the ratio of the areas under the Gaussian fits to the 0-1 and

0-0 vibronic bands.



Table 5.4. List of Huang-Rhys factors
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IGaussian Igaussian 2?
PEP monomer 11.7 185 0.63
tpPDI monomer 30.6 27.8 1.1
PDI silatrane monomer 15.3 23.2 0.65
PDI intercalated monomer 13.7 20.3 0.67
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5.5.2 Gaussian fits of AAO steady state emission spectra
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Figure 5.7. Gaussian fits to emission
spectra of 3-(phenylethynyl)perylene on
AAO in different solvents.
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Figure 5.8. Gaussian fits to emission spectra
of tetrakis(4-tert-butylphenoxy)PDI on AAO
in different solvents.
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