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Abstract
Controlling Singlet Fission in Pendent Acene Polymers
Lauren M. Yablon

Solar energy is a viable alternative to traditional fossil fuel sources. However, single
junction silicon solar cells can only efficiently absorb ~30% of available sunlight. A portion of
sunlight is too low in energy to be absorbed by the solar cell while another portion of sunlight is
too high in energy to be absorbed without losses due to thermalization. Singlet fission, a process
that converts a high energy singlet exciton into two lower energy triplet excitons, can be used to
convert high energy light into lower energy light that can be absorbed efficiently by silicon. Singlet
fission materials that undergo fast singlet fission, have long lived triplets, and have long triplet
diffusion lengths show the greatest potential to increase the efficiency of solar cells. This thesis
describes the design and singlet fission behavior of norbornene based polymers with pendent acene
chromophores. The first chapter highlights other supramolecular singlet fission materials that have
been studied to date that served as inspiration for this work. The second chapter demonstrates the
efficient singlet fission and the slow, molecular weight dependent triplet recombination that occurs
in pendent pentacene polymers. The third chapter outlines how the tunability of the polymer can
be used to control singlet fission dynamics. In the fourth chapter, the singlet fission dynamics are
shown to be largely unaffected by solvent composition and by casting into thin films. The fifth and
final chapter explores exciton migration in pendent tetracene and pentacene block copolymers.
This thesis illustrates a new, high tunable platform for studying inter-chromophore singlet fission,
which shows promise for use in solar cells.
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Chapter 1: Singlet Fission in Supramolecular Assemblies
In 2014 the world consumed about two terawatts of electricity per an hour.1 At any given
moment, one million terawatts of energy from the sun reach the earth.2 The entire world’s
electricity needs could easily be met with the light received by the sun, but currently only about
2% of our electricity comes from solar power.2 One of the biggest reasons why so little of the
electricity we consume comes from the sun is that transitioning to solar energy is expensive.3 The
cost per unit of energy of solar energy is more than that of fossil fuels, and the infrastructure
required for fossil fuels is already in place; there would need to be an initial investment in
equipping the world with the required infrastructure for increased solar energy use. The hidden
costs of using fossil fuels, such as environmental harm, health damage, and lack of energy security,
however are too great and far outweigh the monetary cost of solar energy.3 For that reason many
scientists are dedicated to implementing and improving solar energy technology.
Silicon solar cells, the technology we currently use to harvest energy from the sun, are only
able to absorb about 30% of the sunlight that reaches the earth (Figure 1.1).4 There is a portion of
sunlight that is too low in energy to be absorbed by silicon, so that energy is lost, and there is a
portion of sunlight that is too high in energy, so the excess energy is lost to thermalization. There
has been a recent push to exploit unconventional photophysical properties in order to mitigate the
energy losses seen in traditional solar cells. Increasing the efficiency of solar cells will hopefully
bring down the cost and increase the utility of solar energy.

1

Figure 1.1 Available light that can be absorbed by silicon solar cells. (a) Solar spectrum of light
that reaches the Earth from the sun. The low energy light (red) is not absorbed by silicon, and the
high energy light (blue) is lost to thermalization. There are also losses associated with the
extraction of chargers once the light is absorbed (orange). The rest of the light is efficiently
absorbed by silicon (beige). Reprinted with permission.5 Copyright 2012 SPIE News. (b)
Graphical representation of the silicon band gap and different excitation wavelengths.
Singlet fission is one such unconventional photophysical process that converts one high
energy singlet exciton into two lower energy triplet excitons (Figure 1.2a).6 When a singlet fission
material is combined with a silicon solar cell, the singlet fission material can absorb the light that
is too high in energy for silicon and convert it into low excitons (Figure 1.2b). These excitons can
then be transferred to silicon and no energy is lost due to thermalization.7 Singlet fission materials
have the potential to enable single-junction solar cells to exceed the thermochemical limit.4,7–9 As
such, designing and optimizing singlet fission systems to maximally enhance solar cell efficiency
has become an emerging focus of solar energy research, and if such systems were successfully
implemented, it could revolutionize solar energy production.

2

Figure 1.2 Singlet fission is the photophysical process where one high energy singlet exciton is
converted into two lower energy triplet excitons that can be used to improve the efficacy of solar
cells. (a) Jablonski diagram showing the excitation of a singlet exciton (1) followed by the
formation of two triplet excitons (2). For singlet fission to be favorable, the triplet energy must be
equal to or less than half of the singlet energy (grey dashed line). (b) Graphical representation of
a singlet fission enhanced silicon solar cell. Low energy light passes through the singlet fission
layer and is absorbed by silicon resulting in one electron-hole pair (1). High energy light is
absorbed by the singlet fission material to give a singlet exciton (2), which then undergoes singlet
fission to give two triplet excitons (3). The triplet excitons transfer to silicon creating two electronhole pairs (4).
Singlet fission was first discovered in crystalline tetracene in 1968.10 Since then the pool
of singlet fission materials has grown to include chromophores such as pentacene,11–14 1,3diphenylisobenzofuran,15,16 perylene,17,18 terrylene,19,20 and diketopyrrolopyrrole21 and their
derivatives. Singlet fission studies have long focused on solid state systems, where structural
arrangement of the chromophores plays a crucial role in determining the rate of singlet fission and
subsequent triplet pair separation and recombination.12,22–26 Fast singlet fission is important
because quick generation of triplet excitons from the singlet exciton ensures that parasitic
processes do not occur and that singlet fission is the main pathway. Long lived triplets are
favorable as the probability that charge separation occurs becomes higher than triplet
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recombination. Achieving the necessary interchromophore interactions to optimize singlet fission
dynamics through crystal engineering for efficient singlet fission in the solid state is nontrivial and
represents a crucial challenge in the field.6
As each unique crystal packing yielded different singlet fission dynamics, it was believed
that singlet fission could only occur in limited configurations with precise orbital overlap. In 2013,
Walker

et

al.

revealed

that

diffusion-mediated

collisions

of

6,13-

bis(triisopropylsilylethynyl)pentacene (TIPS-Pn) at high concentrations allowed for singlet
fission.27 This demonstrated for the first time that singlet fission could occur in solution where the
pi orbital overlap between the chromophores is dynamic. The discovery opened the door for the
engineering of new dynamic singlet fission systems including nanoparticles, micelles,
nanoclusters, and quantum dots.
Herein I will review the dynamic intermolecular singlet fission systems that have been
reported to date. While this research is not as well-developed as crystalline singlet fission, I believe
these systems hold the most promise for successful implementation into solar energy devices. Not
only do these new materials provide an easily tunable platform to study structure property
relationships, but they also allow for the discovery of key singlet fission mechanistic insights. For
example, research into nanoparticles has shown the importance of molecular packing and that CT
states often play a role in the single fission mechanism. Micelles and nanoclusters have given us
new platforms to study triplet transfer. These findings are advancing our fundamental
understanding of photophysics and moving us closer to realizing singlet fission-based solar cells.

1.1 Singlet Fission in Concentrated Solution
The system designed by Walker et al. was able to undergo singlet fission in dilute solution
because of the high solubility afforded from the triisopropylsilylethynyl (TIPS) groups in 6,13-
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bis(triisopropylsilylethynyl) pentacene (TIPS-Pn).27 Once millimolar concentrations were
reached, the TIPS-Pn underwent singlet fission where the rate of singlet fission was limited by the
rate at which TIPS-Pn diffused (Figure 1.3). Quantitative triplet yields were observed when the
solution reached 0.075 mol l-1. Further work has established that microsecond triplet lifetimes were
achieved because TIPS-Pn containing the triplet pair were able to diffuse away from each other,28
and singlet fission dynamics could be controlled by changing the solvent viscosity.29

Figure 1.3 (a) TIPS-Pn triplet yield as a function of concentration and mean intermolecular
distance. Once a critical concentration was reached singlet fission occurred, and appreciable triplet
formation was achieved. Near quantitative singlet fission was observed at 0.075 mol l-1. The error
bars shown represent multiple trials. Reprinted with permission.27 Copyright 2013 Springer
Nature. (b) Structure of TIPS-Pn.
The effects of substituent modification at the six position on pentacene have also been
studied.28 TIPS-Pn, 6-(triisopropylsilylethynyl)-13-methyl pentacene (TIPS-Pn-Me), and 6(triisopropylsilylethynyl) pentacene (TIPS-Pn-H) were examined at high concentrations in toluene
(Figure 1.4a). Both TIPS-Pn and TIPS-Pn-Me were found to undergo singlet fission in solution.
By contrast, TIPS-Pn-H was more unstable and thus, parasitic processes, such as photoinduced
cyclization and oxidative degradation, outcompeted singlet fission. The authors further found that
5

the singlet lifetime of TIPS-Pn-Me was shorter than the singlet lifetime of TIPS-Pn because of the
reduced steric interactions. This demonstrated the importance of the chromophore identity and
how small changes can have large effects on chromophore interactions and therefore singlet fission
dynamics (Figure 1.4b).

Figure 1.4 (a) Structures of TIPS-Pn-Me and TIPS-Pn-H. (b) X-ray crystal structures of pentacene
dimers. The different substituents led to various packing arrangements. It was assumed similar
configurations were achieved in solution. The largest coupling between chromophores was found
in TIPS-Pn (A), a slipped-stacked configuration, and TIPS-Pn-Me, a partially staggered geometry.
Weak coupling was observed in TIPS-Pn (B) and TIPS-Pn-H (B). Reprinted with permission.28
Copyright 2019 John Wiley & Sons.
Exploration of 6,13-bis(triisopropylsilylethynyl) tetracene (TIPS-Tn) in solution revealed
insights into the intermolecular interactions that allow singlet fission to occur.29 Because of the
free motion and diffusion time of TIPS-Tn in solution, the intermediate triplet pair state lived long
enough to be isolated and studied. Stern et al. demonstrated that the triplet pair, also referred to as
an excimer in their study, was a necessary intermediate in the formation of triplet excitons in
endothermic singlet fission systems, where the free triplet energy is slightly higher than half the
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first singlet excited state energy. The energy of the triplet pair is equal to or slightly below the
energy of the free triplet, so the formation of the triplet pair from the singlet is energetically
favorable and drives the singlet fission process. Dynamic solution allows the TIPS-Tn to achieve
the necessary conformation to stabilize the triplet pair intermediate. Whereas in crystalline films
of TIPS-Tn, the chromophores are conformationally constrained and stabilization of the
intermediate state occurs to a lesser degree. While this study provided insight into the mechanism
of singlet fission in solution, the results are highly debated. There is not yet a consensus on whether
or not the triplet pair is an excimer state or what role that state plays in singlet fission.30,31

1.2 Nanoparticles
Nanoparticles composed of singlet fission chromophores have also been employed as a
method for studying intermolecular singlet fission in solution. These materials do not require the
high concentrations needed in the systems discussed above because nanoparticles create locally
high concentrations of chromophores allowing nanoparticle concentration to remain low.
Furthermore, many of the optical artifacts observed in crystalline materials are not observed in
nanoparticles.32
Morphology
Studying nanoparticles provides a platform to examine the effects of molecular
arrangement on singlet fission dynamics. The synthesis of nanoparticles is facile, and the reaction
conditions affect the size distribution and crystallinity of the nanoparticles, making investigating
the effects of intermolecular interactions straightforward. Nanoparticles with both weakly coupled
chromophores and strongly coupled chromophores have been synthesized by various techniques.
However, there is no consensus within the field on which techniques yield reliable results. As a
result, some of the conclusions drawn about these systems are contradictory. While further studies
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are needed to gain a better understanding of singlet fission in nanoparticles, the following examples
highlight the important role preparation method and intermolecular packing plays in singlet fission.

Figure 1.5 Five pentacene derivatives and their nanoparticle classification used in Scholes and
coworkers’ study.33 Type I nanoparticles contain weakly coupled chromophores, and Type II
nanoparticles contain strongly coupled chromophores.
Pensack et al. used nanoparticles composed of different pentacene derivatives to
investigate how molecular packing affects singlet fission dynamics.33 TIPS-Pn, 6,13bis(trisecbutylsilylethynyl)pentacene

(TSBS-Pn),

6,13-bis(triisobutylsilylethynyl)pentacene

(TIBS-Pn), 1,2,3,4,8,9,10,11-octafluoro-6,13-bis(n-octyldiisopropylsilylethynyl)pentacene (F8NODIPS-Pn),

and

a

statistical

mixture

of

2,9-

and

2,10-dibromo-6,13-

bis(triisopropylsilylethynyl)pentacene (Br2-TIPS-Pn) were used in the study (Figure 1.5). TIPSPn, TSBS-Pn, and TIBPS-Pn are structurally similar but differ slightly in the alkyl groups on the
silicon. The other two pentacene derivatives, F8-NODIPS-Pn and Br2-TIPS-Pn, are used to
investigate the effects of halogenating the chromophores. TIPS-Pn and TSBS-Pn nanoparticles
comprised weakly coupled chromophores without bulk ordering (Type I), whereas TIBS-Pn, F8NODIPS-Pn, and Br2-TIPS-Pn comprised strongly coupled chromophores with packing similar to
crystalline films (Type II).
8

Figure 1.6 The rise of triplet photoinduced absorption resulting from singlet fission as a function
of time. (a) Triplet rise of Type I nanoparticles, TIPS-Pn and TSBS-Pn and Type II nanoparticle,
TIBS-Pn for comparison. The Type I nanoparticles undergo slower singlet fission than the Type
II nanoparticle. (b) Triplet rises and associated singlet fission time constants of Type II
nanoparticles, TIBS-Pn (reproduced from a), F8-NODIPS-Pn, and Br2-TIPS-Pn. Reprinted with
permission.33 Copyright 2015 American Chemical Society. ACS should be contacted for further
permissions related to the material excerpted. This publication can be found
at https://pubs.acs.org/doi/10.1021/ja512668r.
Singlet fission occurred in all five of the nanoparticles studied (Figure 1.6). Singlet fission
in the Type I nanoparticles, TIPS-Pn and TSBS-Pn, resembled the singlet fission that occurs in
concentrated pentacene solution. Singlet fission occurred at a slower rate in TSBS-Pn than it did
in TIPS-Pn due to the bulkier groups on TSBS-Pn inhibiting intermolecular contact. TIBS-Pn, F8NODIPS-Pn, and Br2-TIPS-Pn nanoparticles contain strongly coupled chromophores that result
in singlet fission dynamics closer to those of crystalline TIPS-Pn films. Singlet fission in these
nanoparticles occurred much faster than the singlet fission in the weakly coupled chromophores.
The halogens are believed to facilitate strong pi-stacking of acene chromophores and therefore
may be responsible for the increase in the singlet fission rate. These nanoparticles demonstrated
that weak intermolecular interactions lead to slow singlet fission rates and strong intermolecular
interactions lead to fast singlet fission rates.
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Figure 1.7 Change in steady-state absorption of TIPS-Pn nanoparticles over time as the particles
evolve from Type I to Type II nanoparticles. The absorption at ~700 nm is indicative of the highly
crystalline packing in Type II nanoparticles. The evolution happens within days. Reprinted with
permission.34 Copyright 2016 American Chemical Society.
Tayebjee et al. demonstrated that changing the nanoparticle synthesis conditions could lead
to strongly coupled TIPS-Pn nanoparticles.34 In this work, the nanoparticles were prepared using
a higher concentration solution leading to larger particle size, and the synthesis was carried out in
an inert atmosphere. The nanoparticles began as Type I nanoparticles but evolved into Type II
nanoparticles over the course of days while stored at low temperatures in the absence of light and
oxygen (Figure 1.7). As the nanoparticles did not change size during this evolution, an internal
morphology change occurred rather than aggregation of nanoparticles. Thus, five nanoparticles
were studied with different degrees of Type II character, which was calculated from the relative
peak heights in the steady-state absorptions. It was found that TIPS-Pn nanoparticles with high
degrees of Type II character were more likely to generate large populations of trapped singlet
excitons, decreasing the singlet fission yield. While Pensack et al. found that Type II nanoparticles
underwent more rapid singlet fission,33 it is hypothesized that Type II nanoparticles of TIPS-Pn
specifically are not as efficient because exciton traps are more likely to form as the nanoparticles
crystallize to become Type II nanoparticles.
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Pensack et al. employed different preparation methods for making TIPS-Pn nanoparticles
that controlled whether the nanoparticles were amorphous or crystalline (Figure 1.8).32 Type I
TIPS-Pn nanoparticles were synthesized using standard flash precipitation techniques. In order to
make Type II TIPS-Pn nanoparticles a silicone-based lubricant additive was co-precipitated with
the TIPS-Pn nanoparticles. This additive initiated the conversion of the Type I nanoparticle into
the Type II nanoparticle. To reach full conversion to Type II nanoparticles, large quantities of the
additive were used, and the suspension was maintained at low temperatures. The formation of the
Type II nanoparticles was complete after about thirty minutes, which is significantly faster than
the days it took the Type II TIPS-Pn nanoparticles made by Tayebjee et al. to form.34

Figure 1.8 Steady-state absorption spectra of TIPS-Pn nanoparticles with different internal
structures based on the preparation method. (a) Absorption of Type I nanoparticles compared to
amorphous film. (b) Absorption of Type II nanoparticles compared to crystalline film. Reprinted
with permission.32 Copyright 2017 Royal Society of Chemistry.
The Type II TIPS-Pn nanoparticles underwent singlet fission with dynamics similar to what
is observed in crystalline pentacene systems. Separation of the triplet pair into free triplets was a
quantitative process in the crystalline Type II TIPS-Pn nanoparticles. Singlet fission was the
primary decay pathway rather than exciton traps. This is in stark contrast to the limited singlet
fission Tayebjee et al. found in their Type II TIPS-Pn nanoparticles.34 The reason for the large
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discrepancy in the results between these two studies was not discussed. In the Type I TIPS-Pn
nanoparticles, conversion of the singlet into a triplet pair is quantitative. However, separation of
the triplet pair into two free triplets was not quantitative with significant losses from the triplet pair
observed.
Kee and coworkers employed a different strategy to control the morphology and interchromophore interactions in pentacene based nanoparticles.35 By embedding TIPS-Pn in a
poly(methyl methacrylate) (PMMA) matrix, the concentration of TIPS-Pn and therefore the
average intermolecular separation could be controlled. An array of nanoparticles with different
TIPS-Pn concentrations were easily synthesized by controlling the mass ratio of TIPS-Pn to
PMMA during the fabrication process. The higher the portion of PMMA, the greater the TIPS-Pn
intermolecular distance. All nanoparticles adopted a disordered conformation, with no prominent
crystalline regions. Increasing the amount of PMMA in the nanoparticles decreased the rate of
singlet fission and the portion of TIPS-Pn sites that underwent singlet fission. The portion of triplet
pairs separating into free triplets also decreased as the concentration of PMMA increased.
Successful implementation of singlet fission materials into photovoltaic devices will require an
understanding of how singlet fission materials behave in composite systems, which can be gleaned
through these types of nanoparticle systems.
Amphiphilic chromophores have also been used to control the packing within acene based
nanoparticles. Li and coworkers synthesized 5-(4-carboxyphenyl) tetracene (PhTc-COOH), where
the hydrophilic carboxyl group transformed tetracene, otherwise a hydrophobic molecule, into an
amphiphilic one.36 In aqueous solution, the carboxyl group acted as a directional driving force
during the aggregation of PhTc-COOH, resulting in spherical nanoparticles with a tetracene core
surrounded by carboxyl groups. A hydrophobic derivative, 5-phenyl tetracene (PhTc), was also
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synthesized and, given the absence of a hydrophilic group, assembled into rod like PhTc
nanoparticles (Figure 1.9). The chromophores in both PhTc nanoparticles and PhTc-COOH
powders adopted herringbone configurations. However, because the carboxyl groups are on the
surface of the PhTc-COOH nanoparticle, this herringbone arrangement was disrupted, and the
intermolecular interactions were stronger.

Figure 1.9 Scanning electron microscope (SEM) images of (a) PhTc-COOH and (b) PhTc. The
SEM images highlight the differences between the structures of the self-assembled nanoparticles.
Reprinted with permission.36 Copyright 2019 Royal Society of Chemistry.
Though both PhTc-COOH and PhTc nanoparticles underwent singlet fission, the rate of
fission is faster in PhTc-COOH nanoparticles and the triplet yield is nearly double. The closer
packing and better orbital overlap of PhTc-COOH in the nanoparticles led to the more favorable
singlet fission characteristics. These results suggest that adding substituents that can guide selfassembly and enhance packing could improve singlet fission dynamics in nanoparticles.
Triplet Dynamics
For singlet fission materials to improve photocurrents in solar energy devices, the triplets
generated must transfer to an electron and/or hole acceptor. Triplets with long excited state
lifetimes and long diffusion lengths have a greater probability of achieving this charge
separation.37 Therefore it is important to achieve long triplet lifetimes in singlet fission materials.
Scholes and coworkers modified the substituents on the silyl groups to fine tune molecular
interactions for rapid triplet formation and separation in Type I nanoparticles.38 The three
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pentacene derivatives in the study had differing degrees of bulkiness. In order from least steric
bulk to most steric bulk they were: 6,13-bis(triethylsilylethynyl)pentacene (TES-Pn), TIPS-Pn,
and TSBS-Pn. The bulkier the side chain, the more inhibited the intermolecular interactions within
the nanoparticle were. Triplet generation was fastest in the least sterically hindered TES-Pn as the
molecules were closer packed within the nanoparticles. In all three nanoparticles, the generation
of the triplet pair state was quantitative, but losses in population were seen going from the triplet
pair state to the free triplet state. Increasing the sidechain’s size mitigated these losses. Triplet
yield increased from 34% in TES-Pn to 162% in TSBS-Pn. The bulkiness of the side chains
dictates the relative amounts of chromophores arranged in monomer-like versus H-aggregate
conformations (Figure 1.10).39 When monomer-like chromophores were excited, it resulted in a
long lived triplet population, whereas when H-aggregate chromophores were excited, it resulted
in a short lived triplet population. Large groups inhibit close approach of chromophores leading to
more monomer-like interchromophore interactions and therefore higher portions of long lived
triplets. Triplet pair separation, however, occurs faster on less bulky chromophores.
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Figure 1.10 Proposed packing for monomer-like (green) and H-aggregate (red) pentacenes and
the corresponding proposed energy diagrams. Pentacene with bulky sidechains pack in the
monomer-like conformation. The triplet pair and free triplet energies in the monomer-like packing
are similar, promoting triplet pair separation into free triplets. The triplet pair energy in Haggregate pentacene is lower than the free triplet energy, leading to decay from the triplet pair state
and no separation into free triplets. Reprinted with permission.38 Published by The Royal Society
of Chemistry.
Wasielewski and coworkers explored how nanoparticle size affected triplet pair lifetime in
3,6-di(5-phenylthiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (PhTDPP) nanoparticles.40
By varying the concentration of the PhTDPP injection solution, nanoparticles with hydrodynamic
diameters of 63 nm, 75 nm, 90 nm, and 193 nm were made (Figure 1.11). The PhTDPP
nanoparticle domain sizes were determined to be smaller than the domain size of PhTDPP thin
films, and the domain size decreased with decreasing nanoparticle diameter. Singlet fission
occurred in all four nanoparticles with larger nanoparticles exhibiting longer triplet exciton
lifetimes. Triplets generated in thin films of PhTDPP have longer lifetimes than in any of the
PhTDPP nanoparticles, implying that larger crystalline domains result in longer lived triplets.
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Triplet-triplet annihilation appears to be a more prominent decay pathway in nanoparticles than in
thin films.

Figure 1.11 (a) Hydrodynamic radius of nanoparticles at different injection volumes determined
by Nanoparticle Tracking Analysis. Reprinted with permission.40 Copyright 2017 American
Chemical Society. (b) Structure of PhTDPP.
As discussed previously, nanoparticles with high crystallinity undergo quantitative
separation of triplet pairs into free triplets whereas the triplets generated in amorphous
nanoparticles experience significant loss going from the triplet pair state to free triplets. To
investigate if triplets generated in amorphous regions could migrate to crystalline regions and then
undergo triplet separation, Scholes and coworkers synthesized nanoparticles with both amorphous
and crystalline domains.32 By modifying the amount of additive injected and the storage
temperature, nanoparticles with 20%, 50%, and 99% crystallinity were synthesized. Selective
excitation of the amorphous pentacenes with the varying amounts of crystalline regions, resulted
in nearly identical singlet fission dynamics. Singlet fission in the amorphous regions kinetically
outcompeted singlet transfer to the crystalline regions where singlet fission would have been
thermodynamically more favorable. Triplets in the amorphous region did not migrate into the
crystalline regions, so the loss of triplet excitons observed in the amorphous regions could not be
mitigated through triplet migration to crystalline domains.
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Mechanistic Studies
The mechanism of singlet fission, the process by which one singlet exciton becomes two
triplet excitons, has been highly debated and of much interest to those studying singlet fission.
There are two main mechanisms that singlet fission is believed to proceed through: the direct
mechanism and the charge transfer (CT) mechanism (Figure 1.12).6,41 In the direct mechanism, the
excited singlet and ground state singlet directly couple with the triplet pair state. In the charge
transfer mechanism, the excited singlet and ground state singlet undergo charge transfer and the
triplet pair forms from the charge transfer state.

Figure 1.12 Two proposed mechanism for singlet fission. In the CT mechanism, the singlet excited
state undergoes charge transfer to give the CT state (1a), which then evolves into the triplet state
(1b). In the direct mechanism, the singlet excited state evolves directly to the triplet state (2).
One strategy used to probe the singlet fission mechanism is changing the dielectric constant
of the solvent the chromophores are in. If CT states are a key intermediate, high dielectric solvents
would increase the rate of singlet fission since they stabilize CT states. If CT states are not involved
17

in the singlet fission mechanism, increasing the solvent dielectric solvent would have no effect on
singlet fission rates. Due to the hydrophobicity of acenes, it has proven challenging to study acene
singlet fission in high dielectric constant solvents such as water and acetonitrile. Nanoparticle
singlet fission systems exploit this insolubility by using the high dielectric constant solvent as an
antisolvent. As such, nanoparticles provide an optimal platform for studying CT states’ role in the
singlet fission mechanism.
The first nanoparticle system used to determine if singlet fission was mediated by CT
states was 5,12-diphenyltetracene (DPT) nanoparticles.42 The size of the nanoparticles (11 nm)
allowed for about 50% of the DPT molecules to interact with surrounding water. Singlet fission in
these nanoparticles in water did not show an enhanced rate compared to singlet fission in acene
films, suggesting that population of the CT state does not occur (Figure 1.13).

Figure 1.13 (a) Time-correlated single photon counting decay traces of DPT nanoparticles, film,
and solution detected at 535 nm. The DPT nanoparticles undergo single fission, but the rate of
singlet decay is fastest in DPT films. There is no enhancement from the stabilization of the charge
transfer state in the aqueous nanoparticles. The singlet decay increased for the nanoparticles over
the course of two weeks as they underwent slow structural evolution from disordered to ordered.
Reprinted with permission.42 Copyright 2013 American Chemical Society. (b) Structure of DPT.
The aforementioned array PhTDPP nanoparticles in water were also used to provide
insights into the singlet fission mechanism.40 Smaller nanoparticles have a higher surface area-to18

volume ratio, meaning a more significant portion of the chromophores are exposed to the
antisolvent. The smaller the PhTDPP nanoparticle, the more stabilized the CT state should be since
a more significant portion of the PhTDPP molecules are exposed to the high dielectric constant
antisolvent, water. The authors discovered that the rate of triplet formation increased as the
nanoparticle size decreased and had more contact with the surrounding water. In other words, the
more PhTDPP molecules exposed to the surface, the more CT stabilization and the faster singlet
fission occurred. This implies that CT states are mediating singlet fission in these nanoparticles.
The two tetracene derivatives discussed earlier, PhTc-COOH and PhTc, that assemble
differently within their respective nanoparticles were also examined to determine the role CT states
played in their singlet fission mechanism.36 PhTc-COOH underwent singlet fission to give a triplet
pair, which then separates into free triplets. The PhTc nanoparticles on the other hand showed
characteristic excited state absorptions of CT states. After excitation, singlets appear followed by
a mix of singlets and CT states that evolved into solely CT states. The CT states then decayed and
free triplets remained. Thus, in the PhTc nanoparticle, it was concluded that singlet fission
occurred through a CT state.

1.3 Micelles
Polymer solution phase self-assembly is a method that has long been used to spontaneously
form high order structures.43 The relative amounts and structure of hydrophilic and hydrophobic
components of polymers are easily tunable, which in turn dictate the self-assembled structure
formed.44 New emergent properties can arise in the self-assembled structure that are not present in
the amphiphilic polymer alone.45,46 Micellular systems allow for the tuning of both the micelle
structure and the packing within.
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Tunable singlet fission micelles were first synthesized by functionalizing TIPS-Pn with
poly(ethylene glycol) (PEG).47 The polymers assembled into micelles with an amorphous
pentacene core surrounded by a PEG shell. Monofunctionalized TIPS-Pn PEG (Pn-PEG)
assembled into star-like micelles whereas difunctionalized TIPS-Pn PEG (Pn-PEG-Pn) assembled
into flower-like micelles (Figure 1.14). The micelles underwent singlet fission with the same rate
of triplet formation and triplet yield, with significant loss observed going from the triplet pair state
to the free triplet state.

Figure 1.14 Pn-PEG and Pn-PEG-Pn structures, SEM images of the corresponding micelles, and
graphical depictions of the Pn-PEG star-like micelles and Pn-PEG-Pn flower-like micelles. The
blue rectangle represents the pentacene unit and the black curved line the PEG chain. The micellar
core contains some PEG molecules and trapped solvent. Reprinted with permission.47 Copyright
2018 American Chemical Society.
The effect of adding a secondary polymer, poly(ethylene glycol) hexadecyl ether (C16PEG), on the singlet fission dynamics was next explored. Because of C16-PEG’s hydrophobicity,
it intercalated into the core of the micelle with the TIPS-Pn, forming a mixed micelle. This
decreased the inter-pentacene coupling, and as a result the rate of triplet formation decreased with
increasing C16-PEG concentration. For both types of micelles, adding the polymer additive
decreased the singlet fission yield, but by different amounts. Pn-PEG-Pn micelles were about half
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as affected by the addition of the C16-PEG than Pn-PEG micelles were. This difference was
attributed to pentacenes in Pn-PEG-Pn chains associating with one another before micelle
formation occurs. While the triplet formation was not quantitative in the Pn-PEG mixed micelles,
there was significantly less loss going from the triplet pair to the free triplet than in the neat PnPEG micelle. These systems highlight the impact that additives can have on the singlet fission
dynamics of a system, which are often needed in solar energy devices.

1.4 Gold Nanoparticles
Organic molecules with thiol functional groups can self-assemble into monolayers on gold
nanoparticles.48 The nanoparticles are generally air stable and soluble in a wide range of solvents,
and the ligands can be easily modified by exchange reactions or couplings.49 As such, gold
nanoparticles can serve as scaffolding for singlet fission chromophores that create locally high
concentrations of chromophores. The excited state dynamics can be systematically controlled by
changing the identity of the monolayer and varying the gold particle size.
Hasobe and coworkers were the first to study singlet fission on a chromophore tethered to
a nanoparticle by coating gold nanoparticles in a monolayer of TIPS-Pn alkanethiolate.50 By
varying the size of the nanoparticles and length of the alkyl chain, control over the singlet fission
dynamics and yields was achieved. Small and large gold nanoparticles were used as well as C-7
and C-11 carbon chain lengths connecting the TIPS-Pn to the gold (Figure 1.15). Importantly,
TIPS-Pn can be selectively excited without transfer to the gold nanoparticle.
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Figure 1.15. Structure of gold nanoparticle (left) and nanorod (middle) with pentacene
functionalized monolayer. Structure of gold nanoparticle (right) with pentacene and perylene
functionalized monolayer.
The smaller gold nanoparticles (~ 1.7 nm), TIPS-Pn-Cn-Aus, resulted in faster singlet
fission than in the large nanoparticles (~ 2.1 nm) for both carbon chain lengths. The pentacene
groups on TIPS-Pn-Cn-Aus had a closer intermolecular distance and better orbital overlap,
resulting in faster singlet fission. Higher triplet yields were observed on the pentacene with the
longer carbon chain length, TIPS-Pn-C1l-Aux than on TIPS-Pn-C7-Aux. In addition to modifying
the size of the gold nanoparticle, it is also possible to change the shape, to further tune the
properties of the nanoparticle.51 The effects of converting from TIPS-Pn-Cn-Aux to TIPS-Pn
monolayer protected gold nanorods, TIPS-Pn-Cn-AuR, on the singlet fission dynamics were
investigated.52 Interestingly, TIPS-Pn-Cn-AuR did not undergo singlet fission. It was hypothesized
that this resulted from the increase in the number of gold units compared to pentacene units.
Fluorescence quenching was seen in these nanorods, but it was due to singlet transfer from the
pentacene to the gold, not singlet fission.

22

Figure 1.16 Structure of tetracene functionalized disulfides and graphical representation of
monolayer protected gold nanoparticles. The red rectangle represents the tetracene unit.
Because self-assembled monolayers arrange such that different length ligands alternate on
the gold surface, it is possible to control the relative orientation of neighboring chromophores.53
Controlling the molecular arrangement is crucial when trying to optimize free triplet formation.
Saegusa et al. synthesized bis(tetracene) disulfides with varying alkyl linkers that when selfassembled onto gold nanoparticles had different neighboring TIPS-Tn conformations.54 One linker
length was kept constant at 11 carbons while the other linker was varied from 11, 9, 7, and 5 ((11,n)
NP) (Figure 1.16). The bigger the difference in length between the two linkers, the more staggered
the tetracene molecule pairs were. All of these nanoparticles underwent singlet fission, and it was
determined that singlet fission occurred between the tetracenes from the same disulfide molecule,
as disulfides functionalized with only one tetracene did not undergo singlet fission once assembled
on the gold. The maximum singlet fission yield was achieved in (11,7) NP (~160%) and decreased
as the length of the second linker either increased or decreased. A triplet pair state was observed
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in (11,11) NP and (11,9) NP, but not in (11,7) NP or (11,5) NP. Homologous pairs of (11,11)
linkers and (7,7) linkers were mixed on the same nanoparticle, (11,11)(7,7) NP. Similarly low
triplet yields were seen in the mixed case as was seen in the (11,11) NP.
Self-assembled monolayers on gold nanoparticles can easily be functionalized with two
different types of chromophores. By combining singlet fission chromophore ligands with electron
accepting ligands, it is possible to probe the effects of mixed chromophores on singlet fission
dynamics.
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and
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bis(dicarboximide) (PDI) ligands were thus tested for their photophysical behavior (Figure 1.15).55
When nanoparticles with a ratio of 90:10 TIPS-Pn to PDI ligands were excited by 650 nm to
selectively excite pentacene, singlet fission was observed on TIPS-Pn as well as singlet transfer
from TIPS-Pn to PDI. When the ratio of TIPS-Pn to PDI was decreased to 50:50, singlet transfer
outcompeted singlet fission. Studies of this type can be used to optimize singlet fission in the
presence of an electron acceptor that could facilitate triplet extraction.

1.5 Quantum Dots
There are a number of examples of singlet fission materials that enhance the photocurrent
of solar cells.56–58 For these devices to be enhanced by singlet fission, the generated triplet excitons
need to dissociate into free electrons and holes. This process is associated with significant losses
in many singlet fission materials, limiting the efficacy of the singlet fission material’s enhancement
to the solar cell.37 It was recently discovered that singlet fission materials can efficiently transfer
triplet excitons to inorganic colloidal quantum dots (QDs).59,60 Once the energy transfers to the
QD, radiative recombination occurs and a low energy photon is emitted and directed to an
inorganic PV.37 To achieve high quantum efficiencies, many different design aspects must be
optimized.
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Figure 1.17 Photoluminescence spectra of tetracene functionalized PbS QDs. PbS excitation leads
to a PLQE of about 9%. The PLQE is increased to about 17% when the tetracene is primarily
excited because of triplet transfer from the tetracene to the PbS. Reprinted with permission.61
Copyright 2018 American Chemical Society.
One supramolecular strategy used to achieve high triplet transfer while maintaining
efficient triplet formation is to covalently bind singlet fission chromophores to quantum dots. Rao
and

coworkers

devised
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system
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PbS

QDs

were

outfitted

with

6,11-

bis((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid) ligands (Tn-CAL).61 The addition of the
Tn-CAL chromophore did not change the optical properties of the PbS QDs, and excitation of the
ligand did not degrade the quantum dot. There was no tetracene fluorescence when the Tn-CAL
was excited on the quantum dot, indicating all singlet excitons underwent singlet fission. Triplettriplet annihilation did not occur as no delayed photoluminescence was observed. When the PbS
was selectively excited, the photoluminescence quantum efficiency (PLQE) was around 9%, while
when Tn-Cal was primarily excited the PLQE nearly doubled to about 17% (Figure 1.17). This
demonstrated that singlet fission occurred, followed by triplet transfer to the PbS. Once transferred
to PbS, recombination and emission occur. Based on the photoinduced absorptions, it was deduced
that triplet transfer was sequential: first one triplet transferred to the QD, then recombination
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occurred, and then second triplet transferred. Given the PLQEs, it was determined that singlet
fission and subsequent triplet transfer happen with near 100% efficiency.

1.6 Conclusion
Intermolecular singlet fission in dynamic supramolecular structures has the potential to
increase the quantum efficiency of solar cells. These systems allow for high control over
intermolecular spacing and interchromophore interactions in a synthetically robust fashion. As
such, it is important to develop more of these systems and optimize their dynamics. The following
thesis presents a new architectural platform used to study singlet fission where acenes are
covalently linked to a norbornene based polymer backbone forming pendent acene polymers. The
polymer creates locally high concentrations of chromophores enabling inter-chromophore singlet
fission to occur in dilute solution. As polymers are highly modular, fine tuning of the structure to
optimize singlet fission dynamics is easily achieved. The polymerization method used herein, ringopening metathesis polymerization (ROMP), allows for precise molecular weight control. The
convergent monomer synthesis makes the attachment of different chromophores straightforward,
and synthesis of block copolymers is achieved by simply feeding in different monomer units.
Furthermore, the distance between the polymer backbone and chromophore can be readily
controlled. The high solubility and processability of the polymers make the transition from solution
phase to solid state facile and allows for solution effects on singlet fission dynamics to be studied.
Controllable modification of all polymer structure elements allows for optimization of singlet
fission system design that can be translated into next-generation solar energy cells.
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Chapter 2: Singlet Fission in Pendent Pentacene Polymers
2.1 Preface
This chapter is adapted with permission from J. Am. Chem. Soc. 2019, 141, 9564-9569.
Copyright 2019 American Chemical Society.

2.2 Introduction
Achieving the necessary inter-chromophore interactions through crystal engineering to
enable efficient intermolecular singlet fission (SF) in the solid-state is nontrivial and represents a
crucial challenge in the field.1 Intramolecular singlet fission (iSF) can provide an alternative to
crystalline systems, where iSF is mediated by chromophore-chromophore coupling interactions
through-bond rather than through-space.2–10 In fact, linear conjugated polymers of tetracene have
been implemented in devices as a proof-of-concept of the first polymer-based singlet fission
solar cells.11 However, transport of free triplets is constrained by the few number of
chromophores in small molecule iSF systems. Furthermore, the yield of free triplets in the few
reported iSF polymer systems is poor due to the formation of strongly bound, correlated triplet
pairs that do not separate.4 As discussed in the previous chapter, dynamic intermolecular systems
provide a third platform to study singlet fission that have been shown to be a viable alternative to
both crystalline and intramolecular systems.
In light of these studies, we envisioned a new class of polymers featuring pendent acene
chromophores, where the structural parameters can enable dynamic through-space interactions
allowing for singlet fission to occur (Figure 2.1a). This design concept allows for a locally high
concentration of chromophores that mimic crystalline systems, whereby the π-π overlap of
chromophores promotes rapid dissociation and migration of the triplets along the pendent units
along the polymer. Unlike micelles or other high concentration systems, the structure of these
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polymers and resulting singlet fission dynamics do not strongly depend on concentration, sample
preparation, or other external factors. Specifically, we investigate pendent pentacenes from a
polynorbornene backbone (Figure 1b and details in SI).12,13 Connecting the chromophores to a
polymer backbone allows for the synthesis of macromolecules that can be easily chemically
modified. One could vary the structure of the attached chromophore, the inter-chromophore
distance, or the distance between the chromophore and the backbone. It is postulated that this
architecture will allow for dissociation of triplets generated from singlet fission due to the
chromophores translational motion, and the close proximity of the pentacenes will allow the
triplets to move along the pendent moieties, similar to crystalline systems. It must be noted that
singlet fission polymers are rare, and less than five polymers have been found to exhibit singlet
fission yields >150%, albeit without the formation of free triplets.4,11,14,15 The model presented
here opens up the possibility for the development of families of singlet fission polymers,
exploiting the pendent polymer architecture.
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Figure 2.1 (a) Model for pendent SF chromophore units on a non-conjugated polymer backbone
where the chromophores take advantage of through-space interactions to undergo singlet fission
and subsequent triplet dissociation. (b) Structure of the polynorbornene with pendent pentacene
units (PePNo), having a theoretical number of repeat units (RU).

2.3 Polymer Design and Solution Dynamics
In order to synthesize the desired monomer, we developed a convergent synthesis that
coupled a pinacolborane (bpin) functionalized norbornene with a bromine functionalized
pentacene or tetracene (see SI for more details). This route minimized the number of reactions
carried out on the acene derivatives, which tend to be lower yielding. The bpin functionalized
norbornene could easily be synthesized on gram scales and then reacted with the light and air
sensitive acenes as needed. The first step in the synthesis involved a condensation reaction with
quantitative yields. A subsequent esterification between the norbornene and phenyl bpin
molecule, with pivalic anhydride and elevated temperatures, afforded the desired product in high
yield. Once this intermediate was synthesized, it was used in a Suzuki coupling reaction with
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bromo-pentacene to give the target polymerizable monomers. After successfully synthesizing the
monomer, it was polymerized using the Grubbs III catalyst.16 The polymerization was confirmed
to have gone to completion by H1 NMR after 4 hours.
Using this method, five norbornene polymers with pendent pentacene units PePNo with
various molecular mass were synthesized (theoretical repeat units = 5, 10, 20, 40, and 60). Gel
permeation chromatography (GPC) was used to determine the relative length and dispersity of
the polymers (Table S2.2). As expected, the weight average molecular weights of the polymers
increased as the catalyst loading decreased. The dispersity of the polymers ranged between 1.1
and 1.6. To verify the molecular weight, MALDI-TOF analysis was performed on the lowest
molecular weight polymer, PePNo5. We see a distribution of molecular weights centered around
4.7 kDa (Figure S2.18).
We found that singlet fission is indeed an efficient process in these polymers, leading to a
high yield of mobile free triplets with lifetimes that exceed those found in crystalline systems.1
Moreover, only two triplets are generated per polymer chain regardless of the number of pendent
pentacenes, and singlet fission takes place within individual chains. Since all five polymers
exhibit similar steady state absorption and singlet fission characteristics, we will focus on
PePNo40 as the prototype for discussion of these fundamental dynamics in solution. We will
then examine how these molecular weight differences affect triplet recombination.
Linear absorption spectroscopy in the UV-visible region and small angle neutron
scattering (SANS) were used to confirm that the polymer was not aggregated in toluene, the
primary solvent used in this study.17 SANS shows that the polymer chains are compact, slightly
anisotropic, globule-like, and not aggregated (radius of gyration Rg = 4.2 nm, see Figure S2.10
and SI for details). The monomer and polymer show near identical absorption traces in toluene.
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Upon addition of a non-solvent to the polymer solution, a bathochromic shift is clearly visible,
characteristic of aggregation, further demonstrating that the polymer is not aggregated in toluene
(Figure S2.8).

2.4 Singlet Fission Dynamics
To investigate the excited state dynamics of PePNo40, we turn to transient absorption
(TA) spectroscopy (see Figure S2.3 for TA spectra of other molecular weight polymers). For
pentacene based materials, the procedures for identifying singlet fission rates and yields are well
established.3 We summarize them here and provide more detailed discussions of the factors that
affect the rate constants and yield. At early times after photoexcitation, the transient spectrum of
PePNo40 exhibits a prominent but rapidly decaying photoinduced absorption feature at ~475 nm
that we assign to a transition from the bright singlet (S1) to a higher energy singlet level (Sn)
(Figure 2b). The singlet assignment is based on the similarity of the polymer transient spectrum
to the monomer in dilute solution (Figure 2.2a and 2.2c), in which no singlet fission is expected,
as well as the similarity of its decay dynamics to time-resolved photoluminescence
measurements (Figure 2.4a). This singlet feature decays rapidly into a triplet feature,
characterized by its excited state absorption feature at 525 nm that has been widely observed in
previous reports of triplet spectra in pentacene derivatives. This assignment is confirmed by
photosensitization studies in which an energy transfer process is used to directly populate
individual triplets on the polymer (Figure 2.2d and S2.1). We verify that triplet formation is
through singlet fission and not intersystem crossing since we determine the yield of triplets to be
near-quantitative (see Figure S2.19 and details in SI). This observation also confirms the absence
of any major unidentified decay channels during singlet fission. Additionally, the singlet fission
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dynamics are fully concentration independent, indicating that all these dynamics originate from
intra-chain chromophore interactions (Figure S2.5).

Figure 2.2 Transient absorption data of PePNo40 and pentacene monomer. (a) Transient
absorption spectrum of pentacene monomer in toluene excited at 600 nm (~50 μJ/cm2). (b)
Transient absorption spectrum of PePNo40 in toluene excited at 600 nm (~50 μJ/cm2). (c)
Spectral cut of PePNo40 singlet feature compared to the spectral cut of the monomer singlet. At
early times the singlet on PePNo40 resembles the monomer singlet spectrum. (d) Spectral cut of
PePNo40 at late times, after singlet fission has occurred, compared to the sensitization spectral
cut (sensitization details in SI).

2.5 Analysis of Singlet Decay
The fast decay of the singlet and concomitant rise in the triplet signal are comparable to
what is observed in the solid state18 and covalently linked dimers in solution.3 Using global
analysis methods, we determined that the rise of the triplet population reflects the heterogeneity
37

of the dynamic ensemble. The spectral evolution of PePNo40 can be characterized using a threestate sequential model, with an initial time constant of 30 ps, followed by a slower time constant
of 486 ps before the final population of triplets is obtained (Figure 2.3 and S2.2). We note that
this simplified model reproduces the essential features of the data (Figure S2.4), implying a small
number of stable conformations dominate the ensemble. Still, we expect a large amount of
heterogeneity between individual polymer chains. A summary of the singlet fission time
constants is given in Table S2.1. We assign the transient species that decays on 30 ps time scale
to the singlet as it is nearly identical to the singlet spectrum of the monomer. The state that
evolves after 500 ps can be unambiguously assigned to the triplet, based on photosensitization
measurements (see SI for details).

Figure 2.3 The deconvoluted spectra of PePNo40 obtained using global analysis methods
overlaid with the linear combination of the singlet and triplet traces.
At intermediate times (50 – 500 ps), spectral deconvolution yields a spectrum that can be
reproduced using a linear combination of the S1 and T1 associated spectra. This suggests that
both singlets and triplets exist in the polymer ensemble, reflecting the distribution of dynamic
conformations of the pendent pentacenes. That is, the fast singlet decay corresponds to singlet
fission from well-ordered or aligned chromophores along the chain, whereas the slow singlet
decay arises from pentacenes with unfavorable alignment to undergo singlet fission. The
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observed line shape results from the coexistence of the triplets produced from aligned pentacenes
undergoing rapid singlet fission and the singlets still present on the pentacenes.
Photoluminescence (PL) measurements were used to confirm that the slow singlet decay
arose from disordered chromophores and rule out the presence of an additional state, such as an
excimer which has been suggested as a mediator of singlet fission in similar systems.19,20 The PL
decay of PePNo40 shows the bright singlet exciton converting into a dark state with a small
population of singlet at late times as this system is near-quantitative (Figure 2.4a). The PL shows
a decay of the signal with a time constant of 480 ps, which is consistent with the time constant
observed for the intermediate state obtained from global analysis. We note that PL measurements
are sensitive to a very small minority of singlets that appear to persist longer than can be
identified using TA alone. These can be identified in the weak PL tail that persists out to several
nanoseconds. Still, their lifetime (~ 1.5 ns) is still much shorter than the radiative lifetime (~ 13
ns) of TIPS pentacene, implying that they eventually migrate to SF sites. We rule out delayed PL
as the cause of this signal since the energetics of this system do not permit repopulation of the
singlet from the triplet pair within this time scale.
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Figure 2.4 Photoluminescence spectroscopy of PePNo40 in toluene. (a) PL decay at 680 nm
spectra of the pentacene singlet with a lifetime of 480 ps (excitation wavelength 600 nm). (b)
Normalized transient emission spectra taken at different time points, and steady state emission of
PePNo40 and TIPS pentacene. For transient PL measurements, crystal phase matching was
calibrated in the range of 600 – 720 nm.
The transient emission spectra of the polymer taken at different times were also examined
and showed no trace of an excimer signal (Figure 2.4b). The early time spectra show a peak at
680 nm that is characteristic of the bright singlet emission in pentacene materials. This peak
decreases in intensity over time as SF occurs but shows no change in line shape. Furthermore,
the steady state emission spectrum of PePNo40 is nearly identical to monomeric TIPS-pentacene
although red shifted (see SI Figure S9 for further discussion), ruling out a long lived spectrally
shifted species that may be difficult to detect in transient measurements. Taken together, this data
confirms that there is no detectable redshifted peak characteristic of excimers in the emission
spectra.20

2.6 Triplet Recombination and Molecular Weight Dependence
Facile tunability of polymer molecular weights enabled us to probe the influence of chain
length on the triplet exciton dynamics. Using five different molecular weight polymers (PePNo5,
PePNo10, PePNo20, PePNo40, and PePNo60), we demonstrate that singlet fission in PePNo
results in two mobile triplet excitons that annihilate to give one long lived triplet exciton. The
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triplet decay can be represented with a biexponential decay function with a molecular weight
dependent component and a molecular weight independent component (Figure 2.5a). The picture
of mobile triplets that migrate along the chain is supported by the molecular weight dependence
of the primary triplet decay component. Numerical models of triplet-triplet annihilation are used
to verify that the time constants should scale linearly with increasing polymer length. In fact, the
problem of the average recombination time of two triplets on a rigid polymer can be mapped
onto a problem of two random walkers, initially sitting on two neighboring sites and constrained
to independently diffuse over a discrete straight line containing L sites (number of monomers).
Assuming reflective boundaries at the edges of the line (polymer), it can be shown that the
average recombination time is equal to !!"# = !$ ($ − 1), where !$ is the typical time for an
excitation to diffuse from one site to the next.21 This result was also checked with numerical
simulations. Here, the longer lifetime of the triplets on longer polymer chains indicates a longer
effective chain length for triplets to diffuse (Figure 2.5b). An approximately linear trend is
observed where the lifetime of the two triplets increases as molecular weight increases (orange
line) until saturation (tmax) occurs between Mn = 15 – 20 kg/mol. This design allows for facile
tuning of triplet lifetimes. See SI and Figure S7 for NIR transient measurements.
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Figure 2.5 Triplet dynamics as a function of polymer molecular weight in toluene. (a) Kinetic
traces (520 nm) of the five different molecular weight polymers. A molecular weight dependent
singlet decay is seen at earlier times, followed by a molecular weight independent triplet decay.
(b) A graph of time constants of the triplet lifetime vs. the number average molecular weight
(Mn). The lines are guides to the eye to identify the regions where the triplet pair lifetime is
proportional to the length (L) and the region in which it saturates (tmax).
As the recombination is power independent over a large range of absorbed fluences
(Figure S2.6), all recombination appears to occur via a secondary geminate process, i.e.
separation followed by convergence of a pair of triplet excitons to yield a triplet exciton and a
ground state.1,22,23 The slower component is constant for different polymer chains, with a time
constant of 22 µs that reflects the characteristic lifetime (determined using photosensitization) of
individual triplets that are unable to annihilate with other triplet excitons. This suggests that at
late times only a single triplet exciton is left on the polymer chains and that the primary triplet
loss mechanism is annihilation of two triplets into a hot triplet state: 3(TT) à T1* + S0. This
process has been identified as a major loss mechanism in organic light emitting diodes.24,25 As
the T2 excited triplet level is expected to be energetically inaccessible, these results imply that the
role of vibronic states needs to be considered in models of triplet annihilation. Notably, this
decay mechanism sets an upper limit for the relative amplitude of the 20 µs component at 50%,26
very similar to what is observed here.
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2.7 Conclusion
We designed pendent polymers that can undergo SF in dilute solution. Using a polymer
scaffold allows us to fine-tune SF and triplet decay dynamics. The convergent synthesis is easily
scalable and results in a stable polymer. The pendent pentacene chromophores undergo singlet
fission on individual polymer chains with no significant interaction observed between different
polymer chains. Singlet fission occurs with two different time constants depending on the
position of the monomers upon excitation and yields mobile triplets, with a molecular weight
dependent decay time constant. The mobile triplets appear to recombine geminately to produce
one hot triplet exciton and one ground state molecule, causing the final product to be an
individual triplet with roughly half the initial amplitude. The tunability of this system and
processability provides a clear path for further study, where excitonic interactions can be finetuned.
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Supporting Information
2.8 Transient Absorption and Photoluminescence Spectroscopy
A detailed description about the transient absorption (TA) spectroscopy employed for
these studies has been previously reported.3 A resonant pump pulse of ~100 fs was generated
with a 1KHz amplified Ti:Sapphire system with an optical parametric amplifier. A femtosecond
supercontinuum probe in a thin sapphire plate is also generated from the laser. The delay in the
probe is controlled mechanically. A fiber laser (Leukos) is used to generate a nanosecond
supercontinuum probe pulse. Longer delay times are measured using an electronically delayed
configuration. In the two probe measurements, the pump pulse is the same. All sample solution
concentrations were below 520 μM.
An upconversion technique was used to measure ultrafast photoluminescence data. A
600 nm, 100 fs laser pulse was used to excite the sample in toluene. A “gate” pulse in a nonlinear
crystal was used to mix the spontaneous emission to achieve a sum frequency. The instantaneous
photoluminescence intensity was proportional to the unconverted optical signal magnitude. The
unconverted optical signal was measured as intervals of delay between excitation and gate pulse.
The measurement had ~250 fs time resolution and a spectral resolution of ~10 nm.
Figure S2.1 shows the TA sensitization spectrum of PePNo40. The pentacene polymer
was dissolved in a 15 mM solution of anthracene in toluene. The solution was excited at 360 nm,
which selectively excites the anthracene and not the pentacene units on the polymers. The
anthracene molecules then undergo intersystem crossing to produce single triplets. The triplets
are then transferred to pentacene through collisions. We are then able to observe what a free
triplet absorption spectrum on the pentacene polymer looks like.
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Figure S2.1 Sensitization of PePNo40 in toluene (~100 μM) using anthracene (15 mM). The
solution was excited at 360 nm (~50 μW) to selectively excite anthracene.
The data was analyzed using global analysis methods to find the time constants for the
data. Figure S2.2 shows the raw data and fits taken at 450 nm and 520 nm. Four exponents were
needed to fit the data adequately.

Figure S2.2 Kinetic fits of PePNo40 generated using global analysis. The trace at 450 nm shows
the decay of singlet, and the trace at 520 nm shows the rise and decay of the triplet.
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Figure S2.3 shows the TA plots of the pentacene polymers with 5, 10, and 20 theoretical
repeat units. The different molecular weight polymers have the same exited state absorptions
features, but there is a molecular weight dependence on triplet decay.

Figure S2.3 Transient absorption spectra of (a) PePNo5, (b) PePNo10, and (c) PePNo20 in
toluene excited at 600 nm (femtosecond TA ~60 μJ/cm2; nanosecond TA ~30 μJ/cm2).
The time constants for singlet fission in the five polymers explored in this study are
shown in Table S1. tS is the time constant for the singlet state. tI is the time constant for the
intermediate state that is both singlets and triplets. t2T is the time constant for the two mobile
triplets, and tT is the time constant for the single triplet left after geminate recombination.
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Table S2.1 Pentacene polymer decay time constants determined through global analysis
methods.
tS (ps)
tI (ps)
t2T (ns)
tT (µs)
PePNo5
22.0
711
415
23
21
PePNo10
26.0
789
471
28
PePNo20
27.1
678
839
22
PePNo40
28.6
486
1000
15
PePNo60
21
420
862
Figure S2.4 shows a comparison of the raw data set and the modeled data set resulting
from a global analysis using the time constants in Table S2.1. In applying a model to the data, we
chose the simplest picture that communicates the most essential features. We believe that our
discrete model captures the essential physical representation of the polymer, in which a small
number of relatively stable conformations dominate the average behavior of the ensemble and
give rise to a combination of well-ordered and disordered regions. We favored this approach
over more complex distributed kinetic models (e.g., stretched exponentials that represent power
law distributions with no characteristic time constant) due to the small number of time constants
needed to give an accurate representation of the data. While there is likely some fluctuation
around the average time constants reported above, these fluctuations have minimal effect on the
fitting and interpretation of the data.

Figure S2.4 Comparison of the (a) raw transient absorption data for PePNo40, (b) modeled data
set using the fit parameters from a global analysis of the raw data using a three species first order
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kinetic fit, (c) residual matrix showing the difference between the raw data set and the modeled
data set.
Figures S2.5 shows the kinetic traces from the transient absorption spectra of two
different concentrations of PePNo40, 520 μM and 90 μM. The kinetic traces at 450 nm (left)
show the decay of the singlet feature at the two different concentrations. Kinetic cuts were also
taken at 520 nm where there is a large absorption of the triplet and little from the singlet. From
these kinetic traces, it became apparent that the decay times for singlets and triplets in different
concentrations of PePNo40 remain constant. A constant decay time over different concentrations
implies that singlet fission is occurring on pentacenes in a single polymer chain. Additionally,
Friend and co-workers demonstrated that bis(triisopropylsilylethynyl (TIPS)) pentacene in
solution does not undergo singlet fission until it reaches a concentration of 7.9 × 10-3 mol/L or
7900 μM,17 which is an order of magnitude more concentrated than the solutions used in this
study.

Figure S2.5 Kinetic traces of different concentrations of PePNo40 excited at 600 nm
(femtosecond TA ~60 μJ/cm2; nanosecond TA ~30 μJ/cm2). Left shows the singlet decay at 450
nm and right shows the triplet rise and decay at 520 nm.
Figure S2.6 shows kinetic traces at 520 nm from the TA of PePNo40 at different laser
powers. The signal decay remained the same as the laser power increased. Since there was no
dependence on the power in this range, we concluded that multiple excitons interactions on an
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excited polymer chain are not occurring. We ensured that the laser power for the data taken fell
within the range of 375 μJ/cm2 and 25 μJ/cm2, as this is where laser power did not affect the time
constants observed. It is unclear if one exciton bleaches one or more chromphore along the
polymer. Without extended bleaching of the polymer, the highest fluence value would
correspond to ~ 1 singlet/11 monomers on average (using Poisson statistics and a monomer
molar absorptivity of ~ 21,000 M-1 cm-1). This value is a factor of 2 higher than the molecular
weight value at which the triplet-triplet annihilation rate constant saturates (~ 20 repeat units or
Mn = 17 kg/mol). This is suggestive (though not conclusive) that some extended bleaching of the
chains occurs that suppresses singlet annihilation.

Figure S2.6 Kinetic traces at 520 nm of PePNo40 at varying laser powers excited at 600 nm.
Transient absorption data was taken of PePNo40 in the near IR, Figure S2.7. Previous
studies have suggested that triplet pairs in close proximity will produce a characteristic triplet
absorption feature in the infrared.3,27 Our NIR data support do not show a characteristic
photoinduced absorption indicative of a strongly bound triplet pair.

28

Global Analysis

confirmed that the only NIR signal we observed results from photoexcited singlets, similar to
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monomeric TIPS pentacene. By comparing the visible and NIR deconvoluted TA spectra we see
that the different time constants are consistent with what have assigned to disordered and aligned
singlet species.

Figure S2.7 (a) Spectral cuts taken from the NIR TA spectrum of PePNo40 at early and late
times. (b) TA spectrum of PePNo40 in the NIR region excited at 600nm (300 μW). (c)
Normalized singlet spectra from Global Analysis. (d) Time constants of the different singlet
decays. *This number is not accurate as it is well beyond the lifetime of the measurement and
requires Global Analysis to extrapolate.
2.9 Steady-State Absorption Spectroscopy
Steady-state absorption spectra were taken on an Agilent Cary 60 UV-Vis
Spectrophotometer.
Steady-state absorption spectroscopy was taken of the pentacene monomer and PePNo40
in toluene (Figure S2.8). The spectra are nearly identical and exhibit the characteristic pentacene
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peaks around 600 nm. Since the monomer and polymer spectra are the same, we concluded that
the polymer is not aggregating. To further confirm this, a solution of the polymer in a mixture of
toluene and acetonitrile, a bad solvent, was prepared to intentionally induce aggregation in order
to obtain a spectrum of an aggregated sample. Upon aggregation, the polymer absorption onset
red shifted, and the peak at 325 nm broadened.17 Since these phenomena are not observed in the
toluene solution we conclude that the polymer is well dissolved while we carry out spectroscopic
studies.

Figure S2.8 Steady-state absorption spectrum of monomer in toluene and steady-state absorption
spectra of PePNo40 in toluene and PePNo40 in 50% acetonitrile in toluene.
The steady-state absorptions of PePNo40 and its corresponding monomer are red shifted
compared to the absorption of TIPS pentacene (Figure S2.9). Because of this, the emission
spectrum of PePNo40 is red shifted in comparison to TIPS pentacene.

51

Figure S2.9 Steady-state absorption spectra of monomer, PePNo40, and TIPS pentacene in
toluene.

2.10 Neutron Scattering
Small-angle neutron scattering (SANS) measurements were performed on the NGB 30m
SANS instrument at the NIST Center for Neutron Research (Gaithersburg, MD). Scattered
neutron intensities were collected at sample-to-detector distances of 1 m and 4 m, corresponding
to a range of scattering vectors q from 0.01 Å-1 to 0.4 Å-1. The scattering vector is defined in
terms of the neutron wavelength l = 6 Å and scattering angle q as q = (4p/l)sin(q/2). Neutron
measurements were corrected for empty cell scattering and background radiation and placed on
an absolute scale using standard techniques. Measurements were performed at T = 25 ˚C. 26 mg
of PePNo24 was dissolved in 1.5 mL of toluene-d8 (ca. 2% w/w). The sample cell was covered
with aluminum foil and kept dark until the measurements were taken.
SANS data were fit to a form factor describing polymer chains with excluded volume,29
)(*) =

1
1
1
1
.
,
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−
.
, ,1
+,%/'( 2+
+,%/( +
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where n is an excluded volume parameter describing the conformation of the polymer chains and
the variable U = q2Rg2(2n + 1)(2n + 2)/6. g is the lower incomplete gamma function. Rg is the
average radius of gyration of the polymer. The excluded volume parameter n = 0.50 for ideal
polymer chains and approximately 0.6 for swollen polymer chains in solution that interact
favorably with the solvent. Values of n < 0.50 are indicative of more compact, collapsed
structures.
SANS measurements from PePNo29 are shown in Figure S10 (points), along with a fit to
the model above (line). The lack of an upturn in the scattering intensities at low values of q
implies that the polymer dissolves extremely well in toluene-d8, and that no aggregation of the
chains occurs. The relatively steep slope of the curve from q ≈ 0.03 Å-1 to q = 0.1 Å-1 implies that
the polymer chain is relatively compact as compared to most well-dissolved polymers. Analysis
of the fit result finds that Rg = 4.2 nm and the excluded volume parameter n ≈ 0.3, confirming
that the polymer is compact and globule like. Interestingly, this compact conformation of
polynorbornene-like polymers synthesized via ROMP has been observed in other systems.30

Figure S2.10 Small-angle neutron scattering (SANS) data taken at room temperature.
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To gain additional insight into the shape of the polymer chains, the SANS data were fit to
the Gunier-Porod (GP) model,31 which is an empirical scattering model for objects of arbitrary
size and shape. The GP model yields a radius of gyration (Rg) for the object, a shape parameter s,
which describes the anisotropy of the object (s = 0 for spheres and s = 1 for cylinders), and a
porod exponent m that describes scattering at high values of q (m ≈ 1/n). The best fit of the data
found Rg ≈ 3 nm, which is close to the value obtained from the polymer with excluded volume
model. The value of s = 0.25 indicates that the polymer globules are slightly anisotropic and the
value of the Porod exponent m = 2.74 confirms that the chains form globular-like objects in
solution. These values are in agreement with SANS measurements of other polynorbornene-like
polymers, which show similar values for the anisotropy and Porod exponents.30,32 Using a
flexible cylinder form factor, and constraining the length of the cylinder to be approximately the
Rg of the polymer measured, we estimate that the persistence length is on the order of 5 nm,
which is half of the value measured for bottlebrush polymers composed of similar monomer
units and implies that on the order of 5 monomers are present in each persistence length.32

2.11 Synthetic General Methods
All reactions were carried out in an argon atmosphere in dry solvents unless otherwise
stated. All reagents/solvents were purchased from Alfa Aesar®, Sigma-Aldrich®, Acros
organics®, TCI America®, Mallinckrodt®, and Oakwood®. They were used without further
purification. A Schlenk manifold with purification columns packed with activated alumina and
support copper catalyst (Glass Contour, Irvine, CA) was used to obtain dry solvents. The
polymerization catalyst, (IMesH2)(Cl)2(C5H5N)2Ru=CHPh (Grubbs III), was synthesized
according to literature procedure.33 2-Bromo-6,13-Bis(triisopropylsilylethynyl)pentacene was
synthesized according to literature procedure.3,34
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Bruker 400 MHz and 500 MHz spectrometers were used for 1H-NMR, and Bruker 100
MHz and 125 MHz spectrometers were used for 13C-NMR. Chemical shifts are reported in ppm
(δ) along with the integration values. The coupling constants (J) are reported in hertz (Hz), and
standard multiplicity abbreviations were used: s (singlet), d (doublet), t (triplet), and m
(multiplet). XEVO G2-XS Waters® equipped with a QTOF detector with multiple inlet and
ionization capabilities including electrospray ionization (ESI), atmospheric pressure chemical
ionization (APCI), and atmospheric solids analysis probe (ASAP) were used to take mass
spectral data

2.12 General Synthetic Protocol
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Si(iPr)3

2.13 Synthetic Details
Synthesis of 2

A slurry of cis-5-norbornene-exo-2,3-dicarboxylic anhydride (1) (16.8 mmol, 2.76 g, 1 equiv.)
and 8-aminooctanoic acid (17.6 mmol, 2.81 g, 1.05 equiv.) in dry toluene (85 mL) were heated to
reflux in a round bottom flask fitted with a Dean-Stark trap and reflux condenser. The reaction
refluxed for 17 h. The reaction came to room temperature and was washed three times with 1 M
HCl, three times with brine, dried over MgSO4, filtered, and concentrated on the rotary
evaporator to give a white solid (quantitative yield). The product was used without further
purification.

1

H-NMR (500 MHz, CDCl3, δ ppm): 6.28 (s, 2H), 3.44 (t, J = 10 Hz, 2H), 3.26 (s, 2H), 2.66 (s,

2H), 2.33 (t, J = 7.5 Hz, 2H), 1.63-1.49 (m, 5H), 1.32 (m, 6H), 1.22-1.20 (m, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.3, 138.0, 47.9, 45.3, 42.9, 38.8, 34.0, 34.0, 29.0, 28.8,

27.8, 26.9, and 24.7.
MS (ESI): Calculated ([M-H]-): 304.1549; Observed: 304.1547.

Synthesis of 3
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Dry tetrahydrofuran (THF) (15 mL) was added to a round bottom flask containing 2 (16.4 mmol,
5 g, 1.1 equiv.), 4-hydroxyphenylboronic acid pinacol ester (14.9 mmol, 3.28 g, 1.0 equiv.), and
4-dimethylaminopyridine (DMAP) (0.149 mmol, 18 mg, 0.01 equiv.). The mixture stirred until
nearly dissolved. Pivalic anhydride (16.4 mmol, 3.05 g, 3.3 mL, 1.1 equiv.) was added to the
solution. The reaction stirred at 60 °C for 22 hrs. H2O (5 mL) was added, and the reaction stirred
for 1 h. Dichloromethane (DCM) was added to the reaction mixture. The solution was washed
three times with sat. sodium bicarbonate, one time with brine, dried over MgSO4, filtered, and
concentrated on a rotary evaporator. A silica column was run in 20% ethyl acetate in hexanes,
which afforded a white solid (70% yield).

1

H-NMR (500 MHz, CDCl3, δ ppm): 7.82 (d, J = 8.3 Hz, 2H), 7.07 (d, J = 8.3 Hz, 2H), 6.28 (s,

2H), 3.46 (t, J = 7.5 Hz, 2H), 3.27 (s, 2H), 2.66 (s, 2H), 2.54 (t, J = 7.5 Hz, 2H), 1.73 (m, 2H),
1.55 (m, 2H, overlapping water peak), 1.33 (m, 19H), 1.22 (m, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.2, 172.0, 153.4, 138.0, 136.3, 121.1, 84.0, 48.0, 45.3,

42.9, 38.8, 34.5, 29.0, 28.9, 27.8, 26.9, 25.0, and 24.9.
MS (ESI): Calculated ([M+NH4]+): 525.3141; Observed: 525.3151.

Synthesis of 4
R
R
O
N
O

O

7

Br

BPin

O

O

R

O

N
R=

Si(iPr)3

O

3

7

R

O
4

To a two-neck round bottom flask was added 3 (1.7 mmol, 0.86 g, 1.2 equiv.), 2-bromo-6,13bis(triisopropylsilylethynyl)pentacene (1.4 mmol, 1.0 g, 1 equiv.), and Pd(dppf)Cl2•CH2Cl2 (0.07
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mmol, 57 mg, 0.05 equiv.) followed by dry THF (30 mL). A degassed solution of K2CO3 (14
mmol, 1.9 g, 10 equiv.) in H2O (3 mL) was subsequently added. The reaction stirred for 18 h at
70 °C. The reaction mixture came to room temperature and the water was pipetted out before
concentrating on the rotary evaporator. The crude mixture was purified by column
chromatography in chloroform affording a blue solid (56% yield).

1

H-NMR (400 MHz, CDCl3, δ ppm): 9.37 (m, 4H), 8.14 (m, 1H), 8.09 (d, J = 9.2 Hz, 1H), 8.02

(dd, J = 6.6, 3.1 Hz, 2H), 7.84 – 7.80 (m, 2H), 7.71 (dd, J = 8.9, 1.5 Hz, 1H), 7.47 – 7.43 (m,
2H), 7.28 – 7.25 (m, 2H), 6.31 (m, 2H), 3.55 – 3.51 (m, 2H), 3.53 (t, J = 7.5 Hz 2H), 2.70 (m,
2H), 2.63 (t, J = 7.5 Hz, 2H), 1.71 – 1.22 (m, 57H, overlapping water peak)
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.27, 172.44, 150.58, 138.65, 137.98, 137.67, 132.47,

131.53, 131.08, 130.89, 130.77, 129.56, 128.82, 128.45, 126.73, 126.48, 126.31, 126.20, 126.07,
122.24, 118.60, 118.43, 107.48, 47.97, 45.33, 42.89, 38.81, 34.51, 29.08, 28.92, 27.86, 26.92,
24.99, 19.18, 19.16, and 11.84.
MS (ESI): Calculated ([M+H]+): 1018.5626; Observed: 1018.5595.

Synthesis of PePNo
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To a solution of 4 (0.015 mmol, 15 mg, 1.0 equiv.) in dry CH2Cl2 was added varying amounts of
Grubbs III in dry CH2Cl2 for a final concentration of 0.02 M (see Table S2.2). The reaction
stirred for 4 h at room temperature. Ethyl vinyl ether was added to quench the reaction. After
stirring an hour, the solution was precipitated into -78 °C MeOH and filtered. The filtrate was
discarded, and the polymer was dissolved in CH2Cl2, collected, and concentrated to give a blue
solid (quantitative yield).

1

H-NMR (400 MHz, CDCl3, δ ppm): 9.25 (m, 3H), 8.02-7.92 (m, 4H), 7.71-7.59 (m, 3H), 7.35

(m, 2H), 7.17 (m, 2H), 5.76 (m, 1H), 5.46 (m, 1H), 3.44 (m), 3.29 (m), 2.99 (m), 2.54 (m), 1.74
(m), 1.53 (m), 1.33 (m), 0.88 (m), 0.61 (m).
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2.14 NMR Spectra

Figure S2.11 1H-NMR spectrum of 2.
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Figure S2.12 13C-NMR spectrum of 2.
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Figure S2.13 1H-NMR spectrum of 3.
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Figure S2.14 13C-NMR spectrum of 3.
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Figure S2.15 1H-NMR spectrum of 4.
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Figure S2.16 13C-NMR spectrum of 4.
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Figure S2.17 1H-NMR spectrum of PePNo40.
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2.15 Molecular Weight Data
Bruker UltrafleXtreme MALDI-TOF/TOF instrument was used for MALDI-TOF
measurements. Gel permeation chromatography (GPC) was taken on a Waters Alliance 2695
separation module equipped with a PL-aqua gel-OH 8-micron Mixed-M column (300 x 7.5 mm)
with a Waters 2998 Photodiode Array Detector and a Waters 2414 Refractrometer Detector with
an elution rate of 1 mL/min. Measurements were taken in dibutylhydroxytoluene stabilized
tetrahydrofuran (THF). Molecular weight data and dispersities were determined from
monodisperse polystyrene standards.
Table S2.2 Catalyst loading from the different polymerization reactions and molecular weight
data from GPC.
Theoretical
Mol %
Mn (kg/mol) Mw (kg/mol)
Ð
Repeat Units
Grubbs III
Monomer
1.1
1.2
PePNo5
5
0.2
7.8
8.7
1.13
PePNo10
10
0.1
9.7
11
1.11
PePNo20
20
0.05
16
18
1.15
PePNo40
40
0.025
24
33
1.42
PePNo60
60
0.017
33
52
1.59
The MALDI-TOF spectrum of PePNo5 is shown in Figure S18. We see a distribution of
molecular weights centered on the molecular weight we would expect for PePNo5. It should be
noted however that MALDI-TOF is not a quantitative technique and conclusions cannot be
drawn about the relative amounts of each oligomer based on the spectrum.35
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Figure S2.18 MALDI-TOF spectrum of PePNo5 with baseline correction.
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2.16 Yield Calculation

Figure S2.19 The necessary plots for the sensitization yield determination. (a) TA spectrum of
anthracene in toluene. (b) TIPS pentacene sensitization TA spectrum. (c) Sensitization of
PePNo60. (d) TA spectrum of PePNo60 (200 μW).
The singlet fission yield is calculated using establish methods. Briefly, the molar extinction
coefficients for the singlet ground state bleach and triplet excited state absorption signals are
independently determined. The singlet fission yield is then determined using these molar
extinction coefficients to determine the ratio of the triplet concentration to the concentration of
initial singlet excitons after singlet fission. We estimate the error of this approach to be +/- 20%.
The following calculation is specific for PePNo60, though other polymers give a similar result.
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*+,-.

Determination of 2)

The molar extinction coefficient for the photoexcited singlet exciton (3/0"123 ) is estimated by
populating the polymers with a known quantity of singlet excitons and measuring the
corresponding ground state bleach signal. An automated laser stabilization procedure was used to
ensure constant excitation fluence over the course of the measurement.

Excitation pump pulse = 600 nm, power stabilization @ 0.08 mW
Spot size = 3.3 x 10-3 cm2
Fluence = 1.47 x 1014 photons/cm2

PePNo60 Absorbance (A) = 0.183
PePNo60 Exciton Density/Path Length (n/l) = Incident Fluence * (1 – 10-A)
= 1.47 x 1014 photons/cm2 * (1 – 10-0.183) = 5.1 x 1013 excitons/cm-2

PePNo60 DA = 2 mOD
3/0"123 = (DA * NA * 1000) / (n/l) = (0.002 * 6.02 x 1023 *1000) /(5.1 x 1013) = 23,615 44% 564%

Determination of 356789 for Anthracene in Toluene
The molar extinction coefficient for the anthracene triplet exited state absorption signal for
anthracene is determined via triplet sensitization of TIPS-Pentacene monomer. The singlet molar
50#
extinction coefficient for TPc in toluene 3:;<
has been previously determined to be 21,000
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44% 564% . By measuring the triplet transfer efficiency from anthracene to TPc using a kinetic
analysis, 356789 can be directly computed.

6789
The anthracene triplet lifetime ! 5%
in toluene from fitting after direct photoexcitation of 20

mM anthracene in toluene: 25 µs.

In a toluene solution of 20 mM anthracene and 50 µM TPc, the collisional triplet transfer time
50#
constant from anthracene to TPc !88 = 2 µs. The subsequent TPc triplet lifetime ! 5%
= 13 µs.

In this measurement, the maximum of the transient absorbance signal corresponding to the
anthracene triplet excited state absorption ∆86789
";6 near 425 nanometers is 6.9 mOD. Following
triplet transfer, the TPc bleach minimum near 650 nm is -2.3 mOD

Therefore, anthracene triplet cross section in toluene is equal to (corrected for sub unity transfer
efficiency and for between maximum instantaneous signal and total transfer efficiency):
356789

21000 ∗

50#
∆86789
";6 55%
∗
50# 6789 =
∆8:;<
55%

. 0069
2
2
.1 −
1 .1 −
1 = 50,600 44% 564%
. 0023
2 + 25
13 + 2

*+,-.

Determination of 2=

=

50#
3:;<

for Polymer in Toluene

A similar triplet sensitization procedure as for TPc was repeated for PePNo60, using similar
concentrations of anthracene and polymer in solution. In the case, the triplet transfer time
constant from anthracene to PePNo60 was determined to be 4.2 µs (25 µs lifetime without
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PePNo60). Following sensitization, the lifetime of the PePNo60 triplet was determined to be
28.6 µs.

Using 356789 from the above analysis, we can directly determine 350"123 :
350"023

=

6789
35%

6789
∆80"023
55%
";6
∗
6789 0"023
55%
∆8:;<

The polymer triplet signal has a maximum optical density during the sensitization measurement
of 3.9 mOD while the anthracene maximum absorption is 8.7 mOD. Therefore, the triplet cross
section of the polymer in toluene, adjusting for decay of anthracene during transfer and decay of
polymer triplet during transfer is:
50,600 ∗

3.9
4.2
4.2
∗ .1/(1 −
)1 .1/(1 −
)1 = 30,500 44% 564%
8.7
4.2 + 25
4.2 + 28.6

Determination of Singlet Fission Yield
Once all the molar extinction coefficients are known, the singlet fission yield is determined using
a typical transient absorption data set, for direct excitation of dilute polymer in toluene. The
maximum triplet absorption signal and corresponding ground state bleach are determined using
global analysis procedures:

∆80"023
3;0"023 6.5 6MN 23,615 44% 564%
5
EF GHIJK =
×
=
×
= 209 ± 20 %
∆8/0"023 350"023 2.4 6MN 30,500 44% 564%
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Chapter 3: Pendent Polymer Spacer Length
3.1 Introduction
The previous chapter outlined our new intermolecular singlet fission platform: pendent
polymers. The polynorbornene backbone with pendent pentacene units creates a locally high
concentration of pentacene units and efficient singlet fission occurs. Unlike crystalline systems,
polymers are highly tunable, and modifications that affect the chromophores’ pi-orbital
interactions can be easily fine tuned.
A polymer’s pendent spacer length is an adjustable feature that can be used to modify
polymer behavior. Spacer length affects polymer assembly,1–3 packing arrangement,4,5 and phase
transition temperatures.1,4,6 The longer the spacer length, the more decoupled the polymer
backbone and pendent group become.7 Polymers generally form random coil conformations
whereas pendent groups tend to order anisotropically.8 Longer spacers allow both groups to adopt
independent conformations.
The length of the alkyl chain in the pentacene polymers should affect the singlet fission
dynamics since it affects the molecular packing. To probe this, we synthesized a series of pendent
pentacene polymers with different spacer lengths with the intention of determining which spacer
length resulted in the fastest singlet fission and longest lived triplets (Figure 3.1).
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Figure 3.1 (a) Structure of pendent pentacene polynorbornene polymer (PenPNo40) with alkyl
chain spacer length, n. (b) Graphical representation of the polymers with increasing linker lengths
between the polymer backbone and the pendent pentacene group.

3.2 Polymer Design
Three norbornene polymers with pendent pentacene units (PenPNo) with different alkyl
chain lengths connecting the pentacene to the backbone (n = 4, 7, 11) were made. The polymers
were synthesized according to the same reaction procedure, highlighting the modularity of this
synthetic route. We accomplished this by first reacting the norborene anhydride with a primary
amine bonded to a carboxylic acid through an alkyl spacer of varying lengths (Figure 3.2). The
polymer with an alkyl chain length of seven was previously studied in detail (see Chapter 2), so it
was chosen for this study as a point of comparison. We originally synthesized this polymer because
8-aminooctanoic acid is the longest commercially available amine that we believed would not
decouple pentacene’s motions from the backbone. An alkyl chain length of eleven was chosen as
it was the longest commercially available amine. The four carbon alkyl chain linker was the
shortest linker we were able to use to successfully synthesize the monomer under our reaction
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conditions. The condensation reaction proceeded similarly regardless of linker length, although
the shorter linker length gave the product in a lower yield. When linkers with n = 2 and n = 3 were
reacted under the same conditions, the product was formed in similarly low yields. We
hypothesized that this resulted from the starting material and products’ decreased solubility in
toluene with decreasing alkyl chain length. For 2b-c, the subsequent esterification reaction
proceeded in high yield. The esterification of 2a, however was much lower yielding. The reaction
was also attempted with the n = 2 linker, but no product was formed. The coupling reaction
between the 3 and brominated TIPS-Pn gave the desired product. The low yields were
hypothesized to be a result of the small scale the reactions were performed on rather than a result
of the changing linker length. The ring opening metathesis polymerizations was complete within
four hours to give the desired polymer in high yields for all three spacer lengths. The degree of
polymerization (DP) was kept consistent at 40 for the three polymers, as DP was shown to affect
the singlet fission dynamics in the pentacene polymers (see Chapter 2). Gel permeation
chromatography (GPC) confirmed the polymerizations were well controlled with dispersities (Ð)
under 1.4.
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Figure 3.2 Synthetic scheme for the synthesis of pendent pentacene polymers with varying alkyl
spacer lengths

3.3 Steady-State Absorption Spectroscopy
With our three polymers of variable linker length in hand, steady-state absorption
spectroscopy was employed to give insight into the polymer solution dynamics. We observed a
slight red-shifting in the onset of absorption as the length of the alkyl chain spacer was decreased
(Figure 3.3c). We attribute this to stronger inter-pentacene interactions occurring as the chain
length decreases and the pentacenes have less freedom to move. Additionally, the shorter the linker
length, the more deviations there are between the monomer and polymer steady-state absorptions,
further demonstrating that the shorter and less flexible the alkyl spacer is, the stronger the
pentacene-pentacene interactions are (Figure 3.3a and 3.3b). The onset of absorption remains
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unchanged for the pentacene monomers, 4a-c, however the absorption line shape of 4a differs from
that of 4b and 4c. We hypothesize that there is a weak interaction between the pentacene and the
norbornene unit that the longer linkers obstruct.

Figure 3.3 Steady-state absorption spectra of (a) monomers 4a-c in toluene and (b) polymers
Pe4PNo40, Pe7PNo40, and Pe11PNo40 in toluene. (c) Steady-state absorption spectra of
monomers and polymers from 670 nm to 720 nm to highlight the shift in the onset of absorption.

3.4 Future Directions
Having synthesized three different pendent pentacene monomers with variable alkyl spacer
groups and corresponding polymers of equivalent molecular weight, we are now well positioned
to investigate the effects of spacer length on singlet fission dynamics in this system. Given the
changes seen in the onset of the polymers’ absorptions, we anticipate that the rate of singlet fission
will be fastest in Pe4PNo40, the polymer with the shortest linker, and slowest in Pe11PNo40, the
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polymer with the longest linker, because the enhanced intermolecular interactions seen with the
short spacers will facilitate faster singlet fission. It is also predicted that Pe11PNo40 will have
longer triplet lifetimes since the increased flexibility from the long chain should facilitate
separation of the triplet pair. Transient absorption spectroscopy will be used to study the excited
state absorptions of the singlet and triplet states. The rates of singlet fission and triplet
recombination will be determined from the transient absorption spectroscopy using global analysis
methods. We will use photoluminescence spectroscopy to confirm the rates of singlet decay
obtained from transient absorption spectroscopy. Small-angle neutron scattering (SANS) will be
employed to provide more details into the polymers’ solution confirmations. With SANS and
steady-state absorption, we can ascertain how the molecular motion affects the singlet fission
dynamics. Both fast singlet fission and slow recombination are important factors in a singlet fission
system, but singlet lifetime and triplet lifetime are often directly proportional.9 As such it is
important to balance these two processes and find a linker length that results in long lived triplets,
without sacrificing the rate of singlet fission too much. Future studies will inform us on the optimal
alkyl spacer length for the pendent pentacene system.
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Supporting Information
3.5 Molecular Weight Data
Table 3.1 contains the molecular weight data for the polymers obtained from GPC. Since
the number of monomer repeat units was kept constant, the polymer with the longer alkyl chain
length expectedly resulted in a higher molecular weight polymer. The longer linker length
monomer resulted in a polymer with higher Ð. Repeated polymerizations are needed to determine
if this is always the case for longer linker length monomers. Due to its lower solubility in the GPC
eluent solvent, tetrahydrofuran, solutions with adequate concentrations of Pe4PNo40 to collect
molecular weight data were not achieved. The degree of polymerization was determined based on
the polymerization catalyst loading, since the polymerization mechanism is living.10
Table S3.1 Molecular weight data obtained from GPC.
Mn (kg/mol)
Mw (kg/mol)
Pe7PNo40
9.5
10
Pe11PNo40
18
25

Ð
1.07
1.36

3.6 Synthetic Methods
All reagents/solvents were purchased from Alfa Aesar®, Sigma-Aldrich®, Acros organics®,
TCI America®, Mallinckrodt®, and Oakwood®. They were used without further purification. A
Schlenk manifold with purification columns packed with activated alumina and support copper
catalyst (Glass Contour, Irvine, CA) was used to obtain dry solvents. The polymerization catalyst,
(IMesH2)(Cl)2(C5H5N)2Ru=CHPh (Grubbs III), was synthesized according to literature
procedure.11 2-Bromo-6,13-Bis(triisopropylsilylethynyl)pentacene was synthesized according to
literature procedure.12,13 All reactions were carried out in an argon atmosphere in dry solvents
unless otherwise stated.
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Bruker 400 MHz and 500 MHz spectrometers were used for 1H-NMR, and Bruker 100
MHz and 125 MHz spectrometers were used for 13C-NMR. Chemical shifts are reported in ppm
(δ) along with the integration values. The coupling constants (J) are reported in hertz (Hz), and
standard multiplicity abbreviations were used: s (singlet), d (doublet), t (triplet), and m (multiplet).
XEVO G2-XS Waters® equipped with a QTOF detector with multiple inlet and ionization
capabilities including electrospray ionization (ESI), atmospheric pressure chemical ionization
(APCI), and atmospheric solids analysis probe (ASAP) were used to take mass spectral data.
Gel permeation chromatography (GPC) was taken on a Waters Alliance 2695 separation
module equipped with a PL-aqua gel-OH 8-micron Mixed-M column (300 x 7.5 mm) with a
Waters 2998 Photodiode Array Detector and a Waters 2414 Refractrometer Detector with an
elution rate of 1 mL/min. Measurements were taken in dibutylhydroxytoluene stabilized
tetrahydrofuran (THF). Molecular weight data and dispersities were determined from
monodisperse polystyrene standards.

Synthesis of 2 was carried out according to the procedure detailed in Chapter 2.
Crude 2a was used in subsequent reactions without further purification.

2b:
1

H-NMR (500 MHz, CDCl3, δ ppm): 6.28 (s, 2H), 3.44 (t, J = 10 Hz, 2H), 3.26 (s, 2H), 2.66 (s,

2H), 2.33 (t, J = 7.5 Hz, 2H), 1.63-1.49 (m, 5H), 1.32 (m, 6H), 1.22-1.20 (m, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.3, 138.0, 47.9, 45.3, 42.9, 38.8, 34.0, 34.0, 29.0, 28.8,

27.8, 26.9, and 24.7.
MS (ESI): Calculated ([M-H]-): 304.1549; Observed: 304.1547.
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2c:
1

H-NMR (500 MHz, CDCl3, δ ppm): 6.28 (s, 2H), 3.50 – 3.40 (m, 2H), 3.27 (s, 2H), 2.67 (d, J =

1.3 Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 1.69 – 1.45 (m, 5H), 1.26 (m, 17H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 179.05, 178.20, 137.84, 47.81, 45.17, 42.72, 38.77, 33.90,

29.37, 29.35, 29.30, 29.15, 29.09, 29.00, 27.75, 26.92, and 24.67.
MS (ESI): Calculated ([M-H]-): 360.2175; Observed: 360.2196.

Synthesis of 3 was carried out according to the procedure detailed in Chapter 2.
3a:
1

H-NMR (500 MHz, CDCl3, δ ppm): 7.82 (d, J = 8.5 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 6.28 (s,

2H), 3.53 (t, J = 6.9 Hz, 2H), 3.28 (s, 2H), 2.68 (d, J = 1.4 Hz, 2H), 2.59 (t, J = 7.1 Hz, 2H), 1.72
(m, 5H), 1.51 (d, J = 9.9 Hz, 1H), 1.33 (s, 13H), 1.24 (d, J = 9.9 Hz, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.06, 171.36, 153.15, 137.83, 136.18, 120.92, 83.89,

47.84, 45.17, 42.79, 38.13, 33.72, 27.16, 24.86, and 22.18.
MS (ESI): Calculated ([M-H]-): 466.2406; Observed: 488.2230.

3b:
1

H-NMR (500 MHz, CDCl3, δ ppm): 7.82 (d, J = 8.3 Hz, 2H), 7.07 (d, J = 8.3 Hz, 2H), 6.28 (s,

2H), 3.46 (t, J = 7.5 Hz, 2H), 3.27 (s, 2H), 2.66 (s, 2H), 2.54 (t, J = 7.5 Hz, 2H), 1.73 (m, 2H),
1.55 (m, 2H, overlapping water peak), 1.33 (m, 19H), 1.22 (m, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.2, 172.0, 153.4, 138.0, 136.3, 121.1, 84.0, 48.0, 45.3,

42.9, 38.8, 34.5, 29.0, 28.9, 27.8, 26.9, 25.0, and 24.9.
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MS (ESI): Calculated ([M+NH4]+): 525.3141; Observed: 525.3151.

3c:
1

H-NMR (500 MHz, CDCl3, δ ppm): 7.81 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 6.27 (s,

2H), 3.48 – 3.41 (m, 2H), 3.26 (s, 2H), 2.66 (d, J = 1.4 Hz, 2H), 2.53 (t, J = 7.5 Hz, 2H), 1.73 (m,
2H), 1.52 (m, 3H), 1.43 – 1.19 (m, 30H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.12, 172.06, 153.30, 137.83, 136.15, 120.96, 83.87,

47.80, 45.16, 42.71, 38.75, 34.44, 29.45, 29.40, 29.37, 29.23, 29.11, 29.10, 27.76, 27.13, 26.95,
24.91, and 24.85.
MS (ESI): Calculated ([M+H]+): 564.3502; Observed: 586.3317.

Synthesis of 4 was carried out according to the procedure detailed in Chapter 2.
4a:
1

H-NMR (500 MHz, CDCl3, δ ppm): 9.32 (m, 2H), 8.10 (s, 1H), 8.05 (m, 1H), 7.97 (m, 1H), 7.79

(m, 2H), 7.67 (m, 1H), 7.42 (m, 2H), 7.25 (m, overlapping CDCl3 peak), 6.30 (s, 2H), 3.57 (t, J =
7.0 Hz, 2H), 3.30 (s, 2H), 2.71 (s, 2H), 2.66 (t, J = 7.1 Hz, 2H), 1.78 (m, 4H), 1.55 (s, 7H), 1.47 –
1.31 (m, 29H), 0.65 (m, 5H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.10, 137.85, 128.69, 128.34, 122.08, 47.87, 45.20, 42.82,

38.16, 33.74, 27.18, 19.03, 19.02, and 11.69.
MS (ESI): Calculated ([M]+): 975.5078; Observed: 976.5106.
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4b:
1

H-NMR (400 MHz, CDCl3, δ ppm): 9.37 (m, 4H), 8.14 (m, 1H), 8.09 (d, J = 9.2 Hz, 1H), 8.02

(dd, J = 6.6, 3.1 Hz, 2H), 7.84 – 7.80 (m, 2H), 7.71 (dd, J = 8.9, 1.5 Hz, 1H), 7.47 – 7.43 (m, 2H),
7.28 – 7.25 (m, 2H), 6.31 (m, 2H), 3.55 – 3.51 (m, 2H), 3.53 (t, J = 7.5 Hz 2H), 2.70 (m, 2H), 2.63
(t, J = 7.5 Hz, 2H), 1.71 – 1.22 (m, 57H, overlapping water peak)
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.27, 172.44, 150.58, 138.65, 137.98, 137.67, 132.47,

131.53, 131.08, 130.89, 130.77, 129.56, 128.82, 128.45, 126.73, 126.48, 126.31, 126.20, 126.07,
122.24, 118.60, 118.43, 107.48, 47.97, 45.33, 42.89, 38.81, 34.51, 29.08, 28.92, 27.86, 26.92,
24.99, 19.18, 19.16, and 11.84.
MS (ESI): Calculated ([M+H]+): 1018.5626; Observed: 1018.5595.

4c:
1

H-NMR (500 MHz, CDCl3, δ ppm): 9.32 (m, 3H), 8.10 (s, 1H), 8.06 (m, 1H), 7.98 (m, 2H), 7.79

(m, 2H), 7.67 (dm, 1H), 7.42 (m, 2H), 7.24 (m, overlapping CDCl3 peak), 6.28 (s, 2H), 3.46 (m,
2H), 3.27 (s, 2H), 2.67 (s, 2H), 2.61 (t, J = 7.5 Hz, 2H), 1.80 (m, 2H), 1.55 (m, 7H), 1.38 (m, 58H),
0.65 (m, 3H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.13, 137.84, 132.34, 128.69, 128.32, 126.34, 126.06,

122.12, 47.81, 45.18, 42.72, 38.77, 34.48, 29.49, 29.43, 29.27, 29.14, 27.79, 26.98, 25.00, 19.03,
19.02, and 11.69.
MS (ESI): Calculated ([M]+): 1073.6173; Observed: 1096.6051.

Synthesis of PePNo was carried out according to the procedure detailed in Chapter 2.
Pe4PNo40:
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1

H-NMR (400 MHz, CDCl3, δ ppm): 9.25 (m, 2H), 7.96 (m, 3H), 7.65 (m, 3H), 7.37 (m, 1H), 7.18

(m, 2H), 5.61 (m, 2H), 3.52 (m), 2.60 (m), 1.73 (m), 1.54 (m), 1.34 (m), 0.87 (m), 0.60 (m).

Pe7PNo40:
1

H-NMR (400 MHz, CDCl3, δ ppm): 9.25 (m, 3H), 8.02-7.92 (m, 4H), 7.71-7.59 (m, 3H), 7.35

(m, 2H), 7.17 (m, 2H), 5.76 (m, 1H), 5.46 (m, 1H), 3.44 (m), 3.29 (m), 2.99 (m), 2.54 (m), 1.74
(m), 1.53 (m), 1.33 (m), 0.88 (m), 0.61 (m).

Pe11PNo40:
1

H-NMR (400 MHz, CDCl3, δ ppm): 9.28 (s, 2H), 8.12 – 7.86 (m, 2H), 7.68 (m, 2H), 7.37 (m,

1H), 7.19 (m, 1H), 5.63 (m, 1H), 3.42 (m), 3.30 (m), 2.99 (m), 2.55 (m), 1.75 (m), 1.54 (m), 1.35
(m), 1.28 (m), 1.26 (m), 1.26 (m), 0.89 (m), 0.62 (m).
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3.7 NMR Spectra
NMR spectra of 2b, 3b, 4b, and Pe7PNo40 are reported in Chapter 2.

Figure S3.1 1H-NMR spectrum of 2c.
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Figure S3.2 13C-NMR spectrum of 2c.

89

Figure S3.3 1H-NMR spectrum of 3a.
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Figure S3.4 13C-NMR spectrum of 3a.
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Figure S3.5 1H-NMR spectrum of 3c.
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Figure S3.6 13C-NMR spectrum of 3c.

93

Figure S3.7 1H-NMR spectrum of 4a.
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Figure S3.8 13C-NMR spectrum of 4a.
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Figure S3.9 1H-NMR spectrum of 4c.
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Figure S3.10 13C-NMR spectrum of 4c.
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Figure S3.11 1H-NMR spectrum of Pe4PNo40.

98

Figure S3.12 1H-NMR spectrum of Pe11PNo40.
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Chapter 4: Pentacene Polymer Singlet Fission in Various Mediums
4.1 Introduction
Polymer molecular dynamics are affected by their degree of solubility and solvent
interactions.1–3 These features are often exploited to induce different polymer assemblies and
properties.4–7 The pendent polymers are soluble in many common organic solvents, so they can
studied in a variety of dilute solutions, and they are also highly processable and complex deposition
techniques or crystallizations are not needed to study the polymers in the solid state. Instead, the
polymer can be easily drop cast or spin coated. As singlet fission is dictated by inter-chromophore
interactions,8 different solvents or matrices in the solid state could potentially affect the pendent
pentacene polymer motions or packing and as a result affect the singlet fission dynamics.
Norbornene polymers, PePNo(RU), where RU represents the number of theoretical
monomer repeat units, were synthesized following our previously described synthesis (see Chapter
2 and Figure 4.1a). To probe how the surrounding media or solvent affect the singlet fission
dynamics, we explored singlet fission in different solutions and thin film mediums (Figure 4.1b).
The singlet fission dynamics were studied in different polarity solvents, with an antisolvent, and
in high viscosity solvents. Singlet fission in neat films of the pendent pentacene polymer were
examined to determine if their favorable properties present in solution, namely fast singlet fission
and long lived triplets, remained when transferred into the solid state. Composite films were also
studied to see if the singlet fission dynamics would be disrupted.
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Figure 4.1 (a) Structure of pendent pentacene polynorbornene polymer (PePNo) with theoretical
number of repeat units (RU). (b) Graphical representation of how pentacene unit motion changes
in different polymers and its lack of influence on the singlet fission dynamics.

4.2 Solvent Independent Behavior
Identifying singlet fission rates in pentacene-based materials has been well established,9
and singlet fission in norbornene pendent pentacene polymers was described in Chapter 2. We
demonstrated that the pendent pentacene polymer chains do not aggregate in toluene based on
steady-state absorption spectroscopy and small angle neutron scattering. Upon addition of large
amounts of a non-solvent, acetonitrile, aggregation is induced, and there is a clear bathochromic
shift in the absorption spectrum. We confirm that none of the solvent compositions used in this
study induce aggregation, as we were interested in specifically probing how solvent, not polymer
aggregation, impacts singlet fission dynamics. Once aggregation is induced, the effects of
aggregation versus solvent identity cannot be decoupled.
The unchanged singlet fission dynamics of PePNo30 in either toluene or chloroform
suggest that solvent polarity does not affect singlet fission dynamics. Both solvents dissolve the
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polymer well but differ in their polarities (Figure S4.6). Analysis of the excited state dynamics of
PePNo30 in toluene using transient absorption (TA) spectroscopy were previously discussed (see
Chapter 2). There is no change in the TA spectrum’s excited state absorption features when
PePNo30 is dissolved in chloroform (Figure S4.1). Using global analysis methods, we determined
the rates of singlet decay and subsequent triplet rise and decay (Table S4.1). Based on the time
constants obtained for the single fission events in the polymer, it is evident that these two solvents
have no significant effect on singlet fission rates.
As described in Chapter 1, solvent polarity dependence can be used to probe the existence
of charge transfer (CT) states.10–14 We would expect an impact on the system dynamics with
different polarity solvents if CT states were mediating singlet fission. We do not observe this, so
we conclude that CT states likely do not play a significant role in mediating SF in these systems.
We next probed the degree of solvation of PePNo20, and found it had little effect on the
singlet fission dynamics. If the molecular motion of the pentacene polymer changed enough to
affect the pi-orbital overlap between neighboring monomers, then we would expect to see the
singlet fission rate changing with the identity of the solvent. However, a significant change in the
polymer behavior was not observed. Transient absorption spectroscopy was taken of PePNo20 in
varying ratios of toluene, a good solvent, and acetonitrile, a bad solvent. The resulting spectra were
analyzed using global analysis methods to determine the rate of singlet fission and triplet
recombination (Figure 4.2 and Table S4.2). In the solvent mixtures studied the polymer was not
aggregated, which was confirmed using steady-state absorption spectroscopy (Figure S4.7). While
there are slight changes in the time constants obtained for the fast and slow components of singlet
fission, there is no apparent trend. Similarly, the rates of recombination do not change significantly
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with the change in solvent quality. The different solvent mixtures having minimal effect on the
singlet fission dynamics demonstrates the robustness of the pentacene polymer system.

Figure 4.2 Singlet and triplet dynamics of PePNo20 with increasing acetonitrile content in toluene
from 0% to 30%. (a) Kinetic traces (470 nm) showing the singlet decay. (b) Kinetic traces (520
nm) showing the triplet decay. Neither the singlet decay nor the triplet decay is affected by the
solvent composition.
Once it was determined that the addition of an antisolvent did not affect singlet fission, we
then confirmed that the singlet fission dynamics were also independent of solvent viscosity.
Solvent viscosity is known to change polymer behavior in solution,15 and as such it could
potentially affect singlet fission dynamics. Three different concentrations of paraffin oil in toluene
were explored, with increasing viscosity as the paraffin oil concentration increased. Steady-state
absorption spectroscopy confirmed that no aggregation was occurring between different polymer
chains at these selected solvent compositions (Figure S4.8). Slight changes in the absorption
spectra were observed at higher concentrations, so they were not studied to ensure that we were
not observing the effects of aggregation. Transient absorption spectroscopy and global analysis
methods were used to study the excited state dynamics of PePNo40 in the paraffin oil solutions
(Figure S4.3 and Table S4.3). Intriguingly, the solvent viscosity had no effect on the singlet fission
dynamics of the pentacene polymer (Figure 4.3). This suggests that the necessary pi-orbital overlap
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was maintained even in the high viscosity solvents, which we hypothesize is a result of the
stabilization gained from strong inter-chromophore interactions. We conclude that possible
changes in the polymer motion induced by the solvent viscosity do not hinder singlet fission in
these systems.

Figure 4.3 Singlet and triplet dynamics of PePNo40 with increasing paraffin oil content in toluene
from 0% to 30%. (a) Kinetic traces (460 nm) showing the singlet decay. (b) Kinetic traces (520
nm) showing the triplet decay. Neither the singlet decay nor the triplet decay is affected by the
solvent viscosity.

4.3 Thin Films
Three different films of PePNo40 were drop cast as a solution in toluene (nPePNo40), a
solution of poly(methylmethacrylate), PMMA, in toluene (mPePNo40), and a solution of
poly(styrene), PS, in toluene (sPePNo40) (see SI for film fabrication details). nPePNo40 exhibited
only a modest change in the absorption spectrum compared to that of the polymer in toluene
(Figure S4.9). This change suggests relatively weak interchromophore interaction in the thin film.
The absorptions of mPePNo40 and sPePNo40 are slightly more redshifted than the absorption of
nPePNo40 suggesting a great degree of aggregation present. These minimal changes in the
absorption spectrum suggest only a small change in interchromophore interactions upon thin film
fabrication.
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We used nPePNo40 as the prototype for discussion of the fundamental behavior of
PePNo40 in thin films. To investigate the excited state dynamics of nPePNo40, we use transient
absorption (TA) spectroscopy. After photoexcitation, at early times the transient absorption
spectrum of nPePNo40 exhibits a prominent photoinduced absorption feature at ~475 nm (Figure
4.4a). This is assigned to a transition from the bright singlet (S1) to a higher energy singlet level
(Sn), based on its similarity to the monomer spectrum in dilute solution where no singlet fission
occurs. The singlet feature rapidly decays into a triplet feature at 525 nm, which is confirmed based
on photosensitization studies of PePNo in solution. Additionally, no major unidentified decay
channels during singlet fission are observed.

Figure 4.4 Singlet fission in nPePNo40. (a) Transient absorption spectrum of nPePNo40 excited
at 600 nm (~50 μJ/cm2). (b) Kinetic traces showing the singlet decay of the polymer in film and
solution at 450 nm. Singlet fission occurs significantly faster in films than in solution. Fast singlet
fission is observed in films with reduced contribution from disordered regions with poor electronic
coupling.
Due to its relative disorder in solution, PePNo exhibits two distinct rates of singlet decay,
so we were curious how it would perform in a thin film. The faster component results from singlet
fission occurring at sites where the pentacenes are already positioned in such a way that they have
the correct orbital overlap to undergo singlet fission. On the other hand, some of the chromophores
that are excited do not have the correct orbital overlap, which results in a slower singlet fission
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event. While these two regions of chromophore alignment are apparent in the solution phase data,
the rate of singlet decay in thin films of PePNo is greatly enhanced. Using global analysis methods,
we determine that the decay of the singlet in nPePNo40 is fully completed within 5 ps, with two
discernable characteristic time constants of ~ 0.8 and 4 ps. This is more than two orders of
magnitude faster than singlet fission in solution, where the time constants for singlet decay are ~25
and 700 ps (Figure 4.4b). These data imply that areas of poor orbital overlap are minimized when
the dynamical motion of the individual polymer chains is suppressed and electronic coupling
between adjacent chains is enhanced.
We next analyzed the triplets generated in nPePNo40 and found that the they were long
lived and underwent multiexponential decay. The decay of the triplet signal did not demonstrate a
leveling off of the at around 50% due to convergence of the two triplet excitons resulting in a
higher energy state triplet exciton and a ground state exciton, as is seen in solution. In nPePNo40,
there is an initial rapid decrease in the triplet signal and then a slower decay process with a time
constant around 3 μs. This represents extremely long-lived triplets that are three orders of
magnitude longer than what is observed in crystalline pentacene films.16

Figure 4.5 Kinetic traces of PePNo40 films in different matrices at 530 nm. The films were excited
at 600 nm (~30 μJ/cm2).
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The transient absorption spectra of mPePNo40 and sPePNo40 display the same excited
state absorption features that the spectrum nPePNo40 does (Figure S4.4). As the films exhibited
a power dependence (Figure S5), all data was collected at a consistent power. The different
polymer films exhibited similar triplet decay kinetics, and therefore the triplets in these films have
similar lifetimes (Figure 4.5). This demonstrates that long triplet lifetimes are still achieved in
PePNo mixed media films. This is in contrast to other intermolecular singlet fission systems where
the less favorable singlet fission dynamics are observed in mixed media.17,18 We hypothesize that
this robust singlet fission occurs even in the presence of other polymers because of minimal
intercalation of the matrix into the pentacene polymer.
4.4 Conclusion
We were pleased to find that efficient singlet fission of PePNo occurred in both solution
and in the solid state. In solution, the solvent polarity and viscosity have little effect on the singlet
fission dynamics, and in the solid state, the surrounding medium has little effect on the singlet
fission dynamics. This demonstrates the robustness of the pendent polymer system. The favorable
singlet fission dynamics seen in toluene solution are observed in a multitude of different
conditions. The consistency of the singlet fission dynamics in films demonstrates the diversity of
substrates that can be made that will still undergo efficient singlet fission resulting in desirable
long lived triplets.
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Supporting Information
4.5 Transient Absorption and Photoluminescence Spectroscopy
A 1KHz amplified Ti:Sapphire system with an optical parametric amplifier was used to
generate a resonant pump pulse of ~100 fs. The laser also generates a femtosecond supercontinuum
probe in a thin sapphire plate with a mechanical probe delay used. Nanosecond supercontinuum
probe pulse are generated using a fiber laser (Leukos). An electronic probe delay is used to measure
longer delay times. The pump pulse remains constant in the two probe measurements. The
concentrations of the sample solutions were kept below 520 μM.
The transient absorption spectra of PePNo30 in toluene and chloroform are shown in
Figure S4.1. The spectral features seen in the TA spectra are similar. Because of the similarities,
we conclude that solvent polarity does not affect singlet fission dynamics and that charge transfer
states do not play a role in the singlet fission mechanism.

Figure S4.1 Transient absorption spectra of PePNo30 600 nm (~50 μJ/cm2) in (a) toluene and (b)
chloroform.
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Global analysis methods were used to determine the time constants for the singlet fission
dynamics of PePNo30 in toluene and chloroform (Table S4.1). The singlet decays with two time
constants since some chromophores are aligned to undergo singlet fission and some are not aligned
upon excitation. The triplet decay is biexponential resulting from decay of the triplets through a
secondary geminate process. A more in-depth discussion can be found in Chapter 2.
Table S4.1: Singlet fission time constants for PePNo30 in different solvent polarities.
Toluene
Chloroform

tS (ps)
14
7.3

tI (ps)
380
520

t2T (µs)
0.74
1.3

tT (µs)
9.6
19

Figure S4.2 shows the TA spectra of PePNo20 in three different solvent ratios of
acetonitrile in toluene. Increasing the amount of acetonitrile, a bad solvent, did not affect the
excited state absorptions of the pentacene polymer.

Figure S4.2 Transient absorption spectra of PePNo20 excited at 600 nm (femtosecond TA ~50
μJ/cm2; nanosecond TA ~25 μJ/cm2). (a) TA spectrum of polymer in 10% acetonitrile in toluene.
(b) TA spectrum of polymer in 20% acetonitrile in toluene. (c) TA spectrum of polymer in 30%
acetonitrile in toluene.
The time constants obtained using global analysis methods for PePNo20 in increasing
amounts of acetonitrile in toluene are shown in Table S4.2. All four time constants remain similar
in the different solvent compositions.
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Table S4.2. Singlet fission time constants for PePNo20 in toluene with increasing acetonitrile
content.
Percent
acetonitrile in
tS (ps)
tI (ps)
t2T (µs)
tT (µs)
toluene
0
27
680
0.84
28
31
10
18
690
0.87
25
20
30
800
0.72
33
30
27
570
0.61
Transient absorption spectra of PePNo40 in different amounts of paraffin oil in toluene are
shown in Figure S4.3. The higher percentage of paraffin oil in toluene, the more viscous the
solution is. The increasing viscosity did not affect the excited state absorption of PePNo40.

Figure S4.3 Transient absorption spectra of PePNo40 excited at 600 nm (~50 μJ/cm2). (a) TA
spectrum of polymer in 10% paraffin oil in toluene. (b) TA spectrum of polymer in 20% paraffin
oil in toluene. (c) TA spectrum of polymer in 30% paraffin oil in toluene.
Table S4.3 contains the time constants obtained using global analysis methods for
PePNo40 in increasing amounts of paraffin oil in toluene. The singlet fission dynamics are not
affected by solvent viscosity.
Table S4.3 Singlet fission time constants for PePNo40 in toluene with increasing paraffin oil
content.
Percent paraffin
tS (ps)
tI (ps)
t2T (µs)
tT (µs)
oil in toluene
0
29
490
1.0
22
10
25
380
0.9
23
21
20
31
390
0.7
22
30
23
280
0.7
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Figure S4.4 shows the transient absorption spectra of the three different films of PePNo40.
The neat polymer, the polymer in the PMMA matrix, and the polymer in the polystyrene matrix
exhibit the same triplet dynamics.

Figure S4.4 Transient absorption spectra of polymer films. The films were excited at 600 nm (~30
μJ/cm2). (a) TA spectrum of neat polymer film, nPePNo40 (b) TA spectrum of polymer in a
PMMA matrix, mPePNo40 (c) TA spectrum of polymer in polystyrene matrix, sPePNo40.
Kinetic traces from the TA of mPePNo40 at 530 nm taken at different laser powers are
shown in Figure S4.5. The traces demonstrate that there is a power dependence on triplet
recombination in the pentacene polymer films at laser powers above (~30 μJ/cm2). Any transient
absorption measurements that were compared to one another were taken at a consistent laser
power.
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Figure S4.5 Kinetic traces of mPePNo40 at 530 nm excited at 600 nm at various laser powers.

4.6 Steady-State Absorption Spectroscopy
An Agilent Cary 60 UV-Vis Spectrophotometer was used to take steady-state absorption
spectra.
Steady-state absorption spectra of PePNo40 in toluene and chloroform is shown in Figure
S4.6. The absorptions of PePNo40 did not change in these different polarity solvents.

Figure S4.6. Absorption spectra of PePNo40 in toluene, Tol, and chloroform, CHCl3.
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Figure S4.7 shows absorption spectra of PePNo40 in increasing quantities of acetonitrile
in toluene. No aggregation is present in any of the solvent mixtures, as no red shifting is observed
in the absorption spectra. The transient absorption spectra of PePNo40 were done in 30%
acetonitrile or lower to ensure difference in the singlet fission dynamics were not a result of
aggregation.

Figure S4.7 Absorption spectra of PePNo40 in increasing amounts of acetonitrile, CH3CN, in
toluene.
Figure S4.8 shows the absorption spectra of PePNo40 in increasing quantities of paraffin
oil in toluene. The absorption spectra remain constant in the different solvent compositions. Red
shifting is not observed, indicating no aggregation between polymer chains. The solutions of
PePNo40 prepared for transient absorption data, contained 30% paraffin oil, or less.
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Figure S4.8 Absorption spectra of PePNo40 in increasing amounts of paraffin oil in toluene.
Figure S4.9 shows the absorption spectra of the polymer films and the polymer in solution.
The film spectra are slightly broadened and red-shifted, but the three vibronic peaks are still
apparent, which is not always the case for films of pentacene based singlet fission materials.19

Figure S4.9 Absorption spectra of PePNo29 in solution, neat film, polystyrene matrix, and PMMA
matrix.
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4.7 Synthetic General Methods
All reactions were carried out in an argon atmosphere in dry solvents unless otherwise
stated. All reagents/solvents were purchased and used without further purification from Alfa
Aesar®, Sigma-Aldrich®, Acros organics®, TCI America®, Mallinckrodt®, and Oakwood®. Dry
solvents were obtained using A Schlenk manifold with purification columns packed with activated
alumina and support copper catalyst (Glass Contour, Irvine, CA). The polymerization catalyst,
(IMesH2)(Cl)2(C5H5N)2Ru=CHPh (Grubbs III), was synthesized according to literature
procedure.20 2-Bromo-6,13-Bis(triisopropylsilylethynyl)pentacene was synthesized according to
literature procedure.9,21
Bruker 400 MHz and 500 MHz spectrometers were used for 1H-NMR, and Bruker 100
MHz and 125 MHz spectrometers were used for 13C-NMR. Chemical shifts are reported in ppm
(δ) along with the integration values. The coupling constants (J) are reported in hertz (Hz), and
standard multiplicity abbreviations were used: s (singlet), d (doublet), t (triplet), and m (multiplet).
XEVO G2-XS Waters® equipped with a QTOF detector with multiple inlet and ionization
capabilities including electrospray ionization (ESI), atmospheric pressure chemical ionization
(APCI), and atmospheric solids analysis probe (ASAP) were used to take mass spectral data
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4.8 General Synthetic Protocol
O
O

H 2N
7

O

O
OH
N

Toluene, 110 °C

O
1

O

Pivalic anhydride (0.9 eq),
DMAP (0.9 mol %), THF, 60 °C

OH

7

O

BPin (0.9 eq)

HO
O

BPin

O

N

O

7

O

2

3

~ 100%

70%

R
O

O

O

N

O

7

O

N
7

Grubbs III (5 mol%)

O

(0.8 eq)

O

Br
R

O

CH2Cl2, 25 °C, 4 hr

K2CO3 (8.3 eq),
Pd(dppf)Cl2 CH2Cl2 (4 mol%),
THF:H2O (9:1), 70 °C, 15 hr
R=

R

R
R

PePNo
~ 100%

R

4
56%

4.9 Synthetic Details
Synthesis of 2

Synthesized according to procedure outlined in Chapter 2.
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Si(iPr)3

1

H-NMR (500 MHz, CDCl3, δ ppm): 6.28 (s, 2H), 3.44 (t, J = 10 Hz, 2H), 3.26 (s, 2H), 2.66 (s,

2H), 2.33 (t, J = 7.5 Hz, 2H), 1.63-1.49 (m, 5H), 1.32 (m, 6H), 1.22-1.20 (m, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.3, 138.0, 47.9, 45.3, 42.9, 38.8, 34.0, 34.0, 29.0, 28.8,

27.8, 26.9, and 24.7.
MS (ESI): Calculated ([M-H]-): 304.1549; Observed: 304.1547.

Synthesis of 3

Synthesized according to procedure outlined in Chapter 2.

1

H-NMR (500 MHz, CDCl3, δ ppm): 7.82 (d, J = 8.3 Hz, 2H), 7.07 (d, J = 8.3 Hz, 2H), 6.28 (s,

2H), 3.46 (t, J = 7.5 Hz, 2H), 3.27 (s, 2H), 2.66 (s, 2H), 2.54 (t, J = 7.5 Hz, 2H), 1.73 (m, 2H),
1.55 (m, 2H, overlapping water peak), 1.33 (m, 19H), 1.22 (m, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.2, 172.0, 153.4, 138.0, 136.3, 121.1, 84.0, 48.0, 45.3,

42.9, 38.8, 34.5, 29.0, 28.9, 27.8, 26.9, 25.0, and 24.9.
MS (ESI): Calculated ([M+NH4]+): 525.3141; Observed: 525.3151.

Synthesis of 4
R
R
O
N
O

O

7

Br

BPin

O

O

R

O

N
R=

Si(iPr)3

O

3

7

R

O
4
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Synthesized according to procedure outlined in Chapter 2.

1

H-NMR (400 MHz, CDCl3, δ ppm): 9.37 (m, 4H), 8.14 (m, 1H), 8.09 (d, J = 9.2 Hz, 1H), 8.02

(dd, J = 6.6, 3.1 Hz, 2H), 7.84 – 7.80 (m, 2H), 7.71 (dd, J = 8.9, 1.5 Hz, 1H), 7.47 – 7.43 (m, 2H),
7.28 – 7.25 (m, 2H), 6.31 (m, 2H), 3.55 – 3.51 (m, 2H), 3.53 (t, J = 7.5 Hz 2H), 2.70 (m, 2H), 2.63
(t, J = 7.5 Hz, 2H), 1.71 – 1.22 (m, 57H, overlapping water peak)
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.27, 172.44, 150.58, 138.65, 137.98, 137.67, 132.47,

131.53, 131.08, 130.89, 130.77, 129.56, 128.82, 128.45, 126.73, 126.48, 126.31, 126.20, 126.07,
122.24, 118.60, 118.43, 107.48, 47.97, 45.33, 42.89, 38.81, 34.51, 29.08, 28.92, 27.86, 26.92,
24.99, 19.18, 19.16, and 11.84.
MS (ESI): Calculated ([M+H]+): 1018.5626; Observed: 1018.5595.

Synthesis of PePNo
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4

Synthesized according to procedure outlined in Chapter 2.

1

H-NMR (400 MHz, CDCl3, δ ppm): 9.25 (m, 3H), 8.02-7.92 (m, 4H), 7.71-7.59 (m, 3H), 7.35

(m, 2H), 7.17 (m, 2H), 5.76 (m, 1H), 5.46 (m, 1H), 3.44 (m), 3.29 (m), 2.99 (m), 2.54 (m), 1.74
(m), 1.53 (m), 1.33 (m), 0.88 (m), 0.61 (m).
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Film fabrication
Stock solutions of saturated PMMA (average MW 350 kDa) in toluene (~10 weight
percent) and saturated polystyrene in chloroform were prepared. Concentrated solutions of
polymer in toluene (~10 mg/mL), PMMA in toluene, polystyrene in chloroform were made. Films
were drop casted onto glass slides. Solutions were diluted by a factor of two with the stock solution
until no light scattering was present in the drop casted films. Drop cast films were placed under
vacuum over night to evaporate residual solvent.
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Chapter 5: Exciton Dynamics in Acene Block Copolymers
5.1 Introduction
Compared to singlet fission dynamics, little research has been conducted on exciton
diffusion in singlet fission materials, despite the crucial role it plays in device performance.1 A
deeper understanding of the factors that govern exciton diffusion must be achieved in order to
successfully engineer singlet fission materials.2 Studies on exciton diffusion have focused on
crystallin thin films,3–6 so only macroscopic characterizations of triplet exciton migration have
been made. While the effects of film morphology have been explored, there are no examples of
heterostructures engineered to control the fate of triplet transport. Molecular scale dynamics must
be explored in order to design new singlet fission architectures for photovoltaic devices.
In the previous chapters I have described our pendent pentacene polymer that undergoes
efficient singlet fission to give long-lived triplets and the practical advantages offered by the
pendent polymer architecture. In addition to the advantages previously discussed, this architecture
allows for broad tuning of the polymer potential energy surface. The distribution of chromophores
can be varied and made arbitrarily long such that directional exciton mobility over large distances
can be achieved and transport from high to low energy triplet pair sites can be examined. The effect
of a single substitution in a one-dimensional pendent polymer is more pronounced than in a 3Ddoped crystal.
In this chapter we designed a pendent block copolymer with a pentacene block and a
tetracene block that can be used as a model system to explore energy transport in singlet fission
devices. Observation of the exciton migration as a function of time can be achieved because of the
distinct spectroscopic signatures of the different chromophores. The polymer structure mimics the
solid state while allowing us to evaluate the competition between triplet exciton and singlet exciton
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transfer in a simplified, linear geometry. The different chromophores, pentacene and tetracene, can
be used to control the direction of energy flow, and changing the block lengths allows for precise
control over the size of the donor/acceptor sites. The design principles presented here can be
applied to enhance exciton transport and device performance.

Figure 5.1 (a) Structure of polynorbornene block copolymers with pendent tetracene and
pentacene units (PePNo-b-TePNo). The pentacene block theoretically has 10 repeat units, and the
tetracene block has a varying number of theoretical repeat units (RU). The block copolymer units
are overlaid atop a graphical depiction of the relative singlet and triplet energies of their
corresponding acene unit. Tetracene’s singlet is higher in energy than pentacene’s singlet, and
tetracene’s triplet is also higher in energy than pentacene’s triplet. (b) Graphical representation of
exciton migration from the pendent tetracene units to the pendent pentacene units upon selective
photoexcitation of tetracene.
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5.2 Polymer Design
A series of norbornene block copolymers with pendent pentacene and pendent tetracene
units, PePNo-b-TePNo, were synthesized (Figure 5.1). The pentacene blocks on all the polymers
had a theoretical length of ten monomer units. The tetracene blocks had theoretical lengths varying
from five monomer units to forty monomer units. Gel permeation chromatography (GPC) was
used to confirm the relative polymer lengths and determine the dispersity (Ð) of the polymers. The
average molecular weights of the polymers increased as the tetracene monomer equivalents
increased, and their dispersity ranged from 1.23 to 1.49, indicating the reactions were well
controlled (Table S5.6). A pendent tetracene homopolymer was also synthesized with twenty
theoretical repeat units, TePNo20.
Steady-state absorption spectroscopy in the UV-visible region was used to confirm that the
polymers were not aggregated in toluene, the solvent used for taking measurements in this study
(Figure S5.11). The three vibrionic peaks seen in the steady-state absorption spectrum of TePNo20
(Figure S5.9) are also seen in the block copolymer spectra. Two of the three vibrionic peaks from
the steady-state absorption spectrum of PePNo10 (Figure S5.10) are seen in the block copolymer
spectra. The third vibrionic peak overlaps with the first vibrionic peak of tetracene. There is no
broadening or red-shifting of the vibrionic peaks in the block copolymers compared to the
corresponding peaks in TePNo20 and PePNo10. This indicates that the block copolymers, like the
homopolymers, do not aggregate in toluene. The absorption spectra also confirmed that as the
molecular weight of the polymer increased, the tetracene block length increased compared to the
pentacene block length, as the absorbance of the tetracene vibrionic peaks relative to the pentacene
peaks increased. The same trend is observed in the emission spectra (Figure S5.7)
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5.3 Transient Absorption Spectroscopy Data
To investigate the excited state dynamics of the polymers, transient absorption (TA)
spectroscopy was used. The spectroscopic signatures of singlets and triplets in pentacene and
tetracene based materials have been well established,7,8 allowing us to begin to construct a model
for the singlet fission dynamics. We first investigated the singlet fission dynamics of the tetracene
homopolymer. Similar to the singlet fission dynamics observed in the pentacene polymer (see
Chapter 2), TePNo20 exhibits a biexponential decay in the singlet population owning to a portion
of excited chromophores not having optimal orbital overlap to undergo fast singlet fission. The
triplets then undergo a biexponential. For a more detailed discussion see the supporting
information, Figure S5.1, S5.2, S5.3, and Table S5.1.

Figure 5.2 Stead-state absorption spectrum of block copolymer, PePNo10-b-TePNo20, overlaid
on the two steady-state absorption spectra of the pentacene and tetracene homopolymers, PePNo10
and TePNo20.
The difference between the ground state absorptions of pentacene and tetracene, allows for
selective excitation of either chromophore (Figure 5.2). A laser wavelength of 600 nm selectively
excites the pentacene chromophores while a laser wavelength of 505 nm selectively excites the
tetracene chromophores.
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Selective photoexcitation of the pentacene block at 600 nm resulted in exited state
absorption features similar to what is observed in the pendent pentacene homopolymer, PePNo10
(Figure 5.3a and S5.4). At early times the transient absorption spectra of the block copolymers are
dominated by photoinduced absorption feature at ~475 nm generated from the transition of the
bright singlet (S1) to a higher energy singlet level (Sn). The singlet feature rapidly decays into a
photoinduced absorption feature at 525 nm that we assign to the triplet. There are no additional
excited state absorptions that could be assigned to tetracene.

Figure 5.3 Transient absorption data of PePNo10-b-TePNo20 in toluene excited at (a) 600 nm
(~50 μJ/cm2) and (b) 505 nm (~50 μJ/cm2). Excitation of the pentacene unit at 600 nm results in
the same excited state absorptions as seen in the homopolymer, PePNo10. Excitation of the
tetracene unit at 505 nm results in unique excited state absorption features.
The resulting transient absorption spectra when the block copolymers were excited at 505
nm is distinct from both the homopentacene polymer and the homotetracene polymer’s spectra
(Figure 5.3b and S5.6). At early times, the spectra are dominated by an absorption feature at 430
nm and a bleach feature at 545 nm. A broad absorption from around 700 nm to 800 nm is also
present. The absorption at 430 nm decays and a photoinduced absorption at 520 nm begins to
dominate. The bleach at 545 nm decays as well, and a new bleach signal at 650 nm grows in. The
broad absorption from 700 to 800 nm decays after early times.
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Based on the transient and steady state absorption spectra of the pentacene and tetracene
homopolymers and monomers, we can begin to make assignments for the absorption features seen
in the block copolymers at excitation at 505 nm. The bleach signal at 545 nm results from the
tetracene chromophore, since it is consistent with the bleach signal in TA spectroscopy and steady
state absorption of TePNo20. While excited state absorptions (ESA) from pentacene occur at 550
nm, there is no pentacene bleach at this wavelength. Therefore, the negative signal must be a result
of the bleach on tetracene. The bleach signal at 650 nm present at later times is attributed to
pentacene. Tetracene does not have a ground state absorption at 650 nm whereas pentacene does,
so the negative signal is a result of the bleach on pentacene. The broad absorption from about 700
nm to 800 nm is characteristic of tetracene’s singlet excited state absorption. The pentacene
homopolymer does not have any absorption in this range, so the absorption can be assigned to the
tetracene singlet only. The other prominent features result from the overlap of in the excited state
absorptions from pentacene and tetracene making the assignment of their origin more difficult.

5.4 Analysis of Pentacene Excitation
Global analysis methods were used to confirm that the exciton dynamics on pentacene, the
low energy site, were independent of the rest of the macromolecule. When the block copolymer
was excited at 600 nm, singlet fission proceeded as it does on the pentacene homopolymers (see
Chapter 2), and the dynamics did not change as the tetracene block length increased (Figure S5.5).
The singlet decays were biexponential (t = ~30 ps and ~1300 ps) resulting from a portion of
chromophores that underwent fast singlet fission and a portion that underwent slower singlet
fission. The triplet decays were also biexponential (t = ~0.4 µs and ~20 µs) as the two triplets
undergo a secondary geminate recombination process resulting in a ground state and a triplet state.
The time constants obtained for the four block copolymers are listed in Table S5.2.
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5.5 Analysis of Tetracene Excitation
To begin to understand the exciton dynamics when tetracene, the higher energy
chromophore, is excited, we use photoluminescence spectroscopy (Figure 5.4 and S5.8). Time
correlated single photon counting (TCSPC) detected at both 565 nm and 675 nm is used to
selectively monitor the tetracene and pentacene singlets, respectively. The tetracene PL signal
rapidly decays as the tetracene singlets either transfer to pentacene or undergo singlet fission to
the dark triplet state. After some time, no delayed fluoresce is observed because triplets either
dephase or the upconverted singlets transfer to pentacene. The emission of the pentacene singlet
rose over the first 100 ps followed by a decay with a time constant of ~ 2 ns, which is faster than
the singlet lifetime, ~16 ns, of the pentacene monomer (see Chapter 2). The rise in pentacene
singlet signal is attributed to singlet exciton transfer from tetracene to pentacene. For a summary
of time constants obtained from the PL data see Table S5.3 and S5.4. Because photoluminescence
is unable to track the fate of the dark triplet state, it does not allow us to fully characterize the
singlet fission dynamics.

Figure 5.4 TCSPC of PePNo10-b-PePNo5 in toluene detected at 675 nm and 565 nm after
excitation at 505 nm. In the insert, the rise in the pentacene photoluminescence is apparent.
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To gain a deeper understanding of the exciton dynamics in the block copolymers when
they are excited at 505 nm, we must analyze the TA data. Considering the weak absorption of
pentacene at 505 nm, we assume the only initial excited state on the polymers is the tetracene
singlet. As the final excited state species on the polymer is a pentacene triplet, energy transfer from
the tetracene to the pentacene must occur. The tetracene singlet exciton can undergo either direct
singlet energy transfer to pentacene or singlet fission on the tetracene block. The resulting tetracene
triplet can either undergo triplet-triplet annihilation to repopulate the singlet (from which singlet
transfer can occur), undergo triplet energy transfer to the pentacene, or decay to the ground state
(Figure 5.5). Proper modeling of the data is still in progress, so the strategy we are undertaking is
outlined below.

Figure 5.5 Representation of the exciton pathways in the block copolymers. Both tetracene
singlets and triplets can transfer to pentacene.
The rise of the pentacene bleach at ~650 nm at early times can give us the rate of transfer
from the tetracene singlet, TS1, to the pentacene singlet, PS1. As TS1 can be repopulated by TT1 after
singlet fission through triplet-triplet annihilation, the rise in the pentacene bleach should be
biexponential. We can fit the pentacene singlet emission decay from PL to determine the rate of
singlet fission on pentacene, PS1 to PT1. Next we can determine the rate of singlet fission on

130

tetracene, TS1 to TT1, by fitting the decay of the excited state absorption at ~750 nm. As singlet
fission in TePNo occurs at two rates, a fast component from aligned singlets and a slow component
from misaligned singlets, the decay of TS1 to TT1 in the block copolymers should be biexponential
as well. The rise in the pentacene bleach at ~650 nm at late times can be used to determine the rate
of transfer of tetracene triplet, TT1 to pentacene triplet, PT1, as only triplet transfer should be
occurring at these late times since singlet fission on pentacene and singlet energy transfer from
tetracene to pentacene should occur on faster timescales. We can then use the decay of the tetracene
bleach to determine the rate of decay of TT1 to the ground state, S0. As the PT1 is the final excited
state on the block copolymer, we can fit the decay of the PT1 excited state absorption to determine
the pentacene triplet lifetime.
Once we have determined the time constants associated with these transitions for all of the
tetracene block lengths, we will examine how the length of the tetracene affects the relative
amounts of singlet versus triplet transfer and tetracene triplet decay versus triplet transfer. From
these data, we can determine the block length that minimizes singlet transfer without sacrificing
efficient triplet transfer over triplet decay.

5.6 Conclusion
We designed pendent pentacene and pendent tetracene block copolymers that can be used
to study exciton migration in singlet fission systems. The modular synthetic scheme enables late
stage modification of the pendent chromophore. Block copolymers can be easily synthesized
through sequential addition of monomers, and block lengths can be controlled through monomer
loading. Excitation of the pentacene block, the low energy site, resulted in singlet fission dynamics
both similar to those seen in the pentacene homopolymer and independent of the tetracene block
length. Excitation of the tetracene block, the high energy site, resulted in both singlet and triplet
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transfer from the tetracene block to the pentacene block. After the analysis outlined above is
complete, the tetracene block length that results in the most efficient triplet transfer can be
determined. The information gleamed about exciton transfer in these systems can be used to guide
the design of new singlet fission macromolecules.
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Supplementary Information
5.7 Transient Absorption Spectroscopy
An in-depth description of the transient absorption (TA) spectroscopy used in this study
has been reported previously.7 A 1KHz amplified Ti:Sapphire system with optical parametric
amplifier was used to generate a resonant pump pulse of ~100 fs. The laser is also used to generate
a femtosecond supercontinuum probe in a thin sapphire plate where the delay in the prove is
controlled mechanically. Nanosecond supercontinuum probe pulses is generated with a fiber laser
(Leukos) where the longer delay times are measured using an electronic delay configuration. The
pump pulse is consistent for the two probe measurements. The concentration of all sample
solutions was kept below 520 μM.
After photoexcitation of TePNo20, at early times there is a broad absorption from around
440 nm to 550 nm and from around 650 nm to 800 nm (Figure S5.1b). These features are attributed
to the tetracene singlet based on their similarity to the photoinduced absorption of the tetracene
monomer in dilute solution (Figure S5.1a and S5.1c). The bleach feature around 600 nm does not
correspond to TePNo20’s steady state absorption features. The peak is therefore assigned to the
stimulated emission from the singlet on tetracene. The singlet features decay rapidly into the triplet
feature, characterized by its excited state absorption from around 470 nm to 550 nm. This
assignment is based photosensitization experiments where individual triplets are directly populated
onto TePNo20 using energy transfer (Figure S5.1d). We confirm that the triplet formation is from
singlet fission and not intersystem crossing based on the increase in decay rate of the singlet
features in TePNo20 compared to the monomer in dilute solution.
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Figure S5.1 Transient absorption spectra of TePNo20 and tetracene monomer. (a) Transient
absorption spectrum of tetracene monomer in a dilute toluene solution excited at 505 nm (~50
μJ/cm2). (b) Transient absorption spectrum of TePNo20 in toluene excited at 505 nm (~50 μJ/cm2).
(c) Spectral cut of TePNo20 at early times compared to a spectral cut of tetracene monomer singlet.
At early times the excited state absorption of TePNo20 resembles that of the singlet on the
tetracene monomer. (d) Spectral cut of TePNo20 at late times after singlet fission has occurred
compared to a spectral cut from the sensitization of TePNo20.
Global analysis methods were used to further analyze the singlet fission dynamics of
TePNo20 (Figure S5.2). There is an initial 8 ps decay of the singlet excited state into another
singlet excited state species. Singlet fission then occurs with a fast component (τ = 270 ps) and a
slow component (τ = 5,800 ps). The biexponential decay of the singlet exciton into triplet excitons
arises because of the heterogeneity in the polymer confirmations. The resulting trace from global
analysis for the slow decay of the singlet is a linear combination of the triplet trace, generated from
fast fission, and singlet trace, from the slow singlet fission singlet sites. Triplet recombination
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occurs through a secondary geminate process resulting in a biexponential decay of the triplet
photoinduced absorption. Two triplets decay with a time constant of 1.3 µs resulting in an excited
triplet exciton and a ground state. The remaining triplet exciton decays with a time constant of 110
µs, which is consistent with the free triplet lifetime on tetracene.

Figure S5.2 Deconvoluted spectra of TePNo20 generated using global analysis methods.
A summary of the singlet fission time constants is shown in Table S5.1. tS is the time
constant for the decay of the singlet state. tI is the time constant for the decay of the intermediate
state that is a mix of singlet and triplet. t2T is the time constant for the decay of the two triplets on
the polymer chain. tT is the time constant for the decay of the free triplet remaining after geminate
recombination.
Table S5.1 Tetracene polymer singlet fission time constants determined through global analysis
methods.
tS (ps)
tI (ps)
t2T (µs)
tT (µs)
TePNo20
270
5,800
1.3
110
Figure S5.3 shows the sensitization experiment of TePNo20 with anthracene. The tetracene
polymer was dissolved in a 15 mM solution of anthracene in toluene. Anthracene was selectively
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excited using a 360 nm laser pulse. After excitation, the anthracene readily underwent in
intersystem crossing to give single triplets. Because anthracene’s triplet energy is higher in energy
than tetracene’s triplet, the anthracene triplet transfers to tetracene through collisions. From this
experiment, we are able to observe the free triplet photoinduced absorption.

Figure S5.3 Sensitization spectrum of TePNo20 in toluene (~100 μM) using anthracene (15 mM).
The anthracene was selectively excited at 360 nm (~50 μJ/cm2).
Figure S5.4 shows the transient absorption spectra of the block copolymers with 5, 10, and
40 theoretical repeat units of tetracene excited at 600 nm, which selectivity excites pentacene. As
the length of the pentacene block remains constant over these series of polymers, the resulting TA
spectra have the same photoinduced absorptions.
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Figure S5.4 Transient absorption spectra of (a) PePNo10-b-TePNo5, (b) PePNo10-b-TePNo10,
and (c) PePNo10-b-TePNo40 in toluene excited at 600 nm (~50 μJ/cm2).
Figure S5.5 shows kinetic traces of block copolymers and pentacene homopolymer at 460
nm and 520 nm when the polymers are excited at 600 nm. The traces at 460 nm show the decay of
the singlet signal, and the traces at 520 nm show the decay of the triplet signal. These traces
demonstrate that exciting the pentacene block results in the same singlet fission dynamics
regardless of tetracene block length. In addition, the dynamics of the block copolymers excited at
600 nm behave similarly to the pentacene homopolymer.

137

Figure S5.5 Kinetic traces of block copolymers and pentacene homopolymers excited at 600 nm
(~50 μJ/cm2). (a) Singlet decay of polymers at 460 nm. (b) Triplet decay of polymers at 520 nm.
The time constants for singlet fission in for the four block copolymers excited at 600 nm
are shown in Table S5.2. tS is the time constant for the decay of the singlet state. tI is the time
constant for the decay of the intermediate state that is a mix of singlet and triplet. t2T is the time
constant for the decay of the two triplets on the polymer chain. tT is the time constant for the decay
of the free triplet remaining after geminate recombination.
Table S5.2 Block copolymer singlet fission time constants determined through global analysis
methods (600 nm excitation).
tS (ps)
tI (ps)
t2T (µs)
tT (µs)
PePNo10-b53
1400
0.41
26
TePNo5
PePNo10-b15
1100
0.43
27
TePNo10
PePNo10-b38
1300
0.38
12
TePNo20
PePNo10-b26
1100
0.35
7
TePNo40
Figure S5.6 shows the transient absorption spectra of the block copolymers with 5, 10, and
40 theoretical repeat units of tetracene excited at 505 nm, which selectivity excites tetracene. The
spectra are different from one another, meaning that the different length tetracene block results in
different singlet fission dynamics.
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Figure S5.6 Transient absorption spectra of (a) PePNo10-b-TePNo5, (b) PePNo10-b-TePNo10,
and (c) PePNo10-b-TePNo40 in toluene excited at 505 nm (~50 μJ/cm2).
5.8 Photoluminescence Spectroscopy
Ultrafast photoluminescence data was measured using an upconversion technique. The
sample was excited using a 505 nm, 100 fs laser pulse. The spontaneous emission was mixed using
a “gate” pulse in a nonlinear crystal to achieve a sum frequency. The unconverted optical signal
magnitude was proportional to the instantaneous photoluminescence intensity and was measured
as intervals of delay between excitation and gate pulse. The measurement has a ~250 fs time
resolution and a spectral resolution of ~10 nm.
Figure S5.7 shows the emission spectra for the block copolymers. The emission of the
tetracene peaks (550 – 650 nm) increase in relation to the pentacene peaks (650 – 750 nm) as the
length of the tetracene block increases.
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Figure S5.7 Normalized steady state emission spectra of block copolymers in toluene (505 nm
excitation)
Figure S5.8 shows the photoluminescence decay of the block copolymers when tetracene
is selectively excited. By monitoring different emission wavelengths, we are able to observe the
emission from the tetracene singlets (565 nm) and the pentacene singlets (675 nm).

Figure S5.8 Photoluminescence of the block copolymers at 565 nm (left) and 675 nm (right)
excited at 505 nm.
Table S5.3 contains that time constants obtained for the photoluminescence measurements
detected at 565 nm after 505 nm excitation. The two time constants correspond to singlet decay on
tetracene.
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Table S5.3 Time constants for the block copolymer photoluminescence at 565 nm (505 nm
excitation).
t1 (ps)
t2(ps)
PePNo10-b-TePNo5
410
4300
PePNo10-b-TePNo10
480
2700
PePNo10-b-TePNo20
560
2600
PePNo10-b-TePNo40
620
2500
Table S5.4 contains the time constants obtained for the photoluminescence measurements
detected at 675 nm after 505 nm excitation. The first time constant, t1, corresponds to the rise in
the singlet signal on the pentacene block. The other two time constants correspond to singlet decay.
Table S5.4 Time constants for the block copolymer photoluminescence at 675 nm (505 nm
excitation).
t1 (ps)
t2(ps)
t3 (ps)
PePNo10-b-TePNo5
150
1400
4500
PePNo10-b-TePNo10
200
1600
4700
PePNo10-b-TePNo20
130
1600
4700
PePNo10-b-TePNo40
100
1600
6300
5.9 Steady-State Absorption Spectroscopy
Steady-state absorption spectra were taken on an Agilent Cary 60 UV-Vis
Spectrophotometer.
Figure S5.9 shows the steady-state absorption spectrum of the tetracene homopolymer
TePNo20.
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Figure S5.9 Steady-state absorption spectra of TePNo20 in toluene.
Figure S5.10 shows the steady-state absorption spectrum of the pentacene homopolymer
PePNo10. A more detailed discussion on the pentacene homopolymer can be found in Chapter 2.

Figure S5.10 Steady-state absorption spectra of PePNo10 in toluene.
Steady-state absorption spectra were taken of the series of four block copolymers (Figure
S5.11). The traces are normalized to the pentacene absorption at 650 nm. The absorption spectra
confirm that the series of block copolymers have differing tetracene block lengths.
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Figure S5.11 Stead-state absorption spectra of the four block copolymers in toluene.

5.10 Synthetic General Methods
All reactions were carried out in an argon atmosphere in dry solvents unless otherwise
stated. All reagents/solvents were purchased from Alfa Aesar®, Sigma-Aldrich®, Acros organics®,
TCI America®, Mallinckrodt®, and Oakwood® and used without further purification. Dry solvents
were obtained using a Schlenk manifold with purification columns packed with activated alumina
and support copper catalyst (Glass Contour, Irvine, CA). The polymerization catalyst,
(IMesH2)(Cl)2(C5H5N)2Ru=CHPh (Grubbs III), was synthesized according to literature
procedure.9

2-Bromo-6,13-Bis(triisopropylsilylethynyl)pentacene

and

2-Bromo-6,11-

Bis(triisopropylsilylethynyl)tetracene were synthesized according to literature procedure.7,10
1

H-NMR were taken on Bruker 400 MHz and 500 MHz spectrometers, and 13C-NMR were

taken on Bruker 100 MHz and 125 MHz spectrometers. Chemical shifts are reported in ppm (δ)
with corresponding integration values. The coupling constants (J) are reported in hertz (Hz), and
standard multiplicity abbreviations were used: s (singlet), d (doublet), t (triplet), and m (multiplet).
Mass spectral data were taken on XEVO G2-XS Waters® equipped with a QTOF detector with
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multiple inlet and ionization capabilities including electrospray ionization (ESI), atmospheric
pressure chemical ionization (APCI), and atmospheric solids analysis probe (ASAP).

5.11 General Synthetic Protocol
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i. Grubbs III (10 mol%), CH2Cl2, 25 °C, 4 hr
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O
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5.12 Synthetic Details
Synthesis of 2

Synthesized according to the procedure outlined in Chapter 2.

1

H-NMR (500 MHz, CDCl3, δ ppm): 6.28 (s, 2H), 3.44 (t, J = 10 Hz, 2H), 3.26 (s, 2H), 2.66 (s,

2H), 2.33 (t, J = 7.5 Hz, 2H), 1.63-1.49 (m, 5H), 1.32 (m, 6H), 1.22-1.20 (m, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.3, 138.0, 47.9, 45.3, 42.9, 38.8, 34.0, 34.0, 29.0, 28.8,

27.8, 26.9, and 24.7.
MS (ESI): Calculated ([M-H]-): 304.1549; Observed: 304.1547.
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Synthesis of 3

Synthesized according to the procedure outlined in Chapter 2.

1

H-NMR (500 MHz, CDCl3, δ ppm): 7.82 (d, J = 8.3 Hz, 2H), 7.07 (d, J = 8.3 Hz, 2H), 6.28 (s,

2H), 3.46 (t, J = 7.5 Hz, 2H), 3.27 (s, 2H), 2.66 (s, 2H), 2.54 (t, J = 7.5 Hz, 2H), 1.73 (m, 2H),
1.55 (m, 2H, overlapping water peak), 1.33 (m, 19H), 1.22 (m, 1H).
13

C-NMR (125 MHz, CDCl3, δ ppm): 178.2, 172.0, 153.4, 138.0, 136.3, 121.1, 84.0, 48.0, 45.3,

42.9, 38.8, 34.5, 29.0, 28.9, 27.8, 26.9, 25.0, and 24.9.
MS (ESI): Calculated ([M+NH4]+): 525.3141; Observed: 525.3151.

Synthesis of 4
R
R
O
N
O

O

7

Br

BPin

O

O

R

O

N
R=

Si(iPr)3

O

3

7

R

O
4

Synthesized according to the procedure outlined in Chapter 2.

1

H-NMR (400 MHz, CDCl3, δ ppm): 9.37 (m, 4H), 8.14 (m, 1H), 8.09 (d, J = 9.2 Hz, 1H), 8.02

(dd, J = 6.6, 3.1 Hz, 2H), 7.84 – 7.80 (m, 2H), 7.71 (dd, J = 8.9, 1.5 Hz, 1H), 7.47 – 7.43 (m, 2H),
7.28 – 7.25 (m, 2H), 6.31 (m, 2H), 3.55 – 3.51 (m, 2H), 3.53 (t, J = 7.5 Hz 2H), 2.70 (m, 2H), 2.63
(t, J = 7.5 Hz, 2H), 1.71 – 1.22 (m, 57H, overlapping water peak)
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13

C-NMR (125 MHz, CDCl3, δ ppm): 178.27, 172.44, 150.58, 138.65, 137.98, 137.67, 132.47,

131.53, 131.08, 130.89, 130.77, 129.56, 128.82, 128.45, 126.73, 126.48, 126.31, 126.20, 126.07,
122.24, 118.60, 118.43, 107.48, 47.97, 45.33, 42.89, 38.81, 34.51, 29.08, 28.92, 27.86, 26.92,
24.99, 19.18, 19.16, and 11.84.
MS (ESI): Calculated ([M+H]+): 1018.5626; Observed: 1018.5595.

Synthesis of 5
R
R
O
N
O

O

7

Br

BPin

O

O

R
R=

O

N

Si(iPr)3

O

7

R

O

5

3

To a two-neck round bottom flask was added 3 (3.70 mmol, 1.88 g, 1.2 equiv.), 2-bromo-6,11bis(triisopropylsilylethynyl)tetratacene (3.08 mmol, 2.06 g, 1 equiv.), and Pd(dppf)Cl2•CH2Cl2
(0.15 mmol, 122 mg, 0.05 equiv.) followed by dry THF (66 mL). A degassed solution of K2CO3
(30.8 mmol, 4.26 g, 10 equiv.) in H2O (7.4 mL) was subsequently added. The reaction stirred for
15 h at 70 °C. The reaction mixture came to room temperature and the water was pipetted out
before concentrating on the rotary evaporator. The crude mixture was purified by column
chromatography in dichloromethane:hexanes (4:1) to 100% dichloromethane affording a pink
solid (35% yield).

1

H NMR (400 MHz, CDCl3, δ ppm): δ 9.39 (d, J = 9.3 Hz, 2H), 8.69 (m, 2H), 8.23 – 8.11 (m, 2H),

7.80 (m, 3H), 7.60 (m, 2H), 7.28 (d, J = 8.6 Hz, 2H), 6.30 (s, 2H), 3.56 – 3.49 (m, 2H), 3.31 (s,
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2H), 2.70 (s, 2H), 2.64 (t, J = 7.4 Hz, 2H), 1.88 – 1.78 (m, 2H), 1.69 – 1.59 (m, 2H), 1.42 (m, 53H,
overlapping water peak).
13

C NMR (126 MHz, CDCl3, δ ppm) 178.12, 172.31, 150.42, 138.58, 137.83, 137.58, 132.75,

132.63, 132.24, 131.28, 130.69, 130.48, 129.31, 128.38, 127.41, 126.77, 126.58, 126.23, 126.15,
125.89, 122.11, 118.69, 118.54, 106.01, 105.90, 103.89, 47.83, 45.19, 42.75, 38.67, 34.37, 28.93,
28.78, 27.72, 26.78, 24.85, 18.98, and 11.61.
MS (ESI): Calculated ([M+H]+): 968.5469; Observed: 985.5720.

Synthesis of TePNo20

O

n

O

N

Grubbs III

O

7

R

O

O

N

O

7

O

R

O

R
5

TePNo

R

To a solution of 5 (0.051 mmol, 49 mg, 1.0 equiv.) in dry CH2Cl2 (2.2 mL) was added Grubbs III
(0.0025 mmols, 1.8 mg, 0.05 equiv.) in dry CH2Cl2 (0.37 mL). The reaction stirred for 4 h at room
temperature. Ethyl vinyl ether was added to quench the reaction. After stirring an hour, the solution
was precipitated into -78 °C MeOH and filtered. The filtrate was discarded, and the polymer was
dissolved in CH2Cl2, collected, and concentrated to give a pink solid (quantitative yield).

1

H-NMR (400 MHz, CDCl3, δ ppm): 9.30 (m, 2H), 8.60 (m, 2H), 8.07 (m, 2H), 7.70 (m, 3H), 7.52

(m, 2H), 7.20 (m, 2H), 5.77 (m, 1H), 5.46 (m, 1H), 3.45 (m), 3.00 (m), 2.56 (m), 1.75 (m), 1.56
(m), 1.29 (m).
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Synthesis of PePNo-b-TePNo
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To a solution of 4 (0.015 mmol, 15 mg, 1.0 equiv.) in dry CH2Cl2 (0.19 mL) was added Grubbs III
(0.0015 mmol, 1.1 mg, 0.1 equiv.) as a solution in dry CH2Cl2 (0.55 mL). The reaction stirred for
4 h at room temperature. Varying amounts of 5 in dry CH2Cl2 was added (see Table S5.5). The
reactions stirred for 18 h at room temperature. Ethyl vinyl ether was added to quench the reaction.
After stirring one hour, the solution was precipitated into -78 °C MeOH and filtered. The filtrate
was discarded, and the polymer was dissolved in CH2Cl2, collected, and concentrated to give a
pink or purple solid (quantitative yield).

PePNo10-b-TePNo5
1

H-NMR (400 MHz, CDCl3, δ ppm): 9.27 (m, 3H), 8.60 (m, 1H) 8.10 – 7.93 (m, 3H), 7.72 – 7.52

(m, 4H), 7.36 (m, 1H), 7.18 (m, 2H), 5.77 (m, 1H), 5.46 (m, 1H), 3.45 (m), 3.29 (m), 3.00 (m),
2.55 (m), 1.75 (m), 1.58 (m), 1.34 (m), 1.29 (m).

PePNo10-b-TePNo10
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1

H-NMR (400 MHz, CDCl3, δ ppm): 9.27 (m, 3H), 8.60 (m, 1H) 8.10 – 7.93 (m, 3H), 7.72 – 7.52

(m, 5H), 7.36 (m, 1H), 7.18 (m, 2H), 5.77 (m, 1H), 5.46 (m, 1H), 3.45 (m), 3.29 (m), 3.00 (m),
2.55 (m), 1.75 (m), 1.58 (m), 1.34 (m), 1.29 (m).

PePNo10-b-TePNo20
1

H-NMR (400 MHz, CDCl3, δ ppm): 9.27 (m, 3H), 8.60 (m, 1H) 8.10 – 7.93 (m, 3H), 7.72 – 7.52

(m, 5H), 7.36 (m, 1H), 7.18 (m, 2H), 5.77 (m, 1H), 5.46 (m, 1H), 3.45 (m), 3.29 (m), 3.00 (m),
2.55 (m), 1.75 (m), 1.58 (m), 1.34 (m), 1.29 (m).

PePNo10-b-TePNo40
1

H-NMR (400 MHz, CDCl3, δ ppm): 9.27 (m, 2H), 8.60 (m, 2H) 8.10 – 7.93 (m, 2H), 7.72 – 7.52

(m, 5H), 7.36 (m, 1H), 7.18 (m, 2H), 5.77 (m, 1H), 5.46 (m, 1H), 3.45 (m), 3.29 (m), 3.00 (m),
2.55 (m), 1.75 (m), 1.58 (m), 1.34 (m), 1.29 (m).
Table S5.5 Equivalents of 5 for the block copolymer reactions
PePNo10-b-TePNo5
PePNo10-b-TePNo10
PePNo10-b-TePNo20
PePNo10-b-TePNo40

Equiv. of 5
0.5
1
2
4

150

mL of CH2Cl2
0.28
0.56
1.1
2.3

5.13 NMR Spectra
NMR spectra of 2-4 are reported in Chapter 2.

Figure S5.12 1H-NMR spectrum of 5.
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Figure S5.13 13C-NMR spectrum of 5.
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Figure S5.14 1H-NMR spectrum of TePNo20.
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Figure S5.15 1H-NMR spectrum of PePNo10-b-TePNo5.
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Figure S5.16 1H-NMR spectrum of PePNo10-b-TePNo10.
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Figure S5.17 1H-NMR spectrum of PePNo10-b-TePNo20.
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Figure S5.18 1H-NMR spectrum of PePNo10-b-TePNo40.
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5.14 Molecular Weight Data
A Waters Alliance 2695 separation module equipped with a PL-aqua gel-OH 8-micron
Mixed-M column (300 x 7.5 mm) with a Waters 2998 Photodiode Array Detector and a Waters
2414 Refractrometer Detector with an elution rate of 1 mL/min was used to run gel permeation
chromatography (GPC). Samples were dissolved in dibutylhydroxytoluene stabilized
tetrahydrofuran. Monodisperse polystyrene standards were used to determine polymer molecular
weight and dispersity.
Table S5.6 contains the molecular weight data for the block copolymers, the corresponding
monomers, and the tetracene homopolymer. The molecular weight of the polymers increased as
the loading of the tetracene monomer increased, as we would expect. The Ð of the all polymers
are under 1.5.
Table S5.6 Molecular weight data obtained from GPC
5
TePNo20
PePNo10-b-TePNo5
PePNo10-b-TePNo10
PePNo10-b-TePNo20
PePNo10-b-TePNo40

Mn (kg/mol)
1.1
21
16
19
28
68

Mw (kg/mol)
1.2
24
19
24
42
87
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Ð
1.16
1.23
1.30
1.49
1.26
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