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ABSTRACT OF THE DISSERTATION

Studying and Controlling the Structure of Doped Semiconducting Polymers

Yutong Wu
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2022

Professor Sarah H. Tolbert, Chair

This thesis focuses on studying and controlling the structure of pristine and doped
semiconducting polymers. Semiconducting polymers have many applications in flexible
electronics due to their structural tunability, low cost and solution processability. Intrinsically,
semiconducting polymers have poor conductivities due to a lack of mobile carriers. Charge transfer
between a semiconducting polymer and a dopant molecule is necessary to introduce carriers into
a polymer system. If an electron is fully transferred, commonly called “integer charge transfer
(ICT)”, this will result in a polaron and a dopant anion. On the other hand, the electron charge
could be shared between the polymer and a dopant molecule to form a “charge transfer complex
(CTC)”. In the first part of the thesis, we explored factors that affect the charge transfer pathways

in doped semiconducting polymers and were able to control the formation of CTCs.



Semiconducting polymers are composed of both crystalline and amorphous parts. Compared to
crystalline regions, amorphous polymer parts are disordered, thus the dopant anion are usually
close to the polarons, resulting in poor carrier mobility due to columb attraction between polarons
and counterions. CTCs also tend to form in amorphous polymer regions compared to crystallites
and result in less carriers due to the charge sharing nature of CTC. In our second project, we
explored ways to suppress the formation of both CTCs and localized carriers even in highly
amorphous polymer films, using large boron cluster-based dopants. The electron density of these
dopants is core-localized and is shield from the holes on the polymer, resulting in increased
crystallinity and higher film conductivities. In our third project, we further explored how polymer
crystallite orientation influences the ease of doping and found that polymer regions with structures
similar to the final doped structure could be doped more easily. In the last chapter, we designed
amphiphilic semiconducting polyelectrolytes that form ordered cylindrical micelles in water. Our
results demonstrate that we can achieve relatively precise control between electron donor and
acceptor co-assemblies by varying the structural properties of component amphiphilic polymers
and acceptors, which can provide guidelines for designing systems with controllable excited-state

transfers.
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Chapter 1. Introduction
1.1 Molecular Doping of Semiconducting Polymers

Semiconducting polymers have many applications in modern electronic techniques.’” They
have the advantage of being cheap, flexible and solution processable. The elemental composition
and molecular structure of semiconducting polymers make them both low-cost and relatively easy
to be manufactured in solution without using expensive techniques.®° Recent progress in organic
chemistry enables the synthesis of a wide range of semiconducting polymers for photovoltaic and
organic light-emitting diode (OLED) applications.!**> Semiconducting polymers also have the
advantage of being tunable in a variety of ways. When the backbone composition, conjugation
length, bond angle of the semiconducting polymers are different, they have distinct structure and
electronic properties.’®-8The side chain structure, geometry, hydrophobicity and branching point
on the polymer backbone also play an important role on polymer solubility and processed film

microstructure.!®2!

Semiconducting polymers intrinsically are not conductive due to the relative wide band-gap,
carriers cannot be thermally excited to conduction band (Figure 1.1a). Thus doping, a redox
process with another molecule is necessary to induce charge carriers. For inorganic
semiconductors such as silicon, doping is a substitutional process. The Si atom in the lattice is
substituted with another atom either has an extra electron (n-type impurity) or lacks an electron
(p-type impurity). Thus, the extra electron or the left hole serves as the charge carrier in the
conducting network.?? Different from the inorganic semiconductors, semiconducting polymer
doping is an interstitial charge transfer process. When electrons are removed from polymer valence
band and transfer to acceptor molecule, it is an oxidation process (p-type doping) and when

electrons transfer from the donor molecule to polymer conduction band, it is a reduction process
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Figure 1.1: Band diagram of neutral (a) and doped (b) semiconducting polymer. New
intraband states and electron transitions form in doped polymer.

(n-type doping). Many progresses have been made on n-type doped semiconducting polymer,
however, the unstable doped phase and the need to find donor molecule with compatible band

levels are potential drawbacks. This thesis focuses on p-type doping of semiconducting polymers.

P-type doping requires the dopant’s lowest unoccupied molecular orbital (LUMO) is deeper
than the polymer highest occupied molecular orbital (HOMO). The energy gap between these two
levels is the driving force for the charge transfer process. Our previous work shows that dopant
molecules with larger energetic offsets can dope the same polymer to larger extent and generate
more mobile carriers.?® Kiefer et, al, shows that when dopant molecule LUMO is deep enough, the
dopant anion can further dope the host polymer and form a dianion molecule.?* Recent work from
Watanabe’s group came up with the anion exchange doping by mixing ionic salts with the doped
semiconducting polymers.?>? They found that the salt anion can switch out the dopant anion,

resulting in much higher doping efficiency and conductivity.

A variety of p-type dopant molecules have been reported so far.?’=° It has been shown that
dopant molecular size, geometry, redox potential can influence their packing and charge transfer

pathways with semiconducting polymers. When semiconducting polymers get doped, electrons



are removed from the polymer valence band, the left holes (also referred as polarons) serve as the
charge carries in the polymer network. Two extra intragap states also form in the bandgap as shown
in Figure 1.1b. New allowed electron transitions thus form: P1 corresponds to the transition from
valence band to lower intraband state; P2 corresponds to the transition from lower intraband state
to higher intraband state and P3 which is the transition from valence band to higher intraband state
is usually forbidden. Spectroscopy is a direct and useful tool to identify and quantify the
semiconducting polymer doping process by observing the electron transitions within the bandgap

and we will heavily use this method to study polymer doping throughout this thesis.

1.2 Charge Transfer Pathways of Semiconducting Polymers
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Figure 1.2: Schemes of P3HT integer and partial charge transfer.

As stated in the last section, when electrons transfer to the dopant molecules and form dopant
anions, holes are left on the polymer backbone, this process is known as the integer charge transfer
(Figure 1.2). The dopant molecule, however, can also form hybridized orbitals with the polymer
when they n-stack with the polymer backbone and go through partial charge transfer (Figure
1.2).2431-33 partial charge transfer results in the charge transfer complex (CTC) formation which

is detrimental to conductivity. This is because not all the dopant molecules contribute to mobile
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Figure 1.3: Schemes for p-type semiconducting polymer doping through ground-state
charge transfer (a) and excited-state charge transfer (b).

carriers (polarons) formation. Since conductivity is proportional to the number of mobile carriers
and carrier mobility, CTC formation generates fewer mobile carriers, thus results in lower

conductivity.

The above discussion introduces the p-type doping of semiconducting polymer through a
redox reaction with a dopant molecule (chemical doping). This process is also referred as ground-
state charge transfer due to the direct electron transfer from polymer HOMO level to dopant
molecule (Figure 1.3a). However, p-type doping can also be achieved through an excited-state
charge transfer process as indicated in Figure 1.3b. Electrons are excited from polymer HOMO to
LUMO level by visible light, and if there is an acceptor molecule nearby with appropriate LUMO
level, electrons can then migrate to acceptor molecule instead of relaxing back to polymer
HOMO.3*2¢ This process requires that the polymer LUMO level is shallower than the acceptor
LUMO level.*” Polymers and the acceptor molecules also need to be close enough to enable this

process.>84% This thesis will mainly focus on studying the ground-state charge transfer of p-type



doped semiconducting polymers in solid-state. The excited-state charge transfer will be discussed

at last.

1.3 Structure Change of Semiconducting Polymer Doping
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Figure 1.4: Schemes of different locations of dopant molecules in semicrystalline polymer
(P3HT) matrix. Polaron mobility are higher when they are further away from the anion
molecules. If dopant molecule mi-stack with the polymer backbone, they form CTC. Figure
source: Adapted from Scholes, D. T et, al. Adv. Funct. Mater. 2017, 27 (44), 1-13.

Semiconducting polymers are usually semicrytalline and consist both semi-ordered and
amorphous region.*! The location of the dopant molecule in the semiconducting polymer matrix
determines the charge transfer pathway as well as the mobility of the polarons. Figure 1.4 shows
the possible location of the dopant molecule in the polymer matrix. If the dopant molecule r-stacks
with the polymer backbone, they form CTCs. Neelamraju et, al. found that CTCs tend to form in
semiconducting polymer amorphous region compared to crystalline region.3? Our previous study
shows that CTCs form even in highly crystalline P3HT film.*? If the dopant molecule goes through
integer charge transfer with polymer amorphous region, this will result in the formation of polaron

and dopant anion even though the generated polarons are usually localized due to the closeness
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Figure 1.5: Cartoons shows the pristine PSHT with a monoclinic unit cell (a), FATCNQ
doped P3HT causes phase transition of the unit cell (b). (¢) (Top) Ball-and-stick
representation of the X-ray crystal structure of DDB-F72; (bottom) DDB-F72 anion SOMO
calculated by TD-DFT shows the electron density locates at the cluster center. (d) DDB-
F72 in the P3HT lamellar region. Figure a, b source: Hamidi-Sakr, A. et, al. Adv. Funct.
Mater. 2017, 27 (25), 1-13. Figure c source: Aubry, T. J. et, al. Adv. Mater. 2019, 31 (11),
1-8. Figure d source: Aubry, T. J. et, al. Adv. Funct. Mater. 2020, 2001800, 1-13.

with the dopant anion. More commonly, dopant molecules locate in polymer side chain regions to
fill the lamellar void space instead of m-stacking with polymer backbone since the latter is
thermodynamically unfavorable.*? Such packing also keeps all the dopant molecules in a certain
position and distance from the polarons on the backbone, resulting in high carrier mobility which
is crucial to the film conductivity.'*414® The distribution of polymer chains in amorphous region,

however, are disordered as compared to the crystalline region. The distance between the dopant



anion and the polaron on the polymer backbone is of a wide range distribution, so the dopant anions
have a higher chance sitting close to the polarons in the amorphous region, resulting in localized

polarons.

When semiconducting polymers get doped by the dopant molecule, there is usually structure
change caused by the infiltration of dopant molecule in the polymer lamellar side chain region.
Brinkmann’s group observed that the pristine P3HT unit cell is monoclinic (y=86.5 deg) and the
side chains are tilted (Figure 1.5a).** When it is doped by FATCNQ molecule, the dopant molecule
causes the phase transition of the P3HT unit cell and straightens the lamellar side chain (Figure
1.5b).*> Moreover, recent study from Aubry et, al. shows that when dodecaborane-based (DDB)
dopants (C10sH3sB12060F72, referred as DDB-F72) with a size around 2nm are used for doping,
they also locate in the polymer lamellar side chain regions and largely expands the unit cell.4346
This further confirms that dopant molecules prefer to reside in crystalline lamellar side chain

region.

1.4 Overview of Thesis

ICT Doping CTC Doping

Figure 1.6: TOC figure for chapter 2. Figure source: Stanfield, D. A. et, al. Chem. Mater.
2021, 33 (7), 2343-2356.



This thesis focuses on studying and controlling the structure of pristine and doped
semiconducting polymers and provides perspectives on increasing semiconducting polymer film

ordering in different regions.

Chapter 2 is about controlling the formation of charge transfer complexes in chemically
doped semiconducting polymers (Figure 1.6). In this work, we use FATCNQ doped P3HT to
demonstrate how simply adjusting the dopant processing solvent can fundamentally alter the
nature of doping in this well-studied system, leading to tunable production of CTCs. Using solvent
blends of dichloromethane and chloroform, selected for their low and high solubility toward P3HT,
respectively, we show that the relative amount of polymer-dopant CTCs can be readily controlled
over an order of magnitude. Increasing the amount of chloroform in the dopant solvent blend favors
the creation of CTCs, while increasing the dichloromethane content results in doping by the more
standard ICT; the results allow us to explain why CTC formation is common in charge-transfer
salts but generally less so in doped conjugated polymers. We also explore the role of the doping
method and the crystallinity of P3HT films in controlling the relative amounts of ICT and CTC
formation. We find that the use of evaporation doping and higher-crystallinity material discourages
CTC formation, but that even in the most favorable case of evaporation doping with high polymer
crystallinity, fractional charge transfer always occurs to some extent. Finally, we show that brief
thermal annealing can convert CTCs to integer charge transfer species, indicating that ICT is the
thermodynamically preferred doping mechanism in conjugated polymers, and that fractional
charge transfer is the result of kinetic trapping. With this understanding, we offer guidelines for
limiting the occurrence of charge transfer complexes during sequential doping of conjugated

polymers, thus avoiding the deleterious effects of CTCs on charge transport.



As stated in the previous section, CTCs tend to form in the polymer film amorphous region.
Amorphous region also has the disadvantages of forming localized polarons compared with
crystalline region. Semicrystalline polymer film cannot avoid the formation of amorphous region
even though the crystalline region dictates the film conductivity, thus it would be useful to convert
polymer amorphous region to crystallites. Meanwhile, dopant molecules can be designed to

suppress the CTC formation and overcome the localized polaron issues in the amorphous region.

Regiorandom P3HT Sequential Doping
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Figure 1.7: TOC figure for Chapter 3.

In chapter 3, we specifically chose regiorandom (RRa) P3HT as a platform to study how the
high redox potential DDB dopants dope RRa P3HT (Figure 1.7). RRa P3HT forms disordered
aggregates instead of crystallites, thus it provides insights on doping in polymer amorphous region.
DDB dopants are of sphere shape with a size of ~ 2nm and their electron density is restricted in
the center. This prevents the orbital overlapping of DDB dopants with polymer backbone which is
necessary for CTC formation. The large dopant size can also shield the interaction between the
polaron and the DDB dopant anion, resulting in high carrier mobility. Spectroscopy data confirms
the successful doping of the RRa P3HT with a conductivity of ~ 5 S/cm. AC Hall measurement

shows comparable carrier mobility as generated in the regioregular (RR) P3HT. The increased



short-range and long-range ordering of the doped RRa P3HT, together with the successful

separation of mobile carrier from counterions result in the high conductivity of RRa P3HT.

\

Figure 1.8: Rub-aligned P3HT consists of both edge-on and face-on polymorphs.

Semiconducting polymer amorphous region hinders the charge transport due to lacking of
coherence and its disordering nature, even though they can tie the crystallites together.*” Chapter
3 introduces how to increase the ordering and conductivity in the amorphous region. In the next
chapter, we aim to increase the ordering of the crystalline region. Mobile charges can conduct in
different directions in doped semiconducting polymers. The fastest conducting direction is along
the polymer backbone, followed by the n-r stacking direction. Carrier mobility along the lamellar
side chain is slower compared with the other two directions.* Pristine P3HT is usually in edge-on
texture (i.e., side-chains perpendicular to the substrate) and the crystallite orientation are isotropic
in plane. By aligning the polymer backbone in one direction, the long-range ordering can increase

in both the polymer backbone and n-n stacking direction.

Chapter 4 studies how P3HT crystalline orientation influences the propensity for chemical
doping. Pre-cast P3HT films are rub-aligned using a micro-fiber wheel. Spectroscopy and X-ray

characterization confirm that the aligned polymer film is composed of both edge-on and face-on

10



(i.e., m-stacking perpendicular to the substrate) polymorphs with the backbone of both aligned with
rub-aligning direction (Figure 1.8). These two polymorphs show different crystalline structures.
Grazing-incidence wide-angle X-ray scattering (GIWAXS) shows these two polymorphs need to
overcome different energetic costs when doped by 2,35,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (FATCNQ), with doping occurring first in face-on-oriented P3HT
polymorph. Detailed structural analysis reveals that this preferential doping is driven by its
structure similar to the final doped phase. This finding suggests that doping of semiconducting
polymers can be encouraged by polymer orientations that minimize the structural differences

between doped and undoped phases.

All the above chapters study controlling the polymer structure in solid-state, however, it has
the disadvantages of forming kinetically trapped states when the films are processed. Besides, rub-
aligning the polymer film is hard to scale up. A better method is to order the polymer in solution

and reserve such ordering when casting the polymer film.

N\ 'S : 4 \N N N ' . \s/ 0.0 4
: 4 PFT o j
PFT

poly(fluorine-alt-thiophene)

Ry R
S S S s \ / )InnerAngIe
8 s

Inner Angle
ab,cd:>0°

S S S S S S S S a.b.c.d: 0°

poly(cyclopentadithiophene-alt-thiophene)

Figure 1.9: Molecular structure of PFT and PCT. PFT and PCT all form cylindrical
micelles in water, PCT is straighter and more ordered compared with PFT.

Chapter 5 is based on the previous work in our group.*®*® We designed and studied two

amphiphilic semiconducting polymers poly(fluorine-alt-thiophene) (PFT) and

11



poly(cyclopentadithiophene-alt-thiophene) (PCT). These two polymers (Figure 1.9) are
conjugated polyelectrolytes which consist of a conjugated backbone with charged alkyl side chains
and are capable of self-assembling into cylindrical micelles in polar solvents such as water. In this
work, we demonstrate how these amphiphilic polymers act as the scaffold for co-assemblies with
electron acceptors. We probe the excited-state electron transfer of these co-assemblies by varying
the acceptor size and solvation conditions necessary to form said co-assemblies. We find that
tightly packed polymer micelles assemble more easily with flatter perylene diimide based
acceptors than larger fullerene-based acceptors, as verified through a combination of
photoluminescence (PL) spectroscopy and solution small angle X-ray scattering (SAXS). Initial
geometric mismatch between tightly packed donor micelles and acceptors can be overcome by
solvent annealing to drive additional acceptor incorporation. In contrast, looser and more
disordered micelles form similar co-assembled structures, independent of acceptor shape. Our
results demonstrate that we can achieve relatively precise control between electron donor and
acceptor co-assemblies by varying the structural properties of component polymers and acceptors,
which can provide guidelines for designing systems with controllable excited state electron

transfers.
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Chapter 2. Controlling the Formation of Charge Transfer Complexes in Chemically Doped

Semiconducting Polymers
2.1 Introduction

Conjugated organic semiconductors offer great promise as the active materials for
applications in flexible electronics, including light-emitting diodes, photovoltaics, and
thermoelectric devices.'™ For many of these applications, it is necessary to introduce equilibrium
charge carriers into the m-systems of these materials. This is often achieved by chemical doping,
which involves the introduction of a strong oxidizing (or reducing) agent to remove (or add)
electrons from (to) an organic semiconductor. In organic light-emitting diodes and photovoltaic
cells, for example, chemical doping of an interfacial conjugated polymer layer can lower barriers
and enhance charge injection. Additionally, for organic thermoelectric materials, doping
dramatically affects both the Seebeck coefficient and the electrical conductivity, two of the factors
that comprise the thermoelectric figure of merit.>%’ Most organic semiconductors are p-type
materials, so they are best doped by using strong oxidizing agents to remove electrons from the =-

conjugated backbone.

The idea of chemical doping of organic semiconductors has its roots in the study of charge-
transfer salts, which dates back to the 1970s.871° The classic example of a charge-transfer salt is a
mixture of tetrathiafulvalene (TTF) and 7,7,8,8- tetracyanoquinodimethane (TCNQ).!! In such
charge-transfer salts, acceptor molecules like TCNQ act as oxidizing agents, removing part of an
electron from conjugated donors like TTF. The co-crystals are characterized by charge-transfer
complexes (CTCs), which result in delocalized electronic states with a band structure that has the
valence band predominantly derived from the donor HOMO and the conduction band from the

acceptor LUMO.? Such charge-transfer salts can exhibit a metallic behavior if they form in the
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right co-crystal structure and have sufficient driving force for charge separation (i.e., the energetic
offset between the oxidation potential of the donor and the reduction potential of the acceptor is
sufficiently large), both of which determine the fraction of an electron that is locally transferred

from the donor to the acceptor.113

Unlike the donors in small-molecule charge-transfer salts, when solution-processable
conjugated polymers are mixed with small-molecule oxidizing agents, the result is nearly always
integer charge transfer (ICT);!*2* the types of CTCs that are readily observed with small
conjugated molecules in charge transfer salts have been less commonly seen.>>° In fact, one needs
to go to great lengths to produce CTCs from chemically doped conjugated polymers. For example,
CTCs can be observed when the polymer and dopant are spun from a hot solution onto a pre-heated
substrate?® or when branched side chains are employed to force the dopant counterion into specific
locations in the polymer crystal lattice.?” CTCs are usually not desirable for most doped conjugated
polymer applications since they produce a smaller fraction of doping induced carriers than ICTs;
thus, their relative rarity is generally advantageous.3! However, it is still not clear why ICT is
favored when chemically doping conjugated polymers. This leads to the central question explored
in this work: why do mixtures of acceptors with small-molecule donors, including the oligomers
of many common conjugated polymers, usually produce CTCs,*? while mixtures of conjugated

polymers with the same acceptors usually lead to ICT?

To address this question, in this paper we re-examine the well-studied conjugated polymer,
poly(3-hexylthiophene-2,5-diyl) (P3HT) doped with the strong electron acceptor 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ) to gain new insights into the process of
how conjugated polymers produce CTCs or undergo ICT upon chemical doping. We track the

degree of charge transfer using a combination of UV—Visible spectroscopy, to monitor the
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electronic transitions produced following doping, and FTIR spectroscopy, to determine the amount
of charge transferred from the polymer to the FATNCQ acceptor; we also monitor the structure of
the doped films using 2D grazing-incidence wide-angle X-ray scattering (GIWAXS). We find that
we can control the relative amounts of CTCs and ICT that take place upon FATCNQ doping of
P3HT by using a tunable blend of solvents (dichloromethane, DCM, and chloroform, CF) to
infiltrate the dopant into the polymer layer via sequential processing. Using pure DCM to deposit
FATCNQ onto pre-cast P3HT films, we see relatively little CTC formation, whereas the use of
pure CF increases CTC formation by over an order of magnitude. Sequentially depositing the
dopant from blends of DCM and CF allows the amount of CTC formed to be tuned anywhere in

between.

With this control in hand, we now have a toolkit for studying CTC formation without
resorting to extreme processing conditions or synthetically modified conjugated polymers. This
allows us to explore how different aspects of the materials and processing conditions affect the
tendency to undergo CTC formation. In particular, we compare the use of evaporation doping (i.e.,
subliming the FATCNQ dopant onto pre-cast conjugated polymer film)* to the typical solution-
based sequential doping method to investigate the role of dopant transport on CTC formation. We
then study the role of the pre-formed polymer film crystallinity to elucidate the preference of

crystalline and amorphous polymer domains to participate in CTC formation.

P3HT films are always composed of some combination of crystalline and amorphous
regions, and we find that the more crystalline a P3HT film is prior to sequential doping, the smaller
the fraction of CTC states generated. However, we also find that CTC doping cannot be entirely
eliminated, even for the most crystalline P3HT films, showing that there is still room to improve

sequential doping methods. We also show that doping via vapor transport produces a smaller
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fraction of CTC states relative to solution sequential doping, providing significant clues to the role

of kinetics in forming CTC states.

The structure of most conjugated polymers consists of semicrystalline regions
characterized by a n-stacking spacing between the polymer backbones and a lamellar spacing along
the polymer side chains. We and other research groups have argued in previous works that dopant
molecules prefer to reside in the polymer lamellae as the barrier to dopant insertion into the easily
disordered side chains is lower than breaking up the polymer n-stacks to insert the dopant. 17212224
Placing dopants in the lamellae, where they reside far from the polymer backbone, leads to ICT,
as there is insufficient wave function overlap between the donor and acceptor for CTC formation
to take place. Instead, CTC states only occur when the FATCNQ dopant is able to zt-stack with the
conjugated polymer.26-3° These results lead us to an improved picture of the kinetic competition
between the two doping mechanisms, where the choice of processing conditions can alter the
kinetic barrier for placing dopants in the polymer n-stacks. All of the results explain how solvent
blends and polymer crystallinity can control the preference for ICT vs CTC formation in doped
conjugated polymers, and why CTC is the preferred doping mechanism in small-molecule charge

transfer salts.

Finally, we show that ICT is not only kinetically preferred but is also thermodynamically
favored for the FATCNQ/P3HT combination of dopant and conjugated polymer. By exposing
doped films to brief thermal annealing treatments, we find that the fraction of CTCs produced upon
doping can be converted to ICT, further indicating that CTCs are kinetically trapped in doped
conjugated polymer films. Overall, our work shows the steps that can be taken to minimize CTC

formation for electronic applications (or to enhance CTC formation for study), including
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increasing the polymer crystallinity and using dopants that physically cannot n-stack or have wave

function mixing with the conjugated polymer backbone.?*:%
2.2 Experimental and Methods
Materials.

Electronic-grade P3HT (4002-EE; 91-94%, Mw = 46—57 kg/mol, PDI = 2.3) was
purchased from Rieke Metals, and sublimation-grade FATCNQ (purity, >98%) was purchased
from TCI America. The synthesis and preparation of the P3HT denoted “100% RR” has been
described by us in prior work.?! All materials and solvents were used as received without any

further purification.
Fabrication and Doping of Polymer Films.

Glass and silicon substrates were first degreased by sequentially sonicating for 10 minin a
detergent solution, deionized water, acetone, and finally isopropyl alcohol. Substrates were then
dried and stored in a nitrogen glove box where all subsequent solution processing steps takes place.
For experiments using doping solvent blends, thin films of P3HT were prepared by spin-coating a
polymer solution (20 mg mL ) out of odichlorobenzene (ODCB) at 1000 rpm for 20 s. Directly
after spin-coating, the still wet films were moved to an open Petri dish until they finished drying.
All dopant solutions of FATCNQ (1 mg mL ™) for the set of solvent blends containing chloroform
(CF) and dichloromethane (DCM) were generated by adding the desired volume of each solvent
to a vial with FATCNQ powder. Sequential doping was carried out by pipetting dopant solution
solvent blends (100 uL) onto pristine P3HT films and spin-coating at 4000 rpm for 10 s to remove

the excess material. Additional experimental details can be found in the Supporting Information.
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For the experiments comparing the vapor and solution sequential doping methods, 110 and
400 nm-thick pristine P3HT films were prepared by spin-coating from 20 and 50 mg mL ! ODCB
solutions respectively at 1000 rpm for 60 s followed by 3000 rpm for 5 s. Sequential solution
doping with FATCNQ was carried out by pipetting 100 puL of dopant solution out of DCM (1 mg
mL™1 ) onto pristine P3HT films and spin-coating at 4000 rpm for 10 s to remove the excess
material. Sequential vapor doping with F4ATCNQ was carried out using an Angstrom Engineering
Nexdep Physical Vapor Deposition System. The F4ATCNQ powder was placed in an alumina
crucible and evaporated at 0.5 A s with a base pressure of < 1 x 10°® Torr. Pristine P3HT films
were placed on a rotating stage that was actively cooled to 15 °C during deposition. Doping levels
for the vapor process were optimized to produce the highest conductivity and to show comparable
doping levels to the solution-processed samples. A more detailed discussion can be found in our

previous work® and its supporting information.

For our work comparing doped P3HT films with tunable crystallinity, we used solvent
evaporation kinetics to control the rate of P3HT film formation, where higher-boiling point
solvents yield higher-crystallinity polymer films. To obtain P3HT films with relatively low
crystallinity, P3HT solutions (10 mg mL™?) were spin-coated from chloroform (CF) (b.p. = 61.2 °C)
at 1000 rpm for 60 s. For films of intermediate crystallinity, P3HT solutions (20 mg mL™1) were
spin-coated from o-dichlorobenzene (ODCB) (b.p. = 180 °C) at 1160 rpm for 20 s. These still wet
films were then placed in a covered Petri dish to further extend the drying period. Finally, for films
with the highest degree of crystallinity, an in-house batch of P3HT with a regioregularity of
essentially unity was employed. The same spin-coating procedure was used for this material as for

the commercial material cast from ODCB with the exception that solutions were spin-coated out
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hot at 60 °C to prevent aggregation. Additional details on film preparation, synthesis, and

characterization can be found in our earlier work?! and its supporting information.
GIWAXS Measurements of Doped Polymer Films.

2D GIWAXS data were collected at the Stanford Synchrotron Radiation Lightsource using
beamline 11-3. The beam wavelength was 0.9742 A, and the incidence angle was 0.12°. The
sample chamber was flowed with helium to reduce noise, and the sample holder was 250 mm away
from the detector. All the samples were irradiated for 90 s. To reduce the 2D diffractograms, we
used the WAXStools in Igor Pro. The diffractograms were radially integrated to reduce to 1D
diffraction curves (0—10° for out-of-plane, 80—90° for in-plane, and 0—90° for full). All the
samples at a given doping condition were made and measured in triplicate to ensure the
reproducibility and absolute scattering intensity. All diffractograms were thickness-normalized
(after background subtraction) to the polymer film thickness prior to doping with F4ATCNQ since
only the polymer contributes to the diffraction intensity. Additional details can be found in the

Supporting Information.
2.3 Results and Discussion

One of the most common ways to produce chemically doped polymer films is by solution
sequential processing, where the dopant is infiltrated into a pre-cast conjugated polymer film using
a semi-orthogonal solvent that swells but does not dissolve the underlying morphology.t’-%
Sequential doping is generally preferred because simply mixing the polymer and dopant together
results in solution-phase charge transfer, creating a salt with unfavorable solubility in the non-
polar organic solvents typically used to dissolve conjugated polymers. The resulting blend

solutions are usually highly aggregated, leading to poor quality when cast into films.!” Sequential
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processing avoids this difficulty because the doped films largely have the same morphology as the
original pre-cast films, providing the added advantage that the pre-cast polymer films can be
created with different degrees of crystallinity!”?! or rubbed to produce alignment of the polymer
chains.”?234 Sequential doping can also involve thermally evaporating the dopant onto a pre-cast
polymer film,?%2573% which allows for effective infiltration of the dopant, even into polymer films

that are hundreds of nanometers thick.
Optical Transitions of P3HT:FATNCQ Charge-Transfer Complexes.

When using solution sequential processing to dope a conjugated polymer, the solvent
selected to introduce the dopant is usually chosen to have poor solubility for the underlying
polymer; however, in principle, any solvent with a reasonably high solubility for the dopant can
be used. For the P3BHT/FATCNQ system, we have shown that DCM is a particularly good solvent
for solution sequential processing due to its reasonably high solubility toward FATCNQ and

relatively low solubility (0.818 mg mL ) toward P3HT.17:21334041

Based on this idea, it would seem that a solvent like CF, which has one of the highest
known solubilities toward P3HT (38 mg mL™),* would be a poor choice for doping via solution
sequential processing. This is because, at first glance, CF would be expected to dissolve the
underlying polymer and thus remove the entire P3HT film from the substrate during the doping
process. What we will show below, however, is that, when sequentially doping P3HT, the high
dissolving power of CF does put some of the underlying P3HT film into solution while the
FATCNAQ is being introduced, effectively removing any kinetic barriers to placing the dopant in
the polymer n-stacks. At the same time, the rapid decrease in polymer solubility that occurs upon
doping still allows most of the polymer material to remain intact on the substrate through a

dynamic dissolution and reprecipitation process.
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Figure 2.1 (a) UV—-vis—NIR absorption spectrum of 1 mg mL~! FATCNQ sequentially
doped P3HT films with the dopant deposited from solvent blends with different CF/DCM
ratios, normalized to the peak absorption for the main P1 band near 0.4 eV. The electronic
transitions from the CTC phase are labeled, along with the standard absorption features
that appear with ICT. For comparison, the black curve shows the absorption of a PSHT
film prior to doping, scaled to the correct relative absorption intensity of the film doped
using 100% DCM (red curve). (b) The NIR P1 polaron absorption on an expanded energy
scale of PSHT films sequentially doped with FATCNQ from solvent blends with the
indicated CE/DCM ratio by volume; this data corresponds to the section shaded in gray in
panel (a). The black arrows highlight the increased intensity of the IRAV band and the
monotonic redshift of the main P1 peak absorption with increasing CF content of the
dopant casting solvent, indicative of increased polaron delocalization. The absorbance for
pristine P3HT is essentially zero in this part of the spectrum and has thus been omitted
for clarity.

Our first sign that using CF to sequentially dope P3HT with FATCNQ produces a different
electronic species comes from UV—Vis—NIR spectroscopy. Figure 2.1 shows the results when
DCM, CF, and various blends of the two solvents (which are miscible) are used to expose pre-cast
films of P3HT to 1 mg mL™* solutions of FATCNQ. The full spectra are plotted in Figure 2.1a,
with the IR region focusing on the so-called P1 band (lowest-energy electronic transition) of the
P3HT polaron shown on an expanded scale in Figure 2.1b. The spectra in both panels are
normalized to the height of the absorption maximum near 0.4 eV, and further experimental details

can be found in the Supporting Information.
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The red curves in Figure 2.1 show the results when pure DCM is used as a dopant
processing solvent. As is well known, doping P3HT this way leads to a reduced intensity of the
neutral P3HT exciton absorption near 2.3 eV (black curve) as electrons are removed from the
polymer valence band. Doping also leads to the appearance of a new band with two sharp vibronic
features near 1.5 eV, which are representative of the F4ATCNQ anion produced by ICT, along with
the so-called P2 absorption band of the oxidized polymer that appears in the same energetic
location. Finally, doping and ICT lead to a new absorption with peaks at 0.16 and ~0.4 eV,
corresponding to the infrared active vibrations (IRAV) band and the P1 band of the hole (or polaron)
on the polymer, respectively. The relative intensities of the P2/FATCNQ™ peak, the P1 band, and
the remaining neutral P3HT absorption are all comparable in magnitude. In a previous work, we
found that, with sequential doping, there is a maximal amount of FATCNQ that can be intercalated
into a pre-existing polymer film, no matter how high the doping solution concentration. The
spectral signature for reaching this “saturation doping” is seen when the P1, P2/ FATCNQ™, and

neutral P3HT bands are all comparable in absorbance, as is the case for these samples.

With the exception of the film doped using pure CF, the other colored curves in Figure 2.1
show that using blends of DCM and CF to dope the P3HT film with FATCNQ leads to the generally
observed ICT doping behavior. However, for the solvent blend composed of 80% CF and 20%
DCM (blue curves), there is a noticeable increase in absorption near 0.7, 2.0, and 3.3 eV, which
further increase when casting FATCNQ from pure CF (purple curves). The three new features all
match well with what has been observed previously for CTC formation by Jacobs et al. for this
system when hot solution mixtures of P3HT and FATCNQ and hot substrates and pipette tips were
used to create doped films.?® These workers were able to isolate a structurally novel polymorph

associated with these electronic features,?® which we show below is also present in our films doped
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sequentially from CF. Thus, Figure 2.1 shows that changing the solvent blend used for doping

allows for control over the relative amount of CTC formation.

The results in Figure 2.1 can further be compared to work from Thomas et al., who showed
that FATCNQ doping can produce CTC states in a polythiophene derivative whose conjugated
backbone is identical to that of P3HT, but with branched ethyl-hexyl side chains.?” The bulkier
side chains prevent FATCNQ molecules from residing in their typically preferred location in the
lamellar regions of the P3HT crystallites, leading to an absorption spectrum that resembles that
seen with hot solvent casting by Jacobs et al.?® and that of the purple curves in Figure 2.1. Thus,
the UV—Vis—NIR spectrum in Figure 2.1a strongly suggests that the elevated solubilizing power
of CF has a similar effect to high temperature-prolonged solvation of both species, allowing them
to assemble into a polymorph with -stacked charge transfer interactions that are separate from the
typical ICT geometries seen for doped conjugated polymers. In addition, the relative intensity of
the CTC absorption features to the P1 polaron peak seen for the pure CF processing condition
further indicates that a substantial fraction of the F4TCNQ molecules in the film are no longer
undergoing ICT and are instead doping via CTC formation. It is tempting to attempt to use the
measured spectra to quantitatively extract information about the overall doping level and/or the
ratio of ICT to CTC carriers for each set of processing conditions. However, because these films
are doped via sequential deposition, we do not quantitatively know the overall doping level. We
have established previously!’ that there is overlapping peak intensity of the FATCNQ anion with
other absorbing species, and unfortunately, we do not know the cross section for any of the

absorbing species in doped P3HT films. This makes it problematic to use absorption spectroscopy
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Figure 2.2: (a) Infrared absorbance of the C=N stretching modes of FsTCNQ-doped PSHT
films as the dopant is introduced sequentially from solvent blends containing various
CF/DCM ratios. The CTC peak at 2201 cm~' shows a monotonic increase in relative
amplitude as the fraction of CF is increased for the doping solvent. (b) Electrical
conductivity (red squares) plotted against the fraction of CF in the doping solvent blend.
A monotonic decrease in conductivity is observed as an increasing proportion of CF is used
in the doping solvent despite the fact that the carriers produced by ICT are becoming more
mobile. The ratio of the integrated infrared peak area for the CTC peak at 2201 cm-! to
that of the integrated peak area of the central ICT infrared band located near 2185 cm~
1 (blue triangles), both taken from the data in panel (a). (c) Estimated ICT carrier mobility
(purple triangles), calculated as described in the Supporting Information and ref 24 using
the energy of the P1 polaron band peak absorbance. The estimated ICT carrier density
(green squares) was calculated from the estimated mobility and the experimentally
measured electrical conductivity. Clearly, the presence of CTC states is strongly
anticorrelated with the doped film ICT carrier density.
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in Section 3, below, that we can obtain good estimates of carrier concentrations from spectroscopy

via a more indirect method.

Figure 2.1b also shows that increasing CF content produces a monotonic redshift of the
main P1 absorbance peak near 0.4 eV that is concomitant with an increase in the relative intensity
of the IRAV modes located near 0.16 eV, as highlighted by the black arrows. These two spectral
features are hallmarks of greater polaron delocalization and increased carrier mobility.?14243 We
believe that this results from a solvent annealing effect. CF (b.p. = 61.2 °C) has a higher boiling
point than DCM (b.p. = 39.6 °C), and the extra drying time and increased P3HT solubility during
spin coating likely give P3HT crystallites more time to order, as we will demonstrate using
GIWAXS data in the section below. It is also possible that the more soluble disordered polymer
regions, corresponding to more blue-shifted P1 absorption, are the most likely to be dissolved away
upon exposure to CF. Together, this means that increasing CF content when depositing FATCNQ
both increases the formation of CTCs but also makes those remaining carriers produced via ICT

even more mobile.
Quantifying CTC Formation Using the FATCNQ C=N IR Stretching Modes.

Two features make the FATCNQ C=N vibrational modes particularly well suited for
studying CTC formation: (1) the fact that the frequency of C=N stretches are known to be highly
sensitive to the local coulombic environment*44°> and (2) the fact that the C=N stretch frequencies
occur near 2200 cm™?, which places them in an IR spectral window that is largely absent of other
vibrational modes. Although neutral FATCNQ has a vibration that weakly absorbs near 2227 cm™,
the fully anionic species produced by ICT undergoes a mode softening, bringing the vibrational
frequency down to ~2190 cm™2, as shown in Figure 2.2a. Because the energy of the C=N stretching

mode is highly dependent on the charge state of the dopant molecule, FTIR is better suited than
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UV-Vis—NIR for quantifying the abundance of partial charge transfer states since the FATCNQ
stretching vibrational energy associated with CTCs appears at intermediate stretching frequencies
just above 2200 cm™. 262829 For the case when pure CF is used as the casting solvent, the purple
curve in Figure 2.2a shows a well-defined peak at 2201 cm™2, clearly revealing the presence of a

large fraction of CTC states for this dopant casting condition.

Consistent with the electronic indications of CTC formation from the UV—Vis—NIR in
Figure 2.1, Figure 2.2a shows that, as the fraction of CF is increased in the dopant casting solvent
blend, the fraction of CTC states in the doped films also increases. Surprisingly, however, even
when using pure DCM as the dopant casting solvent, the presence of the CTC peak near 2201 cm ™!
never disappears. The ratio of CTC to ICT states, taken from the integrated peak areas in the IR
spectrum and plotted as the blue curve in Figure 2.2b, reaches 0.04, but never zero. This suggests
that, for sequential solution doping, there is always a small population of CTC states formed

alongside the more predominant ICT phase when doping P3HT with FATCNQ.

It is worth pointing out that the corresponding electronic transitions for the small fraction
of CTC states produced at low CF fractions are not readily identifiable in the corresponding
UV—Vis—NIR spectra. This is due to the already crowded nature of the electronic spectrum, the
small population of CTCs generated for these doping conditions, and the fact that the CTC
electronic absorption features likely have lower cross sections than the corresponding ICT features.
However, using the integrated area peak fits from the FTIR spectra, we find that the CTC content
can be controllably varied in these doped films by a factor of just over 10 as the fraction of CF in

the dopant casting solvent is tuned from zero to 100%.

To better understand how the presence of CTCs affects the electronic properties of

FATCNQ-doped P3HT films, we also probed the in-plane conductivity of the various doped P3HT

30



films. Figure 2.2b (red squares) shows the electrical conductivity of the films as a function of CF
composition in the doping solvent blend. A monotonic decrease in electrical conductivity is
observed, going from 5.6 + 0.3 S cm™* when using pure DCM, down to 2.3 + 0.3 S cm™* when
using pure CF as the casting solvent, a ~ 60% reduction in electrical conductivity. It is well known
that the electrical conductivity is given by, o = peu, where p is the free carrier mobility, p is the
free carrier density, and e is the fundamental charge. Recently, we performed an analysis based on
AC Hall effect measurements to show that, for P3HT, the energetic location of the P1 polaron
band is strongly correlated with the free charge carrier mobility.?* Thus, we can use this correlation,
along with the measured electrical conductivity and P1 peak position, to estimate the free carrier
density and mobility in our doped P3HT films as a function of CF fraction in the solvent used to
infiltrate the FATCNQ dopant. The precise way we accomplish this is described in both ref 24 and

the Supporting Information, and the results are shown in Figure 2.2c.

The purple triangles in Figure 2.2c show that, as the fraction of CF in the dopant solution
is increased, the estimated free carrier mobility actually increases from 0.036 cm2 V1s 2 for pure
DCM up to 0.8 cm2 V1's ™ when using pure CF. These values are well within the range of Hall
mobilities that have been measured previously for similarly doped P3HT films.?%2324 Given that
the electrical conductivity decreases with increasing CF fraction, the increase in free carrier
mobility reflects a strong decrease, over 80%, in the density of free carriers produced by ICT,
shown as green squares/right axis in Figure 2.2c. We note that we spent a great deal of time
attempting to quantify the CTC carrier concentration in these films from absorption, but this is
challenging to do accurately because we do not know the cross sections of either the vibrational or
electronic transitions of either the F4ATCNQ anion or the CTCs. However, if we assume a similar

total dopant loading density across this series of doped P3HT samples, then the drop in free carrier
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concentration suggests a CTC dopant concentration of roughly 8 x 1020 cm 3. Thus, free carriers
created by ICT become more mobile with the use of CF as a doping solvent, but the overall
electrical conductivity still drops due to the fact that free carriers produced by integer charge

transfer are lost via conversion into CTCs.

Overall, IR spectroscopy and electrical conductivity show that the use of solvent blends in
sequential doping affords a high degree of control over the relative population of CTCs compared
to ICTs. Simply changing the amount of CF in the solvent used to infiltrate FATCNQ into a P3HT
film is enough to control the amount of CTCs present, allowing us to study their electronic,
vibrational, and structural properties. The fact that we cannot entirely eliminate CTC formation,
however, even using pure DCM as the dopant casting solvent, means that there is still significant

room to improve the electrical properties of doped conjugated polymer films.
The Structure of P3BHT:FATCNQ CTCs via Grazing Incidence Wide-Angle X-ray Scattering.

To understand the local structures of the crystalline ICT and CTC states, we used 2D
GIWAXS to probe films sequentially doped from different composition CF/DCM solvent blends.
P3HT is well known to lie edge-on to the substrate, with its side chains oriented normal to the
substrate and its m—n stacking oriented in the plane of the film (Figure 2.3a). Pristine P3HT has a
monoclinic crystal structure where the angle of n—= stacking is tilted with respect to the unit cell

b axis (Figure 2.3g).%
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Figure 2.3: 2D GIWAXS diffractograms for films of (a) pristine P3HT, (b) P3HT
sequentially doped with FsTCNQ from 100% DCM, and (c) doped from 100% CF. The
polymer chains in all samples maintain their edge-on orientation, but the peak positions,
widths, and texture all change with doping and with the particular doping solvent
composition. (d) Normalized out-of-plane and (e) in-plane integrations of thickness-
normalized 2D GIWAXS diffractograms of PSHT sequentially doped with Fs TCNQ from
blend solvents with different ratios of CF and DCM. The in-plane scattering from the -
stacking region in panel (e) shows a continuous shift to higher g and a broadening of the
peak width as the CF fraction is increased. The out-of-plane scattering in the lamellar
region in panel (d) shows that, with increasing CF ratio, a new peak appears at higher q.
(f) Integrated GIWAXS peak area ratios for the CTC (phase II) relative to the ICT (phase
D) structures, for both the out-of-plane lamellar (blue points) and in-plane n-stacking (red
points) peaks. The structural trends match with what we deduced from the infrared C=N
stretch vibrations in Figure 2.2b. (g) Cartoon of the pristine P3HT crystal structure
showing that the b direction is not precisely parallel to the m-stacking direction. (h)
Cartoon of the ICT (phase I polymorph) structure of doped PSHT, showing how F/TCNQ
resides in the lamellar region of the crystallites and rearranges the unit cell, resulting in
a decreased 1 distance (dpi) and increased lamellar distance (d.). Q) Cartoon of the CTC
(phase II polymorph) structure of PSHT doped with FsTCNQ. Because the incorporation
kinetics are changed when CF is used as the dopant solvent, Fs TCNQ 1is capable of m-
stacking with the PSHT backbone, forming an interdigitated lamellar structure with
decreased lamellar and tighter m-stacking distances.
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preserved, while Figure 2.3d (red curve labeled ICT) shows that the lamellar scattering peak shifts
to a lower g. The red curve in Figure 2.3e shows that the n—n stacking peak splits into two, with
one peak remaining near the original location and a new peak appearing at a higher g. 21724 All
of these shifts result from a rearrangement of the P3HT crystal structure upon doping, caused by
the incorporation of FATCNQ into the side-chain regions of the P3HT crystallites. The added
F4TCNQ volume causes a reduction in the tilting of the n—m stacking direction with respect to the

b axis and thus a reduction in the 7 spacing, as shown in Figure 2.3h.%2

The fact that the dopants prefer to reside in the polymer lamellae (even for dopants that are
physically larger than the lamellar spacing)®2* is important for helping to physically separate
polarons from their counterions following ICT. This is because the low dielectric constant of
organic semiconductors does a poor job of screening the interaction between the charge carriers
on the polymer backbone and the dopant counteranion. When the dopant counterion in a crystallite
is located among the polymer side chains, it is physically as far from the holes on the polymer
backbone as possible, allowing the holes to move more freely.?1234243 Despite the preference for
dopants to occupy the lamellae and thus be physically separated from the polaron, it has been
estimated that only 5 to 10% of holes generated by doping P3HT with FATCNQ become free

charge carriers.'424

In contrast to the ubiquitous formation of ICT states when paired with semiconducting
polymers, FATCNQ usually shows fractional charge transfer when combined with small organic
donor molecules, forming CTCs as mentioned earlier.*”~** Depending on the packing geometry
and driving force for charge transfer, the degree of charge transfer can vary from 0 to 1.%2 Similarly,

both experimental®? and theoretical® work show that conjugated oligomers also have a tendency
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to m-stack with FATCNQ, which means that oligomers show a very different structural behavior

when compared to their polymeric counterparts composed of the same monomer.>!

This leads us again to the question of why CTCs form readily in charge-transfer salts, but
much less so in doped conjugated polymers.2®=° As discussed above, increasing the polymer
solubility by casting at high temperatures® or forcing dopants out of the lamellae with branched
side chains?’ can facilitate CTC formation. Moreover, Neelamraju et al. found that CTC formation
can be the preferred doping mechanism in regiorandom P3HT, which is a highly amorphous

material compared to the regioregular P3HT material studied in this work.?®

The spectroscopic characterization presented above shows evidence for the co-existence of
ICT and CTC states in P3HT films sequentially doped with FATCNQ using CF/DCM solvent
blends. Here, we draw similar conclusions based on structural evidence derived from GIWAXS.
We find that changes in the diffraction patterns emerge as the CF ratio of the doping solvent
increases, as seen in Figure 2.3a—c (intermediate CF/DCM ratios are shown in Figure S6 in the
Supporting Information). As the fraction of CF in the doping solvent is increased, both the peak
positions and widths evolve. In particular, when P3HT is doped using CF (Figure 2.3c), the
scattering shows unusual broadening of both the lamellar and n-stacking peaks. In addition,
thickness-normalized data in Figure S8 shows that the P3HT crystallite orientation becomes less

edge-on with higher CF ratios in the doping solvent.

To better display the structural changes that take place upon doping, Figure 2.3d, e shows
radially integrated 1D curves from the corresponding 2D scattering patterns. Panel (d) shows
normalized out-of-plane integrations for the lamellar peak for different doping solvent blends.
When P3HT is doped with FATCNQ using DCM as the casting solvent (red curve), the peak from

the pristine material (black curve) shifts to a lower q (higher d spacing), as expected for
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intercalation of FATCNQ into the crystalline lamellae.???> As the fraction of CF in the doping
solvent increases, the ICT lamellar peak remains in the same shifted position, but a shoulder grows
in at a higher g, which fits best to a single new peak appearing around 0.44 A™* (see Figure S7a in
the Supporting Information for more details on fitting). This new peak can be assigned to the

fundamental lamellar spacing of the CTC phase.?®

Figure 2.3e shows the normalized in-plane integration in the n-Stacking region for the same
series of doped P3HT films. Here, we see that when pure DCM is used as the doping solvent (red
curve), the original undoped n peak (black curve) decreases in intensity while a new & peak appears
at 1.66 A%, as expected when FATCNQ occupies the lamellar region of the crystallites.?*?? As the
fraction of CF in the doping solvent increases, the doped-phase n-stacking peak appears to shift to
a higher g and slightly broadens. A detailed analysis shows that this results from changes in
intensity of two underlying peaks: the original doped lower q peak at 1.66 A (ICT peak)
decreases in intensity, while a second peak from the CTC phase appears at 1.84 A~ when high

fractions of CF are used (see Figure S7b for fits).

Both the out-of-plane lamellar peak at 0.44 A™* and the in-plane n-stacking peak at 1.84
A1 closely resemble those of the CTC polymorph described by Jacobs et al.?® This provides
structural confirmation that tuning the fraction of CF in the doping solvent controllably introduces
a second polymorph of doped P3HT (labeled phase Il in Figure 2.3i), which co-exists with the
more familiar ICT phase | structure (Figure 2.3h). Since the new phase Il shows a decrease in
lamellar packing distance as well as a further decrease in n—=n distance, we assign it to a CTC
structure where FATCNQ n-stacks with thiophene rings on the P3HT backbone and the side chains

become further interlocked.?8
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We note that, in previous works, ICT was incorrectly postulated to take place via a m-
stacking arrangement.*>%2 This makes the structural data presented here and in ref 26 interesting
in that we can definitively correlate P3HT polymorphs with the F4ATCNQ dopant occupying either
the lamellar or the n-stacks to two unique charge transfer interactions with distinct spectroscopic

and electronic properties.

With the caveat that GIWAXS only reports on the crystalline regions of a sample (and we
know there can be significant amounts of FATCNQ in the amorphous regions at high doping
concentrations?°3), we can use the ratio of the integrated peak areas for each of the two phases to
estimate their relative abundance. Figure 2.3f shows the ratio of the CTC and corresponding ICT
peaks for both the lamellar (blue data points) and n-stacking (red data points) regions. The ratios
of the two different peaks change in a similar fashion with increasing CF fraction, verifying that

they are indeed reporting on the same new phase.

We believe that this results from the fact that CF’s high dissolving power is capable of
swelling and disrupting the P3HT crystallite structure to a much greater extent than DCM during
the sequential doping process. This disruption allows FATCNQ to intercalate between the P3HT
n-stacks, producing the phase Il polymorph associated with CTC doping. The appearance of the
new phase monitored by GIWAXS also closely matches that monitored by the infrared absorbance
of the C=N stretch of the FATCNQ, as shown in Figure 2.2b. Interestingly, the diffraction peak
area ratio in Figure 2.3f increases somewhat more gradually than the IR peak area ratio, suggesting
that CTC states formed at lower CF fractions occur with higher probability in disordered regions

of the polymer, and thus affect the GIWAXS data less strongly than the IR absorption.

One additional question is whether the redshift in the P1 band observed in Figure 2.1b can

be correlated with structural changes observed in GIWAXS. Figures S6 and S7 in the Supporting
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Information show a systematic decrease in ICT scattering intensity with increasing CF fraction at
all compositions below 100% CF. This decrease is likely due to the conversion of ICT states to
CTC states. At 100% CF, the intensity jumps up, indicating that, despite significant CTC formation,
the total crystallinity is also increasing. The fact that high CF fractions can dramatically crystallize
formerly amorphous regions of the polymer is compatible with the idea that smaller amounts of
CF can more subtly increase order in the already crystalline regions, helping to explain the redshift

of the P1 peak observed in Figure 2.1b.
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Figure 2.4: (a) FTIR absorption spectra normalized against max P1 intensity for a set of
400 nm-thick (blue curves) and 110 nm-thick (red curves) doped PSHT samples. Solid
curves designate films treated by sequential solution doping with F/TCNQ at 1 mg/mL
from DCM. Dashed curves designate films doped with FsTCNQ by vapor transport. (b)
Inset view of the same set of spectra shown in (a) replotted in the wavenumber range for
the C=N stretching modes. In panel (a), the small set of peaks centered near ~0.27 eV on
the P1 spectrum correspond to absorption of the F/ TCNQ vibrational modes.
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Dopant Infiltration Method and CTC Formation.

Now that we have established that CF content can be used to tune the relative amounts of
ICT and CTC formation in FATCNQ-doped P3HT films, we next explore the effects of different
dopant infiltration methods. In a previous work, our group performed a head-to-head comparison
of sequential doping using solution vs evaporation deposition.®® Evaporation, or vapor doping,
involves exposing a pre-cast polymer film to a flux of dopant vapor created by sublimation. We
found that vapor doping is every bit as effective as solution doping, even for very thick polymer
films, and that vapor doping does a slightly better job of preserving the underlying crystallinity of

the polymer film than solution doping.®

Figure 2.4 shows the IR absorption of two sets of sequentially doped P3HT films; one set
based on underlying films of 110 nm thickness (red curves) and a second set based on underlying
films of 400 nm thickness (blue curves). We have shown previously that, due to the spin-coating
conditions for the pure material, the 400 nm-thick films have a higher total crystallinity compared
to the 110 nm-thick films.®®* We then doped each set of films with FATCNQ both by solution
processing (solid curves), using 100% DCM as a casting solvent (1 mg mL ™) as well as by vapor
deposition (dashed curves) in an evaporator equipped with a QCM thickness monitor to achieve
comparable doping levels. The increased IRAV absorption and redshift of the P1 band of the 400
nm thick films seen in Figure 2.4a make it clear that the thicker films have a greater degree of
polaron delocalization and thus increased degree of order.*>#® Figure 2.4a also shows that choice

of sequential doping method has almost no effect on the degree of delocalization.

Figure 2.4b shows the FTIR spectra of these same films in the FATCNQ C=N stretching
region. Unlike the electronic absorption, the FTIR data shows pronounced differences depending

on the sequential processing method employed. The biggest difference is in the relative amplitude
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of the CTC band at 2201 cm™, which is significantly higher for solution doping with DCM
compared to evaporation doping. This suggests that evaporation doping goes further toward
eliminating undesirable CTC formation than solution doping, independent of the initial degree of

film crystallinity. From the perspective of kinetics, solution doping is much more effective at
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Figure 2.5: (a) UV—vis absorption spectrum of three different PSHT films with increasing
crystallinity controlled by the evaporation kinetics of the solvent used to cast the film or
the degree of polymer regioregularity. (b) UV—vis—NIR/FTIR combined spectrum for the
same set of films after sequential solution doping with F4sTCNQ from DCM (1 mg mL-Y),
normalized at the P1 band. (c) Vibrational spectra for the FsTCNQ C=N stretching mode
for the same three films. The CTC peak near 2201 cm! clearly shows that lower polymer
crystallinity is associated with forming more CTC states.
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disrupting the existing P3HT n-stacks and thus at facilitating insertion of dopants in n-stacks and
CTC formation. On the other hand, vapor transport is a minimally invasive processing technique
during which P3HT n-stacks are less likely to be disrupted, causing CTC doping to be largely
relegated to the amorphous polymer regions. In addition, the vapor-doped films show remarkably
narrow ICT C=N stretching modes, suggesting a more homogeneous population of ICT states.
Overall, the data show that the choice of doping method can also control the extent of CTC

formation, which may be important for many applications.
The Role of P3HT Crystallinity in CTC Formation.

One of the strongest advantages of sequential doping is that it allows for a degree of control
over the total crystallinity of a doped polymer film.2223 Since the polymer layer is deposited first
in sequential doping, the processing conditions (choice of solvent, spin speed, thermal annealing,
etc.) can be chosen to enhance or reduce crystallinity as desired. In a previous work, we examined
how controlling the crystallinity of pre-cast P3HT films affected the electrical and optical

properties after sequentially doping with FATCNQ.*

Here, we follow those same methods to prepare P3HT films of identical thickness with
three different degrees of crystallinity, whose (undoped) UV—Visible absorption spectra are shown
in Figure 2.5a. First, we cast the initial P3HT film from CF (prior to doping), which is a rapidly
evaporating solvent that produces substantially more disordered, lower crystallinity films than
traditional aromatic solvents used for polymer deposition (teal curve). The relatively low
crystallinity is easily verified by the lack of vibronic structure in the UV— Vis®***® as well as by
GIWAXS.?! Second, we cast the P3HT films using our standard high boiling point solvent
odichlorobenzene (ODCB) (orange curve), producing higher crystallinity films, as evident by both

GIWAXS?! and by the presence of vibronic structure in the UV—Visible absorption spectrum.
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Finally, very high crystallinity films were obtained using a specially synthesized batch of P3HT

with nearly 100% regioregularity, also cast from ODCB (blue curve).

Figure 2.5b shows the UV—Vis—NIR absorption spectra of the same three films as panel
(a) after solution sequential doping with FATCNQ using pure DCM (1 mg mL™?) as a casting
solvent. As expected, the films with higher crystallinity show a red-shifted main P1 band near 0.4
eV and an increased relative IRAV band intensity near 0.16 eV.2123244243 The electrical
conductivity, carrier mobility, free carrier concentration, and GIWAXS of films produced this way
all have been discussed in our previous work; the electrical conductivity of the most crystalline
film conditions is roughly seven times higher than that of the least crystalline, as a direct result of

improved carrier mobility with increased crystallinity.?

Figure 2.5c shows the corresponding FTIR absorption spectrum of the FATCNQ C=N

stretching modes in these same three doped P3HT films. Interestingly, the main (ICT) anion
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Figure 2.6: UV—Visible absorption spectra of P3HT films sequentially solution doped with
F4sTCNQ (1 mg mL-) using 100% CF as the dopant casting solvent. The red curve
represents a short annealing time of 1 min, while the blue curve represents annealing for
5 min. Thermal annealing at 80 °C was carried out in a nitrogen glovebox. Brief annealing
for 1 min shows increased absorbance of the F4s TCNQ anion peaks near 1.5 and 3.0 eV and
decreased CTC absorption near 2.0 eV, indicating a conversion of the CTC phase to the
ICT phase without a significant loss of total doping. More extended annealing times lead
to overall dedoping as well as a complete loss of the CTC phase.
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absorption band shifts position from 2191 cm™ in the least crystalline film (P3HT cast from CF)
to 2185 cm™ in the most crystalline film (100% RR P3HT). This suggests that the position of the
ICT vibronic absorption band depends directly on the degree of overall crystallinity, with the more
ordered environments producing a red-shifted vibronic band; we will explore this observation in

more detail in future work.

In addition to the shift of the anion absorption associated with ICT, the data in Figure 2.5¢c
show the distinct presence of the CTC peak in all three films, as evidenced by its vibronic
absorption near 2201 cm™*. The correlation is clear: the film with the lowest overall crystallinity
has the largest fraction of CTCs, and vice versa for the most crystalline film. Given that the CTC
requires m-stacking of the dopant and polymer, which is kinetically difficult to achieve in
crystallites, it makes sense that CTC formation is favored in more disordered, amorphous films,

where the requisite n-stacking geometry is easier to achieve.
Thermal Annealing and the Stability of CTC States.

The question of the relative thermodynamic stability of CTC and ICT phases in doped
conjugated polymer films has also been a topic of considerable interest. Watts et al. recently argued
that CTC states in P3HT films are thermodynamically preferred,? while Jacobs et al. showed that
the CTC polymorph in their samples rapidly degraded when exposed to light or air, suggesting that
the CTC states are kinetically unstable.?® More recently, Zapata-Arteaga et al. investigated CTC
formation following extended thermal annealing of vapor-doped conjugated polymer films and

ultimately concluded that samples rich in the CTC phase are more thermally stable.*

Because of the control over CTC production afforded by our solvent blend method, we

have also addressed this question here by exploring the effects of thermal annealing. Our goal is
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to understand if the CTC phase, once formed, is only kinetically stable or is in fact the
thermodynamically preferred phase. It is known that FATCNQ can thermally desorb from doped
P3HT films upon exposure to higher temperatures, leading to chemical dedoping of these films.%’
Thus, to test the stability of the CTC phase, we employed only modest heating for a short duration.
Utilizing the full span of CF/DCM solvent blend ratios, doped P3HT films were placed on a hot
plate at 80 °C for 1 to 5 min in a nitrogen atmosphere. The samples were removed promptly after

the indicated time and allowed to cool to room temperature prior to analysis.

Figure 2.6 shows the results of thermally annealing our pure CF-doped films, which contain
the highest fraction of CTC states, for different durations of time. Upon heating at 80 °C for 1 min,
the two vibronic absorption peaks near 1.5 eV and an additional peak near 3.0 eV all from the
FATCNQ anion actually increase in intensity. This result is contrary to what is usually seen when
annealing doped polymer films since heating typically leads to dedoping, resulting in a loss of all
absorption features associated with the doped species.®” The fact that we see increased absorption
upon heating indicates that heating reverts the metastable CTC phase back to ICT. It is worth
pointing out that if CTC states were simply being converted to ICT, we might expect to see
isosbestic points in the spectra following different degrees of thermal annealing. However, because
the thermal annealing process also causes a net dedoping of the P3HT film, the overall absorption
of FATCNQ™ and neutral P3HT are also changing. As such, if we continue thermal annealing at
this temperature for 5 min, the resulting UV—Vis spectrum loses overall intensity. More
importantly, however, the spectrum obtained after 5 min of annealing looks quite similar to that
obtained when using pure DCM as the doping solution, indicating that, at least at the level of
sensitivity provided by electronic absorption, we can remove the CTC states while still leaving the

majority of the ICT states intact.
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Figure 2.7: (a) Normalized out-of-plane and (b) in-plane integrations of thickness-
normalized 2D GIWAXS diffractograms of P3HT films sequentially doped with F4/TCNQ
from different ratio solvent mixtures of DCM and CF, subsequently annealed for 5 min at
80 °C. (c) Vibrational spectrum for the C=N stretching mode after annealing. (d) In-plane
conductivity of blend doped P3HT films prior to (black) and after annealing (red).

Remarkably, GIWAXS patterns of the doped P3HT films (Figure 2.7a, b) show that the
new CTC phase Il polymorph reverts entirely back to the phase | P3HT ICT crystal structure upon
thermal annealing. Both the lamellar peak (Figure 2.7a) and the n-stacking peak (Figure 2.7b) lose
all signatures of the CTC structure. These data provide direct structural evidence that the phase 11
CTC polymorph is a kinetically trapped phase. Upon thermal annealing, the dopants responsible
for CTC formation physically relocate in the P3HT film and revert to the more preferred integer
charge transfer doping mechanism. Moreover, the thickness-normalized GIWAXS data (Figures
S8c, d and S9b in the Supporting Information) show that, after low-temperature thermal annealing,
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both the lamellar and n-stacking peak intensities for samples doped using CF are higher than those
for films processed from DCM. Even more surprising, the GIWAXS intensities for these annealed
conditions are also higher than for the pristine P3HT intensity. Doped P3HT films usually show
decreased lamellar peak intensities because doping usually induces some disordering.?*?® The
increased peak intensity we see after removing the CTC state (Figures 8a, b and 9a in the
Supporting Information) by thermal annealing indicates that the original loss of peak intensity after
doping from solvents with increasing CF fraction is due to conversion of ICT states to CTC states
and not to induced disorder upon doping. Indeed, it appears that, fundamentally, CF serves as an
annealing solvent during the doping process, which favorably rearranges the polymer
microstructure. In the ICT state, this increased order can be observed in the P1 band (Figure 2.1b),
and upon thermal conversion of the CTC states to ICT states, the increased order also can be clearly

observed in the diffraction intensity.

Figures S8c, d in the Supporting Information also show that, after thermal annealing, the
polymer crystallites in the P3HT films doped from CF become more edge-on than in unannealed
films. Since the edge-on geometry is beneficial for in-plane conductivity, this could also help to

explain the conductivity change after thermal annealing in Figure 2.7d.

The changes in structure seen by GIWAXS are directly reflected in the optical and
electrical properties of the thermally annealed doped films. In the FTIR C=N stretching region,
shown in Figure 2.7c, the thermally annealed samples produced with DCM-rich doping solvent
mixtures show little change relative to their unannealed counterparts (shown above in Figure 2.2a).
This suggests that CTC states formed from CF poor solvents may be isolated doping sites in
amorphous regions that can more favorably form the CTC n-stacked structure. In contrast, samples

fabricated with CF-rich doping solvents almost entirely lose their CTC vibrational signature at
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2201 cm! after thermal annealing. In fact, the vibrational spectra for these CF-rich, thermally
annealed samples most closely resemble what was seen for our highest crystallinity predominantly
ICT-doped films; in other words, annealing the samples doped from CF ultimately produces a film
whose properties match the solution-doped 100% RR P3HT (Figure 2.5¢) or the commercially
available P3HT that was doped from the vapor phase (Figure 2.4b). The characteristic narrowing
of the principal absorption peak and relatively small intensity for the CTC peak is a common
feature shared across each of these processing methods and confirms that using CF as a doping
solvent actually improves the overall crystallinity for the remaining P3HT. This also provides
additional evidence that ICT is thermodynamically preferred: modest heating causes a marked
reduction in the CTC peak at 2201 cm™ where dopant molecules that n-stack with the P3HT
backbone become free to diffuse until they can find a more stable configuration in the lamellae to

undergo ICT.

Finally, Figure 2.7d shows the electrical conductivity of two series of identical samples
doped from different solvent blends with one series subsequently being thermally annealed. As is
typical for samples that use pure DCM as the doping solvent, thermal annealing decreases the
electrical conductivity from 5.6 + 0.3 to 2.8 + 0.3 S cm™* because thermally driven desorption of
the FATCNQ species leads to de-doping.'®%® In contrast, for the samples sequentially doped from
pure CF, annealing actually causes an increase in electrical conductivity from 2.3 £ 0.3 t0 4.8 £
0.3 S cm!, nearly the same value measured for unannealed DCM solvent-doped films. This
behavior is also consistent with the idea that brief annealing causes FATCNQ molecules that were
kinetically locked in the metastable CTC =n-stacking phase to revert back to the ICT doping
mechanism, as corroborated by the C=N stretching spectrum and the structural changes seen with

GIWAXS. The drop in conductivity from any F4TCNQ lost to desorption appears to be more than
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compensated for by the increased ICT carrier density and mobility due to enhanced crystallinity.
Further annealing leads to additional dedoping, lowering the conductivity of all the films. An
interesting crossover point exists near the 60/40 (CF/DCM) samples, which can be interpreted as
a steady-state regime where the annealing induced desorption of FATCNQ, the thermal conversion
of CTC states into the ICT phase, and any annealing-induced changes in carrier mobility all
compensate to cancel each other out. In combination, the X-ray, FTIR, and electrical conductivity
data make clear that the application of modest heating can convert the CTC phase to the more
desirable ICT phase. This shows that the CTC phase is kinetically accessible only under special
processing conditions but is not thermodynamically preferred, which means that the application of
small amounts of heat for short treatment times may greatly improve the performance of devices

based on chemically doped conjugated polymers.

2.4 Summary

Overall, our work shows that even though ICT is the preferred mechanism of charge
transfer in doped conjugated polymers, fractional charge transfer, i.e., CTC formation, also plays
a significant, though sometimes hidden, role. Methods like UV— Vis—NIR and X-ray diffraction
are incapable of detecting the presence of CTC species when they exist in small quantities: the
electronic absorption of CTCs is likely weaker than those of the ICT states, and CTCs may also
be associated with primarily amorphous regions in the polymer film, making them hard to detect
via X-ray diffraction. Here, we show clearly that, even in the most crystalline P3HT films,
produced either using vapor doping or with 100% regioregular material, we consistently see the

presence of at least some charge transfer complexes after doping with F4ATCNQ.

Why are CTCs generally harder to make and study in doped conjugated polymers than in

small-molecule/oligomeric charge-transfer salts? The donor species in these charge transfer salts
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do not have the large aliphatic side chains needed to confer solubility on most conjugated polymers.
Thus, small molecules and oligomers tend to form co-crystals with electron acceptors that allow
for the close spatial contact needed for wave function overlap and CTC formation. For conjugated
polymers, there is not only much more space to place acceptors in the lamellae, but lamellar
placement leads to much less disruption of the polymer crystal structure and polymer—polymer nt-

stacking than insertion into the z-stacks, as outlined in Figure 2.3g—i.

The propensity for CTCs to form in doped conjugated polymers is directly related to the
degree of polymer swelling that takes place during the doping process, which in turn is linked to
the fraction of amorphous regions. Indeed, we see that the relative abundance of CTCs in doped
polymers increases with film swellability (and is minimized with evaporation doping), strongly
suggesting that CTCs primarily reside in the disordered regions of the polymer film. This explains
why CTC phases are rarely seen via GIWAXS since it is difficult to form them in large crystallites
without specially controlling the processing, such as our use of CF, or via high temperature
processing as demonstrated by Jacobs et al.,?® or by specifically preventing lamellar intercalation

through the use of branched side chains.?’

The key observation in this work is that simple adjustment of the composition of the
sequential processing solvent used to introduce the dopant can greatly influence the observed
doping mechanism. The use of CF as a doping solvent likely redissolves the underlying polymer
film and thus provides a route for the thermodynamically disfavored CTC state to form by
initiating m-stacking between the dopant and the polymer in the disordered, partly dissolved state,
and then preserving the kinetically trapped n-stacked structure into the solid state. This is likely
the same mechanism that occurs in the hightemperature processing employed by Jacobs et al.?® but

should prove much easier to control for others to reproduce and further study. Moreover, we also
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presented a recipe—modest thermal annealing for a brief period of time—to remove CTC states and
convert them to the ICT phase without significant dedoping, providing a simple way to improve

the electrical performance of doped conjugated polymer films.

Moreover, our results are reassuring in that they confirm that, for conjugated polymers,
doping overwhelmingly takes place by integer charge transfer. This is because, under normal
sequential doping conditions, the dopants prefer the lamellae, where they remain far from the
extended n-system of the polymer. Thus, the addition of side chains to conjugated polymers meant
to confer favorable solubility also happens to control the preferred type of charge transfer
interaction. This is consistent with conclusions we drew when exploring the doping of P3HT films
with dodecaborane acceptors that are larger in size (~2 nm) than the polymer lamellar spacing

(~1.6 nm) but still prefer to reside in the lamellar region.?*

Finally, when comparing dopant infiltration methods, vapor doping showed the smallest
fraction of CTC states generated, independent of the degree of pre-formed polymer crystallinity.
In a certain sense, vapor doping provides the absolute minimum kinetic facilitation for CTC doping,
helping to explain why this method produces a notably smaller quantity of CTC states.
Additionally, it seems clear that, under normal solution sequential doping conditions, the majority
of CTC states are located in the amorphous polymer regions, and that the fraction of amorphous
polymer will, in fact, also dictates the overall fraction of doping that takes place via the CTC
mechanism. This work suggests that, to minimize the occurrence of CTC states when sequentially
doping with FATCNQ, one should strive for the highest crystallinity polymer possible and carry
out the sequential doping process by thermal evaporation followed by brief low-temperature

thermal annealing. These processing guidelines create the most conducive environment for
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maximizing both the equilibrium free carrier concentration as well as charge carrier mobility in

these materials.

2.5 Supporting Information
Experimental Methods

Optical & Electrical Measurements

UV-vis-NIR absorbance spectra were acquired between 300-2000 nm with a Shimadzu
UV3101PC Scanning Spectrophotometer using polymer films prepared on glass substrates. FTIR
absorbance of the P1 polaron band and FATCNQ C=N stretching mode were acquired between
480-5000 cm™* using a Jasco FT/IR-420 spectrometer. The corresponding polymer films were

prepared on KBr plates.

Figure S1 shows UV-vis spectra of P3HT films sequentially solution doped with FATCNQ
(1 mg mLY) from solvents with a wide range of solubilities towards P3HT: Acetonitrile (3 x 10~
mg mL™1), dichloromethane (0.818 mg mL 1), and chloroform (38 mg mL1).%° For dopant solvents
with increased solubility towards P3HT, the neutral absorption of P3HT near 2.5 eV diminishes in
the doped films. Once the solubility increases to a level like that of chloroform, the two peaks near
1.5 eV and third near 3.0 eV (dashed red lines) which are all indicative of ICT, become reduced in
magnitude, while peaks near 2.0 eV and 3.3 eV (dashed green lines), which indicate new CTC

transitions, increase in magnitude.

Figure S2 shows an unrefined set of spectra for the (20/80) CF/DCM solvent blend
conditions, to illustrate the method used for constructing the combined UV-vis-NIR / FTIR spectra,

for example, in Figure 2.1 of the main text. UV-vis-NIR spectra were acquired on films using glass
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substrates and FTIR was acquired for the same film conditions cast on KBr plates. The two spectra

were connected at 5000 cm™ = 2000 nm = 0.619 eV in what is shown in the main text.
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Figure S1: Films sequentially solution doped with FATCNQ (1 mg mL™) from solvents
with increasing solubility towards the underlying PSHT layer.

Doped polymer film samples used for measuring electrical conductivity were prepared on
1.5 x 1.5 cm? glass substrates. Resistivity was measured via a home-built four-point probe setup
using the Van der Pauw method with electrodes placed at the corners of the substrate. In order to
convert resistivity to conductivity, the corresponding film thicknesses were also measured for each
sample using a Dektak 150 surface profilometer. At least three samples were measured for each
doping condition. We note that our use of a macroscopic, cm-scale conductivity measurement
generally produces lower values of conductivity than measurements from other groups that use
electrodes spaced in the mm or even um length range. Thus, our values are likely underestimates

compared to those from other groups.
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In previous work, we have shown using AC Hall effect measurements that there is a
roughly linear relationship between the peak energy of the P1 polaron band absorption and the
corresponding free carrier mobility for chemically-doped P3HT (Figure S3?%) p = —0.338Amax +
0.206, where Amax is the P1 band peak position in eV and p is given in cm2V s !, Thus, the IR
spectrum of doped P3HT films also includes implicit information about the free carrier mobility
for each set of preparation conditions. Figure S4 shows an example of fitting the P1 band to a
gaussian peak in the range of 0.25-0.6 eV to obtain a value for peak absorbance. We used this
value to estimate the free carrier mobility. Then, using the known relationship between the
electrical conductivity, o, and carrier mobility, 1, shown in equation 1 (which is also mentioned in
section 2 of the main text), we were able to estimate the free carrier concentration, p; these values

are what are shown in Fig. 2c of the main text.

G =pep 1)

Because accurate determination of the in-plane conductivity also requires knowledge of the film

thickness, we measured the film thickness of our P3HT films as the doping solvent was tuned from
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Figure S2: (Dashed blue) raw absorption profile captured from FTIR spectrometer. (Solid
blue) raw absorption profile captured from UV-vis-NIR spectrophotometer.
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Figure S3: (Borrowed from ref 24) AC Hall determined mobility vs fitted P1 peak
absorption. A roughly linear relationship exists between the two in this regime.

DCM to CF (Table S1). A consistent loss in P3HT film thickness is observed as the fraction of CF
is increased, due to the fact CF has a higher dissolving power for P3HT than does DCM. We see
that the overall thickness when using pure CF as the doping solvent results in a doped film that is

44% smaller in thickness compared to using pure DCM as the doping solvent.
F4TCNQ C=N Vibrational Spectrum & Peak Fitting Details

F4ATCNQ contains only a limited number of vibrational modes with significant absorptivity
above 2000 cm™. For neutral FATCNQ, there is a relatively weakly absorbing b1y mode at 2227
cm* and a bz, mode at 2214 cm™t. Upon formation of the anionically charged species, these two
modes gain significant oscillator strength, as well as soften to lower energy. We label these peaks
of the FATCNQ anion as biyv21ss and boyvoies. We assign the peak corresponding to the fractional

charge transfer species as belonging to the blu stretching mode, denoted here as b1,CTC.

Peak fitting for all vibrational spectra was carried out by assigning three gaussian peaks

and allowing the parameters (peak center of gravity, amplitude, and FWHM) to independently
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Figure S4: Example UV-Vis-NIR / FTIR spectrum showing overlayed gaussian fit for the
P1 peak absorption (blue). The energy for the best fit P1 peak intensity is then used to
estimate the free carrier mobility.

vary. Fitting was carried out by a non-linear least squares minimization following the Levenberg-

Marquardt algorithm and allowed to iterate until converging with a y 2tolerance of at least 1 x 107°.

Table 2 shows that the relative amplitude for the b1y CTC peak, which corresponds to partial
charge transfer, monotonically increases as the fraction of CF is increased in the casting solvent.
It’s also interesting to point out that when only considering the ICT phase, peak biuvaiss
systematically redshifts from 2189 cm™ from when pure DCM is used as the dopant casting
solvent down to 2185 cm™ when pure CF is used; this is nearly 10 cm™ redshifted from the
typically reported anion peak location at 2194 cm™. We believe this to be a consequence of the
highly ordered, lamellar environment found for these sequential doping conditions, an idea further
supported by the fact that the FWHM for this peak also decreases by ~30% as the solvent is
changed from DCM to CF, indicating a more homogeneous environment for the remaining ICT

phase.
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Table S1: P3HT film thicknesses after sequential doping from CF/DCM solvent blends.

CF / DCM Thickness (nm)

00/100 148 + 6 nm
40/60 143+ 12 nm
60/40 107 =9 nm
80/20 91 £+ 6 nm
100/00 83 + 8 nm

Table S2: Fitting parameters for the FATCNQ vibrational spectra, sequentially doped from

CF/DCM solvent blends.

CF/DCM  00/100 20/80 40/60 60/40 80/20 100/00
Adj. R-Square  0.9983  0.9991 0.9980 0.9970  0.9974  0.9948

A 5.26 5.18 5.25 6.44 5.72 6.15

boul2168 c 2168.00 2167.84 2167.12 2166.75 2166.76 2167.38
w 9.65 11.09 10.42 12.10 12.07 12.53
A 15.49 15.02 13.65 13.60 15.09 11.68

b ju2185 c 2188.92 2188.39 2186.68 2185.86 2186.07 2184.79
w 15.49 14.17 13.33 13.10 14.44 11.04
A 0.60 1.47 3.92 4.36 5.38 6.08

b, CTC c 2203.08 2202.22 219791 2198.41 2200.16 2201.14
w 6.14 8.54 12.60 11.92 11.03 10.62
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Figure S5: Peak fits overlayed on raw FTIR spectra for each solvent blend ratio. Peak fits
for bauvaies and biuvaiss, shown in green. Peak fits for the intermediate CTC phase b1u CTC

shown in magenta.

Figure S6: 2D diffractograms of P3HT SqP doped with FATCNQ from solvent mixture of
DCMY/CF with ratio of (a)100/0, (b) 80/20, (c) 60/40, (d) 40/60, (e) 20/80 and (f) 0/100. With
increasing CF ratio, the lamellar diffraction peaks broaden. The r diffraction peak moves
to higher q as well as broadens. The doped P3HT transits from Phase IICT) to Phase

II(CTC).
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Figure S7: Peak fitting of lamellar (a) and m-1(b) peaks of doped PSHT with FATCNQ SqP
from mixture of DCM and CF with different ratio. With increasing CF ratio, there is a new
lamellar peak coming up at 0.44 “A1(pink curve, CTC peak) along with the commonly seen
ICT peak (green curve). At the same time, the broadened o peak can be fitted to two peaks:
an ICT peak (green curve) and a new peak located at 1.84 Al (pink peak) that assigned
to CTC peak. The new peaks in both lamellar and o direction correspond to a new doped

P3HT phase (Phase II, CTC phase).
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Figure S8: Out-of-plane integrated thickness-normalized 2-D GIWAXS diffractograms for
P3HT doped with FATCNQ SqP from different CF/DCM ratio before (a)(b) and after (c)(d)
thermal annealing. The inset in (a) and (c¢) show the higher q region expanded in vertical
direction. Similarly, (b) and (d) show more expanded r stacking region in (a) and (c).
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Figure S9: In-plane integrated thickness-normalized 2-D GIWAXS diffractograms for
P3HT doped with FATCNQ SqP from different CF/DCM ratio before (a) and after (b)

thermal annealing.
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Chapter 3. Bulky Charge-Shielding Dodecaborane-Based Dopants: An Effective Strategy
Towards the Production of Mobile Charge Carriers in the Amorphous Regions of
Semiconducting Polymers

3.1 Introduction

Semiconducting conjugated polymers have many emerging applications including thin-
film solar cells, flexible thermoelectrics, and wearable electronics.! A wide range of
semiconducting polymers have been designed for specific applications that feature different
backbone structures with different bandgap energies accompanied by tunable side chains to aid in
polymer solubility. As synthesized, semiconducting polymers lack intrinsic charge carriers, so
doping is necessary to add the charge carriers that permit electronic conduction.* Semiconducting
polymers can undergo both n- and p-type doping, with the latter being more common. In p-type
doping, electrons transfer from the polymer’s valence band (HOMO level) to a dopant’s LUMO
level, forming a positively charged hole on the polymer backbone and a negatively charged
counterion from the dopant. The hole charge carriers, along with their associated backbone
deformation, are referred to as polarons. The density of charge carriers generated is related to both
the oxidizing potential and concentration of the dopant, while the carrier mobility depends on the
nanoscale structure of the polymer and on Coulombic charge-based interactions with the

counterions.>™®

The electrical conductivity of a doped polymer is determined by both the density and
mobility of charge carriers, so it is important to understand how doping influences these two
quantities. Strong Coulombic binding between polarons and counterions can result in localized or

trapped carriers that do not contribute to conductivity.>~ In crystalline polymer regions, dopant
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molecules usually reside among the alkyl side chains, away from the polymer backbone.® This
positioning is generally desirable, as it reduces the Coulombic binding between polarons and their
counterions.® In disordered polymer regions, large void spaces between chains allow counterions
to remain near polarons, which is largely responsible for the low conductivities observed in doped
amorphous semiconducting polymers.® The ability of polymer crystallites to force charge

separation by segregating polarons and counterions is therefore important for sample conductivity.

Many studies on regioregular (RR) and regiorandom (RRa) samples of the workhorse
semiconducting polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) have demonstrated that RRa
P3HT is largely unable to form crystalline packing regions.!'!? Relative to RR-P3HT, RRa-P3HT
has an increased bandgap energy due to breaks in conjugation at sites of polymer rotation, so RRa-
P3HT is harder to dope. Poor crystallinity also causes RRa-P3HT to have a low density of charge
carrier percolation pathways and high Coulombic binding interactions with dopant counterions.
All of these factors explain why doped RRa-P3HT shows much lower conductivities than its doped

RR-P3HT counterpart.

In addition to polymer crystallinity, the choice of dopant is also critical to improving the
electrical conductivity of doped conjugated polymers. Many dopants are small molecules that in
amorphous polymer regions can closely associate with the polymer backbone. For example, the
commonly used dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FsTCNQ) has a flat
molecular geometry that allows for n-stacking with the polymer backbone in amorphous polymer
regions, producing Coulombically bound charge-transfer complexes that do not contribute to
electrical conductivity.*® Even when not complexed, dopants like FATCNQ still provide enough

Coulomb attraction to localize nearby polarons and thus reduce carrier mobility.
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Dodecaborane (DDB) cluster-based dopants, by contrast, are a family of oxidizing agents
that have been shown to successfully shield the Coulombic interaction between polaron-
counterions pairs in RR-P3HT due to their large size (~2 nm in diameter).}* These dopants are
composed of a pseudo-icosahedral dodecaborane core on which each vertex is functionalized with
a range of substituents that can be used to tune the redox potential of the molecule. A DDB-cluster
with 3,5-bis(trifluoromethyl)benzyloxy substituents, referred to as DDB-F72 (see Figure 3.1a for
chemical structure), was previously found to be an outstanding dopant for RR-P3HT. DDB-F7
has a redox potential that is nearly 0.5 V larger than F4sTCNQ, and it has been shown to achieve
nearly 100% doping efficiency (i.e., one mobile carrier is produced for every dopant molecule)

with film conductivities routinely exceeding 10 S/cm.*®

In this work, we take advantage of the fact that DDB-F7, can inhibit the formation of
Coulombically bound polaron-counterion pairs to improve the properties of doped RRa-P3HT.
Using spectroscopic, electronic, and structural characterization methods, structure-conductivity
relationships in amorphous RRa-P3HT were probed to better understand the doping of amorphous

regions in semicrystalline conducting polymers.
3.2 Experimental and Methods
Materials

Regiorandom (RRa) poly(3-hexylthiophene-2,5-diyl) (P3HT) (Rieke metals inc., My = 30-
90 K), and regioregular (RR) P3HT (4002-EE, Rieke metals inc., My = 50-70 K, regioregularity
91-94%, polydispersity 2.0-2.5) were used as purchased. The dopant molecule DDB-F72 was

synthesized in-house following established procedures.*+6
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Film Fabrication

Glass and silicon substrates were cleaned by sonicating in Alconox detergent aqueous
solution, acetone, and isopropanol sequentially for 15 minutes each, followed by plasma cleaning
using a Harrick plasma cleaner PDC-32G for 15 minutes. Film fabrication was carried out in a
glove box under nitrogen. RR-P3HT and RRa-P3HT films were spin-coated at 1000 rpm for 60
seconds from 20 mg/mL polymer solutions in 1,2-dichlorobenzene (ODCB, Sigma Aldrich,
anhydrous, 99%). Film thickness measurements were taken on a Dektak profilometer. The DDB-
F7> dopant was applied to the pre-cast P3HT films by solution sequential processing (SgP) from
n-butyl acetate (n-BA, Fisher Scientific, reagent grade, dried by stirring with magnesium sulfate
and subsequent distillation) at the stated concentrations.!” Once applied, the dopant solution
soaked the polymer films for 20 seconds before spin-coating at 4000 rpm for 10 seconds. Previous
work has demonstrated that the SgP method effectively delivers the DDB-based dopants

throughout the polymer films.®
Absorption Spectroscopy

UV-vis-NIR absorption spectra were acquired from 300-3000 nm using a Shimadzu
UV3101PC Scanning Spectrophotometer for films prepared on glass substrates. FT-IR data was
acquired from 220-7000 cm™ for matched samples prepared on KBr plates using a Jasco FT/IR-

420 spectrometer.
Conductivity Measurements

Conductivity measurements were taken on 1.5 x 1.5 cm glass substrates with thermally
evaporated silver contacts placed at the corners of the subtrates. Sheet resistance measurements

were taken using the van der Pauw technique with a Keithley 2400 SourceMeter controlled by
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Labview software. The max current sourced was held to 1 mW. Reported conductivity values are

the average of at least three distinct samples.
Neutron Reflectometry (NR) Measurements

Reflectivity measurements were performed on the Liquids Reflectometer (LIQREF), BL-
4B, at the Spallation Neutron Source (SNS) of the Oak Ridge National Laboratory (ORNL) with
a 2D position-sensitive *He detector. A 3.4 A bandwidth, extracted from a wavelength range of
2.55-16.70 A, was used at measurement angles of 0.60° and 1.19° to attain a g-range of 0.008 to
0.102 AL, The measured films were fabricated on 1.5 x 1.5 cm silicon substrates (B-doped, p-type,
<100> oriented) using 0.85 mM dopant solutions by SqP. The beam footprint was kept constant
through adjustments in the slit opening commensurate with the angle of incidence. Data reduction
was done using RefRed, and subsequent analysis was performed on ORNL’s Web Interface (Webi)

using NIST’s Refl1D python package.'®

To fit the NR data, the free parameters of layer thickness, scattering length density (SLD),
and layer roughness were given estimated ranges that were optimized by an in-built machine-
learning algorithm. Extra layers were added or removed based on the resulting fit parameters.'® To
remove any potential bias in the fits, numerical fittings were performed independently by two
people before comparing the results. The SLD contributions of the DDB-F7, dopant and the RRa-
P3HT matrix to the active layer SLD were taken from a calculated SLD for the DDB-F72 molecule
and a measured SLD for pure RRa-P3HT. SLD contributions for both the DDB-F72 molecule and

for RRa-P3HT monomer were normalized by the number of atomic nuclei per monomer.
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Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)

Films for GIWAXS measurements were prepared on 1 cm x 1 cm single-crystal silicon
substrates (B-doped, p-type, <100> oriented). Measurements were performed at the Advanced
Photon Source (APS) on beamline 81D-E with a 10.92 KeV X-ray beam incident at 0.133° and a
detector distance of 217 mm. Calibration and gap-filling of the obtained 2D diffractograms was
performed using the MATLAB toolbox GIXSGUI. Radial integration between 0-10° (out-of-plane)
and 80-90° (in-plane) relative to the positive sample z-axis as well as baseline corrections and peak

fitting were performed in IgorPro 8 using the WAXSTools package.*®
Grazing Incidence Small Angle X-ray Scattering (GISAXS)

Films for 2D GISAXS measurements were prepared on 1.5 cm x 1.5 cm single-crystal
silicon substrates (B-doped, p-type, <100> oriented). Measurements were performed at the
Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 1-5 using a wavelength of
1.0332 A at an incident angle of 0.14°. 2D GISAXS patterns were calibrated and analyzed using
the Nika package on Igor Pro 8.2° 1D GISAXS patterns were calculated by vertically integrating
the Yoneda peak, or the high intensity scattering near the critical angle of the polymer film due to

the Vineyard effect.?!
Alternating Current (AC)-Field Hall Effect Measurements

Doped P3HT films for AC-Field Hall Effect measurements were made on 1 cm x 1 cm
glass substrates. Following film fabrication, silver electrodes were thermally evaporated on the
corners of the samples with an Angstrom Engineering, Inc. evaporator at a pressure < 1 puTorr and
a deposition rate of 0.5 A/s up to 10 nm, followed by 1 A/s to a final thickness of 60 nm. Samples

were packaged in scintillation vials under argon atmosphere before being sent for testing. AC-field

70



Hall measurements were performed with a Lake Shore model 8400 series AC-field Hall probe
system at a field strength of 0.6484 T and a current of 10.0 pA under flowing nitrogen. The AC-
field instrument allows the Hall voltage to be readily distinguished from the static misalignment

offset voltage, which can be quite large in low mobility materials.
3.3 Results and Discussions

To characterize the doping of RR- and RRa-P3HT with DDB-F7,, we must first understand
the relative polymer and dopant energies involved. Figure 3.1a shows the relative valence and
conduction band energy levels for RR-P3HT and RRa-P3HT as well as the LUMO level of DDB-
F7z2. The bandgap energy of ~2.8 eV appears as a strong absorbance peak in undoped RRa-P3HT,

as seen by the black curve in Figure 3.2a. As RRa-P3HT is doped with DDB-F2, the removal of
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Figure 3.1: (a) Energy diagram of RR-P3HT, RRa-P3HT, and the FATCNQ and DDB-F7.
dopants. The valence band of RRa-P3HT is lower in energy than that of RR-P3HT due to
the amorphous nature of the polymer.
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electrons from the valence band and the creation of intra gap states causes the intensity of the
bandgap transition to decrease and new peaks corresponding to polaronic transitions (P1 and P2)
to appear.?? Visually, these changes in absorbance upon doping result in a color change of the RRa-
P3HT film from yellow/orange when undoped to purple when doped (Figure 3.2a inset). For the
1 mM DDB-F72 doping solution (red curve), the bandgap transition peak is largely absent, and an
absorption peak at 2.4 eV corresponding to the DDB-F7, anion'® becomes readily evident,

indicating that the film is highly doped.

In our previous work, we studied the doping of RR-P3HT with DDB-F7,.°%% For RR-P3HT,
we demonstrated that the more a polaron is Coulombically bound to its counterion, the more blue-
shifted its P1 absorption peak is.®* The P1 absorption peaks for DDB-F72-doped RR- and RRa-
P3HT are shown in Figure 3.2b. The P1 peaks for FATCNQ-doped RR- and RRa-P3HT from our
previous work are also included for comparison.®?® The higher P1 transition energy for DDB-F7-
doped RRa-P3HT versus RR-P3HT is likely due to the larger bandgap energy of RRa-P3HT, as
shown in Figure 3.1. The doped states for RR- and RRa-P3HT are depicted there to be similar in
energy, a result supported by their similar doped structures based on X-ray data later discussed.
The lower P1 transition energies for the DDB-F72-doped films relative to the F4ATCNQ-doped films
of the same regioregularity indicate that the DDB-F7, dopant reduces Coulombic binding between
the polaronic holes on P3HT and DDB-F72 anions in both polymer types. This is a direct result
of the size of the DDB-F7, dopant; with its ~2 nm diameter, DDB-F7; effectively separates polarons
on the polymer backbone from the counterion charge of DDB-F7, .° The DDB-F7, dopant is
therefore a good potential choice for doping RRa-P3HT, in which kinks in the polymer chain

decrease polaron delocalization and increase the binding of charge carriers.
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Figure 3.2' (a) UV-Vis-NIR absorbance spectra of RRa-P3HT doped with low and high
concentrations of DDB-F7z. Doping is characterized by the bleaching of the PSHT neutral peak
(~2.8 eV) corresponding to the bandgap transition and the appearance of polaron transitions
in the red and near IR ranges (designated P1 & P2). (b) Normalized FT-IR spectra of the P1
transition of RR- and RRa-P3HT doped with DDB-F72 and F/TCNQ. The position of the P1
transition has been shown to include a Coulombic binding energy term, where a lower energy
P1 transition indicates reduced Coulombic binding. (¢c) Measured conductivities of RR- and
RRa-P3HT doped with DDB-F72 and F/TCNQ. For both polymers, DDB-F72 produced higher
conductivities than F/TCNQ.



While the DDB-F7, dopant has been shown to produce high conductivities in RR-P3HT,®
conductivities from DDB-F7.-doped RRa-P3HT have not been previously reported. Figure 3.2c
shows the conductivities of both RR- and RRa-P3HT films doped by sequential processing (SqP)
with both F4aTCNQ and DDB-F7,. The conductivities of both RR- and RRa-P3HT films doped with
DDB-F72 are higher than those doped with F4TCNQ, in line with the reduced Coulombic binding
spectroscopically observed with DDB-F72. Surprisingly, DDB-F7, improves the conductivity of
RR-P3HT by only a factor of ~2x while RRa-P3HT conductivities with DDB-F7 are ~200x higher
than those doped with F4sTCNQ. To explain this, we hope to show that this massive improvement
in sample conductivity primarily reflects the ability of DDB-F7 to dope the amorphous regions of

RRa-P3HT and therefore increase the fraction of the film used in conduction.

To identify whether the observed improvements in conductivity were due to increased
carrier density or carrier mobility, we used AC-field Hall effect measurements to determine the
density of mobile carriers (nHan) and their mobilities (un). These values are summarized in Table
1.924°28 Syrprisingly, the hole mobilities of both RR- and RRa-P3HT doped with 1 mM DDB-F7,
are nearly identical. The higher conductivity of the DDB-F7,-doped RR-P3HT therefore must
result from its ~2.5x higher carrier density than for RRa-P3HT. This result is reasonable given
that RRa-P3HT is several hundred mV harder to oxidize than RR-P3HT (Figure 3.1a). While the
DDB-F72 dopant is able to produce high carrier mobilities from RRa-P3HT, it is ultimately limited

in carrier production by its oxidizing potential relative to the low-lying valence band of RRa-P3HT.

74



(a) 10" 7 RRa P3HT (raw)
0 —— RRa P3HT (fitted)
-*E 10" ] Doped with DDB-F5,
g1 0.85 mM (raw)
107 0.85 mM (fitted)
T, o
10"
.
gw ® -
107
10™ -
8 '01 2 3 4 5678 90 '1
4 —— RRa P3HT
1 0.85 mM DDB-F,
doped RRa P3HT
3_
a)
-
0’)2_1
T RRaP3HT
0_

I 1 ! I

0 500 1000 .1500 2000
Z(A)

Figure 3.3: (a) Raw (dots) and fitted (solid line) neutron reflectometry (NR) spectra of
undoped RRa-P3HT and DDB-Fr;-doped RRa-P3HT. (b) SLD profiles of RRa-P3HT and
DDB-F72-doped RRa-P3HT. Though a slight buildup of DDB-F72 is visible near the
substrate surface (Z = 0 A), DDB-F2 distributes uniformly in the bulk of the RRa-P3HT

film.

While the large size of the DDB-F72 dopant is good for reducing Coulombic binding forces,
it is necessary to verify that the dopant can penetrate and dope the entirety of the polymer film
volume. Neutron reflectometry (NR) measurements were performed on DDB-F7,-doped RR- and
RRa-P3HT films to characterize the distribution of dopant molecules in the polymer films. The
raw NR data and corresponding curves of fit are shown in Figure 3.3a. The reflectometry data
were fit based on measured scattering length densities (SLDs) for RR-P3HT (measured at 0.56 x
102 A2), RRa-P3HT (measured at 0.45 x 102 A2, and DDB-F, (calculated at 0.56 x 102 A) to

determine the relative composition of polymer and dopant.?”?® Figure 3.3b shows the fitted film
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Figure 3.4: 2D GISAXS patterns of (a) RRa-P3HT, (b) RRa-P3HT doped with 0.3 mM DDB-
F72, and (c) RRa-P3HT doped with 1 mM DDB-F7. Doping with low concentrations of
DDB-F72 produced the horizontal Yoneda peak (boxed), indicating the introduction of
electron density contrast at small length scales. Further doping is shown to erase the
Yoneda peak, indicating the disappearance of electron density contrast. Integrated
Yoneda regions for (d) RR- and (e) RRa-P3HT doped with DDB-Fr2. DDB-Fr2-doped RR-
P3HT shows lower intensity and increased g-value of the scattering peak (q =0.010-0.015
A corresponding to a characteristic crystallite distance. In RRa-P3HT, DDB-F72 doping
Increases scattering greatly at low ¢g-values and slightly at medium and high g-values. At
high dopant concentrations, scattering intensity is reduced slightly due to a loss of domain
contrast.

SLD as a function of distance from the substrate where Z = 0 is the substrate-film interface and
the SLD approaches 0 near the film-air interface. While a slight buildup of DDB-F72 is observed
near the substrate surface in the RRa-P3HT film, the higher bulk film SLD indicates that the DDB-
F72 dopant is distributed throughout the film. The doped film is also shown to have swelled based
on the higher distance Z at which the film SLD goes to zero, consistent with volume expansion
due to dopant infiltration. Together, these results indicate that DDB-F72 is not diffusion-limited in

its ability to dope.

Because the presence of dopant within the polymer film does not necessarily imply doping,

doping efficiencies — the ratio of the number of carriers produced to the number of dopant
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molecules present in the film — were calculated from the AC-field Hall and NR measurements to
describe the utility of the infiltrated dopant molecules. Dopant number densities extracted from
the DDB-F72-doped film NR SLDs, and carrier densities for the films were calculated from AC-
field Hall effect measurements using the same method as in our previous study** (described in the
SI). These values were combined to calculated doping efficiencies for DDB-F7,-doped RR- and
RRa-P3HT. Table 1 shows the calculated doping efficiencies are 96% and 77% for RR- and RRa-
P3HT, respectively. The extremely high doping efficiency for DDB-F7,-doped RR-P3HT is
consistent with previously values. Because the doping efficiencies were calculated at identical
dopant concentrations for RR- and RRa-P3HT, the lower doping efficiency for RRa-P3HT may
be partially due to its lower valence band (Figure 3.1), reducing the oxidizing potential of the RRa-
P3HT and DDB-F72 couple. In both RR- and RRa-P3HT, high doping efficiencies indicate that
most of the DDB-F72 molecules detected within the polymer films have contributed carriers to the
film, reinforcing the role of reducing dopant-polaron Coulombic binding in shifting the doping

equilibrium towards charge transfer.

While low Coulombic binding between DDB-F72 and generated polarons provides a partial
explanation for the high carrier mobility in doped RRa-P3HT, it is surprising that the carrier
mobility of an initially amorphous polymer like RRa-P3HT is finally similar to that of
semicrystalline RR-P3HT when doped. Because carrier mobility is closely linked with film
structure, an explanation may lie in structural similarities between the doped RR- and RRa-P3HT
films. To investigate this, a combination of GISAXS and GIWAXS techniques were employed to

probe the structural changes that occur during doping with DDB-F.

First, changes in the crystallite-scale structure of DDB-F72>-doped RR- and RRa-P3HT

films were observed through GISAXS studies. 2D GISAXS patterns, zoomed in to emphasize the
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Figure 3.5: 2D GIWAXS patterns of (a) RR-P3HT, (b) RR-P3HT doped with 1 mM DDB-
F72, (¢) RRa-P3HT, and (d) RRa-P3HT doped with 1 mM DDB-F7. Doping with DDB-Fzs

is shown to induce crystallinity in RRa-P3HT polymer film, producing an identical
crystalline structure in both RR and RRa-P3HT.

Yoneda peak region, are shown in Figures 3.4a-c. The Yoneda peak is a horizontal scattering peak
produced by enhanced X-ray scattering near the angle of internal reflection at the polymer-air
interface that contains information on the lateral electron density contrast in the thin film.?°
Horizontal integration of the Yoneda peak region of undoped and DDB-F7,-doped RRa-P3HT
(Figure 3.4d) shows a large increase in scattering in the low g-value (large correlation distance, d)
region caused by the nucleation and growth of large crystallites that scatter X-rays at the crystallite-

amorphous interface. Scattering at medium and high g-values also increases slightly, suggesting a
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Figure 3.6: Radially integrated out-of-plane (perpendicular to substrate) and in-plane
(parallel to substrate) 1D GIWAXS patterns for (a,c) RRa-P3HT and (b,d) RR-P3HT doped
with DDB-F72. Doped RR and RRa-P3HT show identical lamellar diffraction peak
positions, indicating identical crystalline structures within the doping-induced crystalline
regions of RRa-P3HT and the doped crystalline regions of RR-P3HT.

range of nucleated crystallite sizes. At high doping levels (1 mM DDB-F7,), scattering at low g-

values decreases slightly due to a loss of domain contrast as the film further crystallizes.

The integrated Yoneda peak for undoped RR-P3HT (Figure 3.4e) contains a peak at ~0.01
Al (d ~ 60 nm). Upon dopant intercalation, this peak shifts to a larger g-value (q ~ 0.015 A?; d ~
42 nm) and decreases in scattering intensity. Previous work with the DDB-F7, dopant shows that
the large molecule intercalates into the lamellar stacks of P3HT. The shift of the observed peak to
larger g-value (smaller d) is believed to indicate the breaking up of existing crystallites into smaller
regions of varying size due to the strain of dopant intercalation. At high doping levels (1 mM
DDB-F7,), an increase in low g-value scattering is observed. Based on the appearance of crystalline
regions in RRa-P3HT during doping, the DDB-F7, dopant is believed capable of converting

amorphous P3HT to crystallites. This increase in low g-value scattering is therefore believed to
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correlate with the expansion of crystallites into the surrounding amorphous regions, producing

larger crystallites than present at low dopant concentrations.

Next, GIWAXS studies were performed to observe intra-crystallite differences in structure.
Figures 3.5a-d show 2D GIWAXS patterns for undoped and DDB-F7>-doped RR- and RRa-P3HT
and corresponding 1D patterns produced by radial integration near the gr- and g.-axes (“in-plane”
and “out-of-plane” directions, respectively) are plotted in Figure 3.6. As is well-known, undoped
RR-P3HT (Figure 3.5a) is “edge-on” oriented, with the alkyl side chains of the polymer crystallites
stacking normal to the substrate surface and the polymer backbone and n-stacks lying in the plane
of the substrate. The layers of polymer backbone separated by the side chain produce out-of-plane
scattering peaks at multiples of .~ 0.4 A, corresponding to a d-spacing of ~16 A, which we refer
to as the lamellar spacing, diam. The 7w-stacking of the thiophene rings produce scattering peaks in
the plane of the substrate at gr ~ 1.65 A", corresponding to a d-spacing of ~3.81 A, which we refer
to as d.).?” The broad peak centered at gr ~ 1.5 A was confirmed by molecular modeling to
correspond to disordered nt-stacking distances caused by poor thiophene ring alignment (Figure
S4). In contrast, undoped RRa-P3HT (Figure 3.5c) shows isotropic scattering rings corresponding
to the lamellar spacing (i.e., alkyl side chain spacing, q centered at ~0.4 A™%: diam ~ 16 A) and
amorphous n-stacking distance (q centered at ~ 1.5 A%; d, ~ 4.19 A), indicating a lack of specific
crystallite orientation relative to the substrate. The broadness of the isotropic rings and the larger
n-stacking distance of RRa-P3HT both suggest a high level of disorder in the polymer chain

packing, as expected for a highly amorphous material.

Upon doping RR-P3HT with DDB-F7, (Figure 3.5b), the lamellar distance doubles
(scattering peaks at multiples of g;~ 0.2 A’%; diam ~ 31 A) to accommodate the intercalation of the

very large DDB cluster into the alkyl side chain region,* while the n-stacking distance (qr ~ 1.70
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At d. ~ 3.70 A) becomes slightly contracted. Surprisingly, doping of RRa-P3HT with DDB-F7;
produces a set of dopant-intercalated lamellar and =-stacking peaks (Figures 3.6a,b) that are
identical to those of doped RR-P3HT. This indicates that ordered crystallites emerge from the
amorphous RRa polymer upon doping, with a doped crystal structure that is the same as in doped
RR-P3HT. The presence of higher-order lamellar overtones and sharper integrated 1D spectrum
peaks for doped RRa-P3HT compared to RR-P3HT (Figure 3.6) indicate a higher level of
paracrystalline order that supports the presence of large doping-induced crystallites in the RRa-
P3HT polymer, as determined by GISAXS. The more isotropic (i.e., ring-like) lamellar peaks
observed in doped RRa-P3HT (Figure 3.5d) are consistent with crystallites that nucleated in the

bulk of the polymer film away from the lattice templating effects of the substrate.

Table 1. Electronic Properties of DDB-F7,-Doped RR- and RRa-P3HT?

Polvmer Polymgr Dopant Hn¢ o¢ NHal® Doping
olyme SLDY [A2] | Density® [em3] | [em2V1S1] | [Scm] [cm3] Efficiency? [%]
RRa- -2 20 20
P3HT 0.45x%x 10 2.47 %10 0.098 3.0 1.91x 10 77
RR- -2 20 20
PSHT 0.56 x 10 5.3 %10 0.084 6.8 5.08%x 10 96

a Calculations are detailed in the SI.

b (Calculated from fitted NR measurements.

¢ Calculated from AC-field Hall Effect measurements.

d Estimated by comparing the obtained dopant density and carrier density values.

3.4 Summary

Here, we have demonstrated an effective strategy for the doping of RRa-P3HT. The
dodecaborane (DDB) cluster-based large molecular dopant DDB-F7> was shown to dope RRa-
P3HT with a 77% doping efficiency and to nucleate P3HT crystallites in the process. The doped

RRa-P3HT film had a conductivity value of 4.9 S/cm, 200x higher than the conductivity of
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F4TCNQ-doped RRa-P3HT previously reported and comparable to that of DDB-F72-doped RR-
P3HT. Despite RRa-P3HT films starting in a highly amorphous state, structural comparisons of
DDB-F72-doped RR- and RRa-P3HT revealed close similarities in crystalline structure and in the
extent of film crystallinity that translated into similar hole mobilities for both polymer
regioregularities. Through careful selection of a compatible dopant that reduces Coulombic
binding of polarons and induces crystallite formation, we have shown that initially amorphous
semiconducting polymers can be made to have similar carrier mobilities to semicrystalline

polymers.
3.5 Supporting Information
S1 Conductivity Measurements

Devices, RRa P3HT doped with 1 mM DDB-F72 on 1.5 cm x 1.5 cm glass substrates
fabricated through sequential processing (SqP), were used to characterize the electrical

conductivity of the polymer films. Conductivities measured can be seen in Table S1.

Table S1. Van der Pauw conductivity measurements of 1 mM DDB-F72 doped RRa P3HT

films
Sample # RO avg (Q/0) Thickness avg Conductivity(S/cm)
(nm)
1 8178 236 + 24 4.6 +0.5
2 10178 204 + 17 4.8+ 0.4
3 8538 219+ 8 53+0.2

The conductivity measurements were obtained from sheet resistance (R or R square)

and film thickness (t). To measure R, the Van der Pauw technique was used; probes were placed

at each of the four corners of a square sample, with current flowing along one side (two probes
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sharing an edge) and the voltage being measured across the opposite edge. Then, the measurement
is repeated after rotating the contacts 90°. The in-home set-up uses Labview to fit the resistance

values from the slope of the 1-V curved to the Van der Pauw equation

TR 4 TRp

e ) +eTR = 1) (1)

to obtain Ry. The second value, thickness, was obtained by profilometry (Dektak 150 stylus
profilometer). At least three values on different locations of the film were used to report an average
value. All reported values from Table S1 were results of multiple samples averaged and error

propagated to conductivity.
S2 Neutron Reflectometry (NR) & Doping Efficiency Calculation

The active layer scattering length density (SLD) is the average of the SLD of all of the
components. Since the SLD for the active layer and the components are known either by

measurement or calculation, the SLD fraction can be calculated as shown in Table S2.

Table S2. NR calculation for DDB-F72 doped RRa P3HT

Active Layer (AL) RRa P3HT in AL DDB-F72 in AL
SLD 1.36 (Measured) 0.45 (Measured) 2.0 (Calculated)
SLD Fraction 1 0.41 0.59
Monomer Ratio N/A 7 1

P3HT has 25 atoms per monomer, DDB-F7, has 264 atoms per molecule. Using the SLD

fraction, we can calculate the ratio of DDB-F72:RRa P3HT monomer is 1:734 (1:7).

Dopant density in Table 1 is calculated based on the RRa P3HT monomer: DDB-F7,
molecule ratio. We can calculate the number of RRa P3HT monomers in the pristine polymer film

using RRa P3HT film density, film thickness, film area. The number of the RRa P3HT monomers
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is constant during the doping process, thus the number of DDB-F72 molecules (dopant density) can

be calculated using the previous calculated dopant:monomer ratio.

Hole mobilities (un) are directly measured from the AC Hall measurement. The DDB-F7,
concentration used in the AC-Hall measurement is 1 mM. The dopant concentration used in NR is
0.85 mM since higher dopant concentration makes the film too rough to get a reasonable fitting.
If we assume the mobile carrier mobility measured by AC Hall is the same as in NR, we can use
unand conductivities (o) measured using the same sample sets as NR to calculate the hole densities

(nHan) using the following equation;

doping ef ficiency = ——Hall__ 2)

dopant density
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S3 GIWAXS for P3HT films doped with DDB-Fr2

2-D GIWAXS for DDB-F7, doped RR P3HT with more concentrations can be found in the
supporting information in the previous work.* Below are the 2-D GIWAXS for DDB-F7, doped

RRa P3HT and RR P3HT for this work..
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Figure S1: 2-D GIWAXS for (a) RRa P3HT, (b) RRa P3HT doped with 0.3 mM DDB-Fz.,
(c) RRa PSHT doped with 1 mM DDB-Fz, (d) RR P3HT and (e) RR P3HT doped with 1
mM DDB-F7. For the amorphous RRa P3HT, crystalline structures start to form at 0.3
mM DDB-F72 doping level as shown by the appearance of lamellar overtones. Doping with
DDB-F72 is shown to induce crystallinity in RRa P3HT polymer film, producing a similar
crystalline structure in both RR and RRa P3HT at 1 mM dopant concentration.
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S4 Crystallinity change of FATCNQ and DDB-Fr72 doped RRa P3HT

Table S3. Crystallinity change of DDB-F72 and F4sTCNQ doped RRa P3HT

Normalized | RRa P3HT | F.TCNQ F,TCNQ | F.TCNQ F,TCNQ | DDB-Fx
to (100) (4 mM) (2 mM) (1 mM) (0.02 mM) (1 mM)
Peak Area 1 1.66 0.75 ~0.54 0.28 0.65

The above table summarizes the crystallinity changes of RRa P3HT doped with F4aTCNQ
and DDB-F72. The crystallinity is estimated by integrating the (100) peak area along the full chi
distribution due to the untextured structure of RRa P3HT. The integrated peak area is normalized
to the pristine RRa P3HT by taking the ratio of the integration of doped RRa P3HT (100) peak
area over pristine RRa P3HT (100) peak area. All the datapoints are published data,®!*2 except the
1 mM F4sTCNQ datapoint is estimated by fitting a linear trend line over other FATCNQ

concentration data.

Table S3 indicates that Fs TCNQ and DDB-F72 doping induce similar crystallinity in RRa
P3HT. This shows that the reduced Coulombic binding of polarons from the DDB dopant
counterions in amorphous polymer regions is the key to the improved conductivity seen in the

DDB-F72 case.

86



S5 GISAXS for DDB-F72doped P3HT
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Figure S2: 2-D GISAXS for (a) RR P3HT, (b) RR P3HT doped with 0.03 mM DDB-Fz, (c)
RR P3HT doped with 0.3 mM DDB-F72 and, (d) RR P3HT doped with 1 mM DDB-F7s.
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Figure S3: 2-D GISAXS for (a) RRa P3HT, (b) RRa P3HT doped with 0.03 mM DDB-Fr.,
(c) RRa P3HT doped with 0.3 mM DDB-Fr, and (d) RRa P3HT doped with 1 mM DDB-
Fra.
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S6 Simulation for RR and RRa P3HT
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Figure S4: Calculated structure factor for RRa P3HT. The percent RRa indicates the
percentage of thiophene units that are flipped, i.e. for 50% RRa, half of the thiophene units
are randomly flipped. (b) shows the broad peak at 1.5 q

Simulation Methods

MD simulations and calculations were carried out using the GROMACS package.®*! DFT
calculations were carried out using Gaussian'? with PBE0-D3/6-31G(d,p). The parameters for the
forcefield and the charges are listed below. The parameters for the monomers whose thiophene
units are flipped are not changed. Identical dihedral angle potential for the inter-thiophene bond
are used for all monomers. All the simulations were carried out with periodic boundary conditions
in all three axes in the isothermal-isobaric (NPT) ensemble using the Berendsen thermostat with
T, = 5.0 ps. The pressure is set at 250 bar, respectively, to match the experimental density of pure
P3HT films. A timestep of 1 fs and a leap-frog integration algorithm were used. Electrostatics
were treated using the Fast smooth Particle-Mesh Ewald (SPME) with cutoff at 1.4 nm, Fourier
spacing of 0.12 nm, and PME order of 4. The van der Waals cutoff was set at 1.4 nm. For
thermodynamic integration, a soft-function with o = 0.3 and a = 0.5 is used for lambda. An

example mdp file, which sets all the MD parameters, is also included. Each system is annealed
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starting at 500 K at 2.5 ns, then at 400 K at 2.5 ns. Finally, at 300 K for 5 ns. The structure factors
are calculated using the last ns of the trajectory. Structure factor is calculated using GROMACS’s

build-in function which uses an FFT algorithm.
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Scheme S1 Atom labels for the forcefield parameters

Table S4 LJ parameters

o (nm) e (kI mol?)

P3HT
S 0.360 0.355
C1,C2,C3, C4 0.355 0.355
H2 0.242 0.242
CS1, CS2, CS3,
G Con, o6 0.350 0.350

HS11, HS12, HS21, HS22,
HS31, HS32, HS41, HS42, 0.250 0.250
HS51, HS52, HS61, HS62, HS63
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Table S5 Bond Parameters

by (nm)  kj (kJ mol nm2)

P3HT
S-C1 0.1743 0.1734
S-C4 0.1,25 0.1734
C1l-C2 0.1367 0.1374
C1-C4 0.1458 0.1450
C2-C3 0.1430 0.1433
C2-H2 0.1084 0.1082
C3-C4 0.1374 0.1374
C3-CSs1 0.1501 0.1509
CS1-HS11, CS1-HS12 0.1092 0.1098
CS1-CS2, CS2-CS3, CS3-Cs4,
CS4-CS5, CS5-CS6 0.1529 0.1542
CS2-HS21, CS2-HS22,
CS3-HS31, CS3-HS32,
CS4-HS41, CS4-HS42, 0.1090 0.1095
CS5-HS51, CS5-HS52,
CS6-HS61, CS6-HS62, CS6-HS63
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Table S6 Angle Parameters

0, (deg) k_6 (kJ molrad?)

P3HT

C1-S-C4 91.6 92.77

S-C1-C2 110.3 110.3

S-C4-C3 111.2 110.3

S-C1-C4 120.4 119.6
C2-C1-C4 128.4 130.1
C3-C2-H2 123.3 123.7
C1-C2-C3 114.0 113.3
C2-C3-C4 111.8 113.3
C1-C2-H2 122.6 123.0
C2-C3-Cs1 122.8 123.4
C4-C3-Cs1 125.4 124.5
C3-CS1-HS11, C3-CS1-HS12 111.3 109.2
C3-CS1-CS2 115.6 1154

CS1-CS2-CS3, CS2-CS3-CS4,

CS3-CS4-CS5, CS4-CS5-CS6 127 112.7

HS11-CS1-HS12 108.6 107.8
HS21-CS2-HS22, HS31-CS3-HS32,

HS41-CS4-HS42, HSB1-CS5-HS52, | - o 078

HS61-CS6-HS62, HS61-CS6-HS63,
HS62-CS6-HS63

HS11-CS1-CS2, HS12-CS1-CS2,
CS1-CS2-HS21, CS1-CS2-HS22,
HS21-CS2-CS3, HS22-CS2-CS3,
CS2-CS3-HS31, CS2-CS3-HS32,
HS31-CS3-CS4, HS32-CS3-CS4,
CS3-CS4-HS41, CS3-CS4-HS42,  110.7 110.7
HS41-CS4-CS5, HS42-CS4-CS5,
CS4-CS5-HS51, CS4-CS5-HS52,
HS51-CS5-CS6, HS52-CS5-CS6,
CS5-CS6-HS61, CS5-CS6-HS62,
CS5-CS6-HS63
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Table S7 Dihedral Parameters

(kJ mol ) Cco c1

C2

C3 C4

C2-C1-S-C4, S-C1-C2-H2, S-C1-C2-C3,
C1-5-C4-C3, C1-S-C4-C1, C1-C2-C3-CS1,
C1-C2-C3-C4, H2-C2-C3-CS1, H2-C2-C3-C4,
C2-C3-C4-S, C2-C3-C4-C1, CS1-C3-C4-S,
CS1-C3-C4-C1, C4-C1-S-C4, C4-C1-C2-H2,
C4-C1-C2-C3

30.33 0

C2-C3-CS1-HS11, C2-C3-CS1-HS12,
C2-C3-CS1-CS2, C4-C3-CS1-HS11, 0 0
C4-C3-CS1-HS12, C4-C3-CS1-CS2

C3-CS1-CS2-HS21, C3-CS1-CS2-HS22 0.9665 2.900

-30.33

0

C3-CS1-CS2-CS3 2929 -1.464 0.2092

HS11-CS1-CS2-HS21, HS11-CS1-CS2-HS22,
HS11-CS1-CS2-CS3, HS12-CS1-CS2-HS21,
HS12-CS1-CS2-HS22, HS12-CS1-CS2-CS3,
CS1-CS2-CS3-HS31, CS1-CS2-CS3-HS32,
CS1-CS2-CS3-CS4, HS21-CS2-CS3-HS31,
HS21-CS2-CS3-HS32, HS21-CS2-CS3-CS4,

HS22-CS2-CS3-HS31, HS22-CS2-CS3-HS32,
HS22-CS2-CS3-CS4, CS2-CS3-CS4-HS41,

CS2-CS3-CS4-HS42, CS2-CS3-CS4-CS5,

HS31-CS3-CS4-HS41, HS31-CS3-CS4-HS42,
HS31-CS3-CS4-CS5, HS32-CS3-CS4-HS41, 0.6276  1.883
HS32-CS3-CS4-HS42, HS32-CS3-CS4-CS5,
CS3-CS4-CS5-HS51, CS3-CS4-CS5-HS52,
CS3-CS4-CS5-CS6, HS41-CS4-CS5-HS51,
HS41-CS4-CS5-HS52, HS41-CS4-CS5-CS6,

HS42-CS4-CS5-HS51, HS42-CS4-CS5-HS52,
HS42-CS4-CS5-CS6, CS4-CS5-CS6-HS61,
CS4-CS5-CS6-HS62, CS4-CS5-CS6-HS62,

HS51-CS5-CS6-HS61, HS51-CS5-CS6-HS62,

HS51-CS5-CS6-HS63, HS52-CS5-CS6-HS61,
HS52-CS5-CS6-HS62, HS52-CS5-CS6-HS63

S-C4-C1-S, C3-C4-C1-C2 0.4377 -0.3997
S-C4-C1-C2, C3-C4-C1-S 0.4377 0.3997

C4-C3-S-C1 (imprope) 180 4.602
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-3.027
-3.027

—-3.866 0
-1.674 0

-2.510 0

1.712 -0.8584
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Table S8 Partial Charges

q

P3HT FF1
S -0.011

C1 0.118
C2 —-0.260

H2 0.155

C3 0.078
C4 -0.118
Cs1 -0.114

HS11, HS12 0.053
CS2 0.074
HS21, HS22 —0.005
CS3 —0.036

HS31, HS32 0.002
CS4 -0.014

HS41, HS42 0.002
CS5 0.17
HS51, HS52 -0.031
CS6 -0.215

HS61, HS62, HS63 0.043
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Below is the mdp file used for the calculation.

title = cpeptid position restraining
cpp = Jusr/bin/cpp
constraints = none
integrator = md

dt = 0.001 ;ps!
nsteps = 10000000 ;total 1.0 ps.
nstcomm = 100
nstxout = 10000
nstvout = 10000
nstfout =0

nstlog = 100
nstenergy = 100
nstlist = 100
ns_type = grid

rlist =10
coulombtype =PME
vdwtype = cut-off
rcoulomb =10
rvdw =10
fourierspacing =0.12
fourier_nx =0
fourier_ny =0
fourier_nz =0
pme_order =4
ewald_rtol =1le-5
optimize_fft = yes

pbc = Xyz

periodic-molecules = yes
; Berendsen temperature coupling is on
Tcoupl = v-rescale

tau t=0.1

tc-grps =system

ref_t= 300

; Pressure coupling is on
Pcoupl = berendsen
pcoupltype = isotropic
; Pcoupl = no
tau_p =50
compressibility = 4.5e-5
ref_p = 250.0

: Generate velocites is on at 300 K.
gen_vel = yes
gen_temp = 500.0

: Anneal

annealing = single

annealing-npoints = 3
annealing-time = 02500 5000
annealing-temp = 500 400 300
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Chapter 4. Tuning the Structure of P3HT by Rub-Aligning to Control the Propensity for

Chemical Doping
4.1 Introduction

Semiconducting polymers are predicted to find wide use in future electronic devices
because of their low cost, versatility, scalability, and solution processability.!® Undoped
semiconducting polymers are inherently poor conductors due to their wide band gaps and low
density of intrinsic charge carriers.® As a result, doping is required to generate the carriers that
make semiconducting polymers conductive.!® Similar to impurity doping in inorganic
semiconductors, semiconducting polymer doping occurs via charge transfer between the polymer
and dopant molecules introduced into the polymer film.!* Electrons can be either injected into the
polymer conduction band (n-type) or withdrawn from the polymer valence band (p-type) to
determine the majority carrier type in the film.'>1® Most studies focus on p-type semiconducting

polymers due to their better stability than n-type materials.'*

In addition to selecting a dopant with a redox level that matches or exceeds the valence
band energy of a semiconducting polymer, it is also critical to understand the structural changes
of the host polymer during dopant introduction. Semiconducting polymer films are usually
semicrystalline, containing both crystalline and amorphous regions.*® Our previous work shows
that the polymer's degree of crystallinity can affect charge mobility by controlling where the
dopants reside in the polymer film's structure.'® Compared with amorphous regions, crystalline
regions are easier to dope and the resulting carriers have better mobility.”*® This means that the
macroscopic doped polymer film conductivity is governed by the structure and extent of the
crystalline regions.®. For this reason, it is crucial to understand how a conjugated polymer’s

crystalline structure affects the doping process.
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It has been well-established that when semiconducting polymers become doped, dopant
molecules intercalate into the lamellar side-chain regions of the polymer crystallites.?’ Due to
limited space in the lamellar region, the crystallite structure must often undergo a phase transition
to accommodate the dopant molecules, resulting in a new crystal structure with an extended side
chain distance and decreased m-m distance.!®??2 Many doped conjugated polymer systems,
including doped polymers that have undergone anion exchange, exhibit such a structural
rearrangement.?%?1.2-25 Interestingly, our previous work shows that very large (~2 nm dia.)
dodecaborane-based dopants also intercalate into the polymer lamellar side-chain region, in this
case leading to a doubling of the crystallite lamellar spacing.?®?” Such structural rearrangement
upon doping does not happen if there is steric hindrance in the lamellar region, as shown by
Thomas et al., who found that the use of branched side chains on a poly(3-hexylthiophene-2,5-
diyl) (P3HT) derivative forced the dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

(FATCNQ) to m-stack with the polymer backbone, changing the nature of the doping.?®

Among doped semiconducting polymers, the FATCNQ-doped P3HT system is well-studied.
P3HT crystallites have a monoclinic unit cell with tilted side chains.?® P3HT has been shown to
form both edge-on (i.e., alkyl side chains contacting the substrate) and face-on (i.e., backbone rings
contacting the substrate) crystallites depending on processing conditions and substrate interfacial
energy.®%-23 Work from Brinkmann and co-workers showed that rubbing P3HT films aligns the
polymer chains, resulting in high crystallinity along the backbone direction.?**-3" Electron
diffraction (ED) showed that the rub-aligned films are composed of both face-on and edge-on
oriented P3HT polymorphs.?-2335 These workers were able to use the aligned P3HT system to
investigate how the P3HT crystalline structure changed upon doping by separating the different

lattice directions. They found that when F4ATCNQ intercalates into the polymer lamellar side chain
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region, the polymer side chains untilt, resulting in a new unit cell structure. 2* We note, however,
that the use of ED in their work, which can only probe in-plane periodicity, means that the observed
structure changes were based on examining the lamellar distance in face-on doped P3HT

polymorphs and the n-r distance in edge-on polymorphs.

In this work, we build on this previous work by using 2-D grazing-incidence wide-angle
x-ray scattering (GIWAXS)®8 to fully characterize the structures of both the edge-on and face-on
polymorphs in FATCNQ-doped rub-aligned P3HT films. GIWAXS reveals that although the two
polymorphs have similar crystal structures, their unit cells are in fact somewhat different.
Compared to the edge-on P3HT polymorph, the face-on P3HT polymorph has a slightly larger
lamellar spacing, less tilted side chain angle, and smaller n-n distance. We then show that by
starting with a very low doping concentration and increasing the doping in small steps, we can
examine a region where both undoped and FATCNQ-doped polymorphs coexist. We find that the
face-on P3HT polymorph becomes doped first, followed by the edge-on P3HT polymorph at
higher doping concentrations. We argue that this results from the fact that the undoped face-on
polymorph has a crystal structure that is more akin to the final doped crystal structure, explaining
why it is easier to dope. This finding demonstrates that even minor variations in the initial polymer
crystallite structure strongly influences the ease of conjugated polymer doping, and suggests a

strategy to design new polymers that are easier to dope.
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4.2 Experimental and Methods

Materials

Poly(3-hexylthiophene-2,5-diyl) (Mn = 50-70 kg/mol, regioregularity 91-94%) was
purchased from Rieke metals inc. F4-TCNQ (Purity > 99.0%) were purchased from Ossila. 1,2
dichlorobenzene (anhydrous, 99%), Acetonitrile (anhydrous, 98%), and Dichloromethane
(anhydrous, 99.8% with 40-150ppm of amylene as a stabilizer) were purchased from Sigma-

Aldrich.

Experimental Methods

Aligned Film Fabrication

P3HT films were prepared on ~1.5 x 1.5 cm substrates (glass or silicon). The substrates
were cleaned sequentially with Alconox detergent, deionized water, isopropanol, and acetone.
Immediately after washing, the substrates were plasma cleaned using Harrick Plasma Cleaner
PDC-32G for 15 minutes. Substrates were then transferred to a nitrogen glove box and spin-coated
with 20 mg/mL P3HT in 1,2 dichlorobenzene. Spin coating was done at 1000 rpm for 60 seconds,
followed by 4000 rpm for 5 seconds to remove excess solvent. Next, the pre-cast P3HT films were
transferred to an argon glove box for rub-aligning. The rub-aligning was done by heating the pre-
cast P3HT films to 140°C and translating it across a rotating microfiber wheel. The aligned films
were doped with FATCNQ at the stated concentrations and solvent through a second spin coating

step at 4000 rpm for 10 seconds.
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Spectroscopy

Polarized UV-Vis absorptions were done using a Shimadzu UV3101PC Scanning
Spectrophotometer. All samples for polarized UV-Vis absorptions were prepared on glass

substrates.
GIWAXS

Samples were prepared on silicon substrates. Measurements were performed on beamline
11-3 at the Stanford Synchrotron Radiation Lightsource. The beam wavelength is 0.9742 A and
incidence angle is 0.12°. Samples were placed in a helium chamber to increase signal-to-noise.
The sample to detector distance is 250 mm and the spot size on the image plate is ~150 um. The
2-D diffractograms were radially integrated with 0-10° and 80-90¢ to obtain the in-plane and out-
of-plane diffraction patterns. The Nika macro was used to calibrate the beam and the WAXStools

macro was used to reduce the GIWAXS data and for subsequent analysis in IgorPro.
4.3 Results and Discussions

To carry out our studies, we utilized the high-temperature rubbing method introduced by
Brinkmann and co-workers to obtain highly-aligned P3HT films.** First, P3HT was spin-coated
onto glass substrates from 1,2-dichlorobenzene (ODCB) to produce films of uniform thickness.
The P3HT films were then rub-aligned using a microfiber wheel while being heated (see the
Supporting Information, Sl, for more details). The degree of film alignment was then characterized
using polarized UV-Vis spectroscopy, in which the polarized light was oriented parallel (||) or

perpendicular (L) to the direction of rub alignment.
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Figure 4.1: Polarized UV-Vis absorbance of (a) unaligned P3HT and aligned P3HT in the
parallel (| |) and perpendicular (1) directions. Aligned P3HT shows anisotropic
absorbance spectra in the two polarization directions. (b) Aligned P3HT doped by
F4ATCNQ at varied concentrations in the (b) parallel and (c) perpendicular directions. Both
the decreasing bandgap transition and increasing P2 transition in the parallel direction
indicate higher doping level with increasing dopant concentration. F4ACTNQ does not
appear to dope polymer species visible in the perpendicular direction. Absorbance features
of the FATCNQ dopant anion in the perpendicular direction indicate the long axis of the
F4TCNQ molecule is perpendicular to the PSHT backbone.

Figure 4.1a shows polarized UV-Vis spectra of unaligned (orange curve) and rub-aligned
(red curve for || and blue curve for L) P3HT films. The polarized absorbance of the aligned film
shows significant anisotropy, with a dichroic ratio of ~14 at 610 nm, comparable to previous
work.®>% |n addition to the anisotropy, the absorption spectrum of the rub-aligned film is quite
different from the unaligned film, showing that rub-alignment has had a significant effect on the

film’s structure. The isotropic absorbance of unaligned P3HT shows a vibronic progression with

103



peaks at 2.03 eV (0-0 transition, Ago) and 2.23 eV (0-1 transition, Ao-1). In contrast, the aligned
P3HT films shows an absorption spectrum polarized in the parallel direction with a larger Ao-o-to-
Ao-1 peak ratio than is seen with unaligned P3HT. This results from improved intrachain coupling
caused by backbone straightening during rub-aligning (Figure 4.1a).%°*? With perpendicular
polarization, rub-aligned P3HT reveals a blue-shifted absorbance peak with no vibronic features,

likely corresponding to the residual absorbance of short or amorphous polymer chains.?
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Figure 4.2: (a) 2D GIWAXS pattern for aligned PSHT in the parallel direction. Integrated
(b) (100) lamellar and (c) m-stacking peak of aligned P3HT for the edge-on and face-on
oriented crystallites, based on panel (a). Face-on P3HT has a larger lamellar side chain
spacing and smaller no-stacking distance compared to edge-on P3HT.
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Although polarized UV-Vis spectroscopy can help determine the degree of polymer
alignment, it does not provide details on the structure and orientation of polymer crystallites. This
is why we employed GIWAXS to determine the structure of the polymer crystallites in rub-aligned
P3HT films.*** As illustrated in Figure S1a, the crystallites in unaligned P3HT films usually adopt
an edge-on orientation with respect to the substrate.*® The out-of-plane diffraction peaks
corresponding to the unit cell distance along the lamellar side chain direction are designated (100),
(200), and (300), while the in-plane diffraction peak corresponding to the m-stacking distance is
labeled (020).%® We note that the P3HT monomer repeat distance and the n-stacking distance have

comparable length scales, so these two peaks can be difficult to distinguish.?

As mentioned in the Introduction, when FATCNQ dopants infiltrate into the lamellar region
of unaligned P3HT cyrstrallites, the side-chains are straightened, resulting in a new crystalline
structure with an increased side-chain distance (Figure S1c orange curve) and decreased n-stacking
distance (Figure S1d orange curve).?! Figure 4.2a shows a GIWAXS diffraction pattern for a rub-
aligned P3HT film in which the X-ray beam is incident parallel to the rub-alignment direction.
Unlike with unaligned films, both lamellar and n-stacking diffraction peaks are seen in both the
in-plane and out-of-plane directions, suggesting the coexistence of edge-on and face-on P3HT
polymorphs. Integrating the diffraction peaks along g in the different directions reveals differences
between the two crystalline structures. The face-on P3HT polymorph has a larger lamellar distance
and a smaller n-stacking distance than the edge-on polymorph, as seen in Figures 4.2b, c, and the
face-on polymorph has a less tilted unit cell. We note that the face-on P3HT polymorph has a more
similar structure to that of FATCNQ-doped P3HT than the edge-on polymorph. In what follows,

we will take advantage of the fact that we can easily observe the two differently-oriented
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polymorphs to showthat the subtle differences in structure between the edge-on and face-on P3HT

polymorphs affect the energetics for doping.

To examine the effect of crystallite structure on doping, we doped rub-aligned P3HT films
with FATCNQ at low concentrations in small increments to capture the doping phase transition
point of both the edge-on and face-on P3HT polymorphs. The films were doped using sequential
processing (SgP), in which dopant solutions were spin-coated onto rub-aligned P3HT films from
solvents that swell but do not dissolve the polymer, an approach that generally preserves the
underlying film morphology while doping.*® The polarized absorption spectra of rub-aligned
P3HT films doped with different concentrations of FATCNQ are shown in Figure 4.1b, c. The fact
that the polarized absorption is still anisotropic indicates that most of the alignment is retained

through the SqP doping process.?!
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Figure 4.3: (a)-(e) 2D GIWAXS patterns of aligned P3HT doped with different
concentrations of FATCNQ in ACN (parallel direction). Face-on-oriented P3HT dopes first
at 0.02 mg/ml F4ATCNQ, then edge-on P3HT dopes at 0.03 mg/ml FATCNQ. (f) 2D GIWAXS
pattern of aligned P3HT doped with 0.01 mg/ml FATCNQ in DCM. (g) 1D integrated
GIWAXS patterns along the altitudinal angle x of the lamellar (300) peak of undoped,
0.02 mg/ml and 0.05 mg/ml FATCNQ-doped aligned P3HT. Compared with undoped face-
on P3HT, the doped phase has a narrower y -distribution, indicating more parallel with
the substrate.
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As is well documented, doping P3HT bleaches the bandgap transition and generates new
intraband electronic states, which are usually labelled P1 and P2 in order of their energy. The P2
transition near 1.5 eV is visible in Figure 4.1b only using light polarized along the alignment
direction, as also seen previously by Brinkmann and co-workers.*® With the perpendicular
polarization, only the absorption spectrum of the FATCNQ anion is seen in this spectral region,
showing that the F4ATCNQ dopant counterions sit in the crystallite with their long axis oriented
perpendicular to the P3HT backbone. Taken together, the data in Figure 4.1 indicate that at these
low doping concentrations, only aligned crystallites are doped. This fits with previous work that

also found that crystalline regions doped more easily than amorphous regions.*®

We can gain molecular insight into the nature of the aligned doping process using
GIWAXS. Figures 4.3a-e show GIWAXS diffraction patterns of the same samples whose
polarized absorption spectra are characterized in Figures 4.1b, c. All the samples exhibit out-of-
and in-plane diffraction peaks, indicating co-existence of face-on and edge-on polymorphs
throughout the doping process. Close inspection of the data shows that the face-on P3HT
polymorph ((h00) peaks lying in-plane) has a doubled lamellar peak when the FATCNQ dopant
concentration is 0.02 mg/ml, as seen in the white box in Figure 4.3b. Figures 4.4a, ¢ show the 1D
radial integration patterns of face-on and edge-on P3HT lamellar peaks in Figure 4.3a-e. The (200)
peak in Figures 4.4a, c is enlarged in Figures 4.4b, d. The doubled lamellar peak in Figure 4.4b
(orange curve) further confirms the doubled lamellar diffraction spots in Figure 4.3b. Such
doubled lamellar peak has been observed in FATCNQ doped unaligned P3HT film (Figure S1b-d).
The presence of two different peaks implies phase coexistence, as is expected to occur during a
first-order phase transition in which a discrete change in system energy occurs that favors the

nucleation of the new phase within the existing phase.*’ Crucially, the edge-on polymorph ((h00)
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F4TCNQ, followed by edge-on P3SHT at 0.03 mg/ml.

peaks lying out-of-plane) shows no such peak doubling at this concentration, indicating that the
face-on and edge-on polymorphs undergo different doping kinetics. Thus, the data in Figure 4.3b
and 4.4b indicate that the face-on P3HT polymorph becomes doped and undergoes a phase
transition at a 0.02 mg/ml FATCNQ dopant concentration, while the edge-on P3HT polymorph
remains undoped. Figure 4.3c (inside white box) and Figure 4.4d (green curve) show that upon
increasing the concentration of FATCNQ to 0.03 mg/mL, the doping phase transition for the face-
on P3HT polymorph continues and the edge-on P3HT begins to show its doping-induced phase
transition. By 0.05 mg/ml FATCNQ concentration, both the face-on and edge-on P3HT
polymorphs have completed their doping phase transition, as indicated by Figure 4.3e and Figure

4.4b, d (navy blue curve). In general, the appearance of the face-on lamellar double-peak of before
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that of edge-on P3HT in Figure 4.3 and 4.4 provides evidence that the face-on polymorph is easier

to dope.

The results in Figure 4.3 and 4.4 lead to the question of whether the difference in doping
onset for the face-on and edge-on polymorphs is due to different energetics for doping these
different structures or different kinetics in accessing the different polymorphs during the doping
process. For example, if the face-on-oriented crystallites were primarily located at the upper part
of the film from the rubbing process, they might be easier to access during sequential doping than
edge-on oriented crystallites that might lie closer to the substrate. Indeed, the data shown in
Figures 4.3 and 4.4 were taken on rub-aligned P3HT that were sequentially doped using
acetonitrile (ACN), a poor swelling solvent for P3HT that might not provide good access to the
bottom of the film. Thus, to make sure that swelling kinetics were not important in the observed
order of the doping phase transition, we repeated the experiment using dichloromethane (DCM)
as the doping solvent; DCM is an excellent swelling solvent for P3HT, allowing large molecules
like fullerenes to penetrate all the way to the substrate through thick polymer films.?® Figure 4.3f
(along with additional data in Figure S4) shows that the use of DCM lowers the concentration
needed to start the doping transition to 0.01 mg/mL FATCNQ, consistent with the better swelling,
but it also shows that the face-on P3HT polymorph still dopes first. This supports our theory that
the face-on P3HT polymorph dopes more easily because its initial crystallite structure is closer to

the final doped structure.

Lattice spacings calculated based on the lamellar and n-stacking peak positions of doped
and undoped face-on and edge-on P3HT polymorphs are shown in Table S1. The lattice spacings
of the two doped polymorphs are same (17.94 A for lamellar distance and 3.55 A for n-n distance).

The undoped face-on polymorph has a larger lamellar distance (16.53 A) than edge-on polymorph
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(16.10 A), and a smaller pi-pi distance (3.76 A) than edge-on polymorph (3.78 A). So the spacing
of the face-on P3HT polymorphs is closer to that of the doped structure. Thus face-on P3HT
polymorph requires less structural rearrangement to reach the final doped structure, which
translates into less energetics to transform to the doped phase. Face-on P3HT polymorph also has
a smaller n-stacking distance than edge-on one, which may lead to greater polaron delocalization
as a stabilizing factor initially upon doping and prior to crystallite rearrangement. The reason for
the preferential doping of the face-on polymorph at low dopant concentrations likely lies in a
balance of these two factors. The difference in doping order of edge-on and face-on P3HT
polymorphs is therefore attributed to the more similar structure of the face-on P3HT polymorph to
that of the doped one. This similarity makes it more energetically favorable to dope the face-on

polymorph first.

An interesting consequence of the changes in lattice spacings observed is the narrowing of
the y-angular distribution of the face-on polymorph fraction. 1D integrated patterns of the (300)
lamellar peak of undoped, partially doped (0.02 mg/mL FATCNQ), and fully doped (0.05 mg/ml
FATCNQ) aligned P3HT films are shown in Figure 4.3g. The (300) peak of the doped film is
observed to have a broader distribution in altitudinal x-angle (~15° FWHM) than the undoped film
(~30°). This difference is mirrored in the partially doped film, in which the doped phase has a
broader distribution in altitudinal x-angle (~20°) than the undoped phase (~30°) of the same film.
Because the y-distribution of a diffraction peak relates to the angular distribution of crystallites in
the film, the face-on crystallites align more parallel to the substrate when doped. This effect is
possibly due to interactions between the expanding crystallites; as the face-on crystallites expand
in the lamellar stacking direction during doping, they exert torque on each other through points of

contact that aligns them more mutually parallel. Crystallite expansion upon doping is thus
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observed to be an ordering force, reducing some of the angular disorder produced during the rub-

aligning process.

4.4 Summary

In summary, we have shown that rub-aligned P3HT contains two different crystalline
polymorphs: the typical edge-on oriented polymorph seen in unaligned films, and a new rub-
induced polymorph that sits face-on to the substrate and has a slightly larger lamellar and slightly
smaller p-stacking spacing than the edge-on polymorph. The fact that the two polymorphs are
oriented in different directions allows us to use GIWAXS to investigate how slightly altering the
crystal structure of a polymer changes its propensity to be doped. We find that the face-on
polymorph undergoes its first-order doping phase transition more easily than the edge-on
polymorph. This is because the initial crystallite structure of the face-on P3HT polymorph is more
similar to the final doped P3HT structure, providing either a lower barrier to doping or a larger
thermodynamic driving force. This finding provides a design rule for creating new
semiconducting polymers that are more easily doped: the more the undoped crystal structure
resembles the doped crystal structure, the easier it will be to insert dopants because the energetics

of making the phase transition are more favorable.
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4.5 Supporting Information

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)
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Figure S1: (a) GIWAXS for unaligned P3HT. P3HT is in edge-on texture. Lamellar peaks
are out-of-plane and labeled as (100), (200) and (300). Monomer peak and m-m stacking
peak are in-plane and labeled as (002) and (020). (b) P3HT doped with 0.01 mg/ml
FATCNQ. Lamellar overtones show the doubled lamellar peak, indicating the co-existence
of undoped and doped P3HT (first-order phase transition). (c) Integrated lamellar peaks
and (d) i peaks of FATCNQ doped P3HT.
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Figure S2: Peak fitting of 0.01 mg/ml FATCNQ doped P3HT with undoped and doped
P3HT peaks. (a) (200) peak fitting, (b) (020) peak fitting.
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Figure S3: x integration of (100) lamellar peak of unaligned and aligned P3SHT (parallel

direction). Unaligned P3HT is edge-on texture, aligned PSHT has both edge-on and face-
on textures.
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Figure S4: GIWAXS for aligned P3HT parallel direction (a), aligned P3HT SqP doped from
DCM with 0.01 mg/ml FATCNQ (b), 0.02 mg/ml FATCNQ (c), 0.03 mg/ml FATCNQ (d),
0.04 mg/ml FATCNQ (e), 0.05 mg/ml FATCNQ. Face-on P3HT gets doped first at 0.01
mg/ml FATCNQ, followed by edge-on P3HT which gets doped at 0.02 mg/ml FATCNQ.

Table S1: Lamellar and n- ©t distance of undoped and doped aligned P3HT edge-on and

face-on polymorphs.

Face-on Doped face-on Edge-on Doped edge-on
Lamellar Distance (A) 16.53 17.94 16.10 17.94
r Distance (A) 3.76 3.55 3.78 3.55
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Chapter 5. Controlling Co-assemblies of Amphiphilic Polymers and Small Molecule

Acceptors that Facilitate Excited-State Electron Transfer
5.1 Introduction

Photoinduced electron transfer (PET) has many applications including catalysis, water
splitting, and organic photovoltaics (OPVs), to name a few.* For PET to occur, the optically
accessible excited state of the electron donor must be aligned with a low-lying unoccupied
molecular orbital on the electron acceptor so that electrons can transfer from the photoexcited
donor to the acceptor. Excitons created on the donors after absorbing light can charge separate to

pass the excited electron to the acceptor, leaving behind a positively-charged hole on the donor.

Biological photosynthesis is a representative PET system. The precise packing of acceptor
molecules around the primary porphyrin-based electron donor enables charge separation with near
unity quantum yield.® Inspired by this incredibly efficient natural process, researchers have made
tremendous progress in mimicking many aspects of photosynthesis by building charge-transfer
complexes based on small light-absorbing molecules.®” Although many of these systems can
achieve efficient charge transfer, there are two main drawbacks. First, small-molecule charge-
transfer complexes have a limited number of accessible crystal structures, so the relative
orientations of the donor and acceptor are hard to control. For example, co-crystals of
tetrathiafulvalene (TTF) and tetracyanoquinodimethane (TCNQ) need to have segregated stacking
to have high conductivity, but many crystallization conditions produce mixed stacking complexes.®
In addition, some small-molecule charge-transfer complexes produce integer charge transfer while
others only yield fractional charge transfer, further complicating matters.® Second, small-molecule
charge-transfer systems often have low charge transport efficiency after charge separation due to

the lack of an extended charge carrier propagation network. This means that the electron will often
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transfer back to the donor molecule, resulting in charge recombination.® Natural photosynthesis
avoids this problem by utilizing a membrane that both facilitates long-range electron transfer and

provides structural connectivity to the various active components.'!*?

One route to achieving similar success in artificial photosynthetic systems without a
membrane is to design one of the charge-transfer components as a matrix that simultaneously acts
as an electron donor (or acceptor), structure director, and charge transport medium. The idea is to
provide a network where the electron transfer direction is different from the charge propagation
direction, which can mitigate photogenerated carrier recombination losses. Examples of such
donor matrices include carbon nanotubes and graphene,®** semiconducting polymers,*>*” and
organogelator materials.'® Among these materials, semiconducting polymers are particularly
interesting due to their synthetically tunable extinction coefficients, narrow band gaps, and broad
absorbance spectra.’®?! The charge transfer direction at a polymer donor/acceptor interface is
typically away from the polymer backbone, while the charge propagation direction is along the

backbone.?223

Because of this anisotropy in the charge transfer and propagation directions and because
they are solution processable, tunable and low-cost, semiconducting polymers have already been
successfully used as PET donors in various optoelectronic fields, such as organic photovoltaics
(OPVs).2#%6 For OPVs, a semiconducting polymer is usually paired in a so-called bulk
heterojunction (BHJ) with an organic acceptor such as a fullerene derivative.*”?” After PET occurs
at the donor-acceptor interface, the separated charges transverse the polymer or the acceptor
network and are eventually extracted to generate current.® One issue with BHJ-based devices is
that it is difficult to control or even characterize the morphology of the interpenetrating BHJ

network, which makes it hard to find the specific molecular conformations that enhance device
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efficiency. One of the goals of this paper is to explore ways to control not only the polymer donor
structure but also the way the polymer packs with acceptors to understand the connections between

specific molecular conformations and device efficiency.

Many groups have worked to control polymer structure and increase molecular order
through methods such backbone and side-chain design,?®3° increasing the overall crystallinity
through enhanced n-stacking,®32 and straightening of polymer backbones via aligned nanopores
or mechanical rubbing.®*** To control how polymers mix with acceptors, researchers have also
developed methods including varying the solvents used for processing, annealing conditions, and
utilizing processing additives, such as 1,8-diiodoctane, to tune the structure of the domains of the
two components.>*3" Clearly, additional methods that can precisely drive and control how

semiconducting polymers co-assemble with acceptors are needed.

To provide exactly this type of control, we have synthesized and studied derivatives of two
amphiphilic ~ semiconducting  polymers, poly(fluorene-alt-thiophene)  (PFT) and
poly(cyclopentadithiophene-alt-thiophene) (PCT), whose chemical structures are shown in Figure
5.1.38% These two amphiphilic polymers are conjugated polyelectrolytes that consist of a
conjugated backbone with side-chains containing two charged ammonium groups per fluorene or
cyclopentadithiophene unit. These polymers were designed such that in polar solvents such as
water, the hydrophobic backbones self-assemble into cylindrical micelles with the charged side
chains interacting with the polar solvent. The controlled and ordered assembly of these polymers
into micelles provides an appropriate platform with which to study PET with various electron

acceptors.

In previous work, we used PFT as a conjugated polyelectrolyte scaffold for co-assembly

with charged fullerene derivates to facilitate PET. PFT form highly ordered and extended polymer
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micelle in water. In turn, the ordered solution-phase assemblies enabled precise positioning of the
acceptors, leading to the formation of long-lived polarons upon photoexcitation.*® Because of the
similarity in chemical structure between PFT and PCT,* we expect that PCT should also form

similar assemblies with electron acceptors such as charged fullerenes.

In this work, we further explore the co-assembly process between ordered semiconducting
polyelectrolytes with different acceptors. We exploit subtle differences in the micelle geometry
of PFT and PCT, the use of acceptors with different shapes and thus different propensities to co-
assemble, and different processing conditions to control the co-assembled structures and thus
excited-electron transfer. Our choice of the two self-assembled semiconducting polymers is based
on the fact that PCT makes straighter micelles than PFT.>®* We then co-assemble these
polyelectrolytes in aqueous solution with amphiphilic electron acceptors that are both flat, based
on perylenediimide (PDI), and spherical, based on fullerenes (Figure 5.1) and study the structures
of the co-assemblies via small-angle X-ray scattering (SAXS). We show via photoluminescence
(PL) quenching that more loose and disordered polymer micelles can form similar co-assemblies
independent of the acceptor shape. In contrast, more tightly ordered polymer micelles co-assemble
with flat acceptors much more easily than spherical ones. We also show that after the initial co-
assembly, solvent annealing can be used to drive additional acceptors, which were previously
excluded due to size constraints, into the polymer micelle structure. Overall, by manipulating the
way semiconducting polyelectrolytes form micelles, we are able to probe the structural factors that
influence excited-state electron transfer and provide insight into their systematic design of artificial

photosynthetic systems.
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5.2 Experimental and Methods
Materials and Sample Preparation.

Synthetic details and characterization of PDI1 (Figure 5.1) can be found in the supporting

information. PFT, PCT and Ceo(Pyl)2 (Figure 5.1) synthesis methods are in previous work.39-41

The various polymer solutions were made by weighing the polymer powders into vials and
stirring into water. Co-assembled solutions were made by first dissolving the polymer in water
prior to directly adding the acceptor powders. All reported polymer/acceptor ratios are by mass.
Note that the two acceptors have similar molecular weight (PDI11 Mw: 751.2, Ceo(Pyl)2 Mw: 624.3),
so that co-assemblies with these acceptors have a similar mole-ratio when they have the same mass
ratio. Tetrahydrofuran (THF) annealing was performed by adding a volume of THF equal to ¥
the volume of the original solution and then stirring overnight before slowly heating to 80 °C to
evaporate the THF. All sample preparations with PCT were done in air-free conditions to avoid
PCT degradation in air. Since PFT does not degrade in air, the PFT experiments were performed

under ambient conditions.
Spectroscopy Measurements.

UV-Visible absorption spectra were acquired using a Shimadzu UV- 3101PC UV-VIS-
NIR Scanning Spectrophotometer for both solutions and films. PL measurements were carried out
using a Jobin Yvon Horiba Fluorolog-3 spectrofluorometer using a front-face geometry for
collecting the emission. Spectroscopic measurements on solutions were performed in a quartz

cuvette with a 1-mm path length.

123



Solution SAXS.

Solution SAXS data were collected at the Stanford Synchrotron Radiation Laboratory
(SSRL) using beamline 4-2. Solutions were loaded in a quartz capillary and held at room
temperature. The scattering X-rays (12 keV) were collected using a 2-D detector and radially
averaged to obtain 1-D data. P(r) plots were obtained using the GNOM software from EMBL. The
smoothed P(r) data was used for bead modeling, using DAMMIN, a Monte Carlo-based modeling
software. The parameters for the DAMMIN bead modeling can be found in the supporting

information.
Cyclic Voltammetry (CV).

CV for PCT and PFT were measured in propylene carbonate with Li/Li* as the reference
electrode and ITO glass as the working electrode, with the counter and reference electrodes being

lithium metal.
5.3 Results and Discussions

Structure of Self-Assembled PFT and PCT Micelles in Water
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Figure 5.1: Molecular structure of poly(fluorine-alt-thiophene) (PFT), poly(cyclo-
pentadithiophene-alt-thiophene) (PCT), charged perylenediimide (PDI1) and charged
fullerenes (Ceo(PyI)2).
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A critical part of our design rules for controlling the polymer and acceptor co-assemblies
lies in controlling the chemical structure of the individual components.3*° PFT and PCT are both
amphiphilic polymers that contain hydrophobic conjugated backbones and hydrophilic
quaternized ammonium side chains branched off a sp® carbon, shown in Error! Reference source
not found.. This tetrahedral site forces the side chains away from the backbone, resulting in a “pie-
wedge” shape for each polymer chain. The individual chains assemble in water into cylindrical
micelles, with the backbone forming the length of the micelle and the side chains forming a

hydrophilic sheath around the conjugated backbone. Since the backbone runs the length of the
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Figure 5.2: (a) Energy levels of PCT, PFT, PDI1 and Ceo(PyI)2. Excited electron transfer
between the polymers and acceptors is possible given their LUMO levels, (b) Absorbance
of PCT and PFT. PCT absorbs at a wider visible light range than PFT, (c) Solution SAXS
of PCT and PFT in water. The power law fit of the curves show that PCT forms a
straighter, cylindrical micelle compared to PFT. (d) Fourier transform of the SAXS data
in (c). Both PCT and PFT shows a cylinder shape profile, but PCT has a smaller micelle
diameter.
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micelle, its geometry determines the longitudinal shape of the micelle. PFT and PCT are both
alternating co-polymers containing thiophene and three-fused ring monomer units. The
cyclopentadithiophene and thiophene subunits in PCT have little steric restriction to rotation, in
contrast to the sterically clashing hydrogens in the fluorene/thiophene units of PFT; this should
lead to an overall straighter polymer backbone for PCT.*® This results in PCT forming straighter,

tighter micelles relative to PFT (Figure 5.1 cartoon).

Optical spectroscopy of the two polymers in aqueous solution are shown in Figure 5.2b.
The bandgap of PCT is shifted to longer wavelengths by about 170 nm in comparison to PFT.
Thus, in addition to creating a straighter, tighter micelles, switching the fluorene unit in PFT with
a cyclopentadithiophene unit in PCT also causes the polymer to absorb more of the visible

spectrum.

Solution SAXS allows for quantitative determination of the shape and size of solution-
phase assemblies.***3 The raw scattering curves are shown in Figure 5.2c. These curves appear
relatively featureless, but fitting the raw data to a power law in the Guinier region can be used to
extract the polymer fractal structure in solution. The slope of the fit indicates the dimensionality
of the object: a slope of 1 indicates a rigid rod or cylinder, a slope of 2 indicates a flat disk, and a
slope of 3 indicates a spherical structure.*** Interactions or fluctuations between different
structures will result in deviations in the slope from the ideal integer values. In the case of cylinders,

deviations from a slope of 1 indicate either branching or bending, a sign of less linear rods.

Figure 5.2c shows the raw solution SAXS data for the two conjugated polyelectrolytes.
The Gunier region of PCT can be fit to a power-law slope of nearly 1, whereas that of PFT has a
slope of 1.5, which is consistent with our previous work.2>*° This indicates that PCT forms a nearly

straight, perfect cylinder in solution, while PFT is more disordered and bent, as predicted based on
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the expected rigidity of their respective backbones. Fourier transformation of the raw solution
SAXS data from Figure 5.2c gives pair-distance distribution functions, P(r), which are used to
correlate the structure of the scattering object by presenting the distribution of electron densities
as a function of the separation distance, r.***” The combination of a peak at lower r followed by a
linear decay is the P(r) signature of a cylindrical structure; the peak at lower reflects the cylinder’s
diameter while the intersection with x axis indicates the cylinder’s length. PCT shows a narrower
peak at lower r than PFT, indicating that PCT forms tighter cylindrical micelles (Figure 5.2d). But

despite this difference, the data make clear that both amphiphilic polymers form cylindrical
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Figure 5.3: PL spectrum of (a) PFT and PDI1, (b) PFT and Ceo(PyD2, (c) PCT and PDI1,
and (d) PCT and Ceo(PyI)2. PDI1 and Ceo(PyD)2 quench PFT PL similarly, but quench PCT
PL differently due to complementary micelle and acceptor geometry. PDI1 is a better fit
for PCT micelle than PFT, thus quench PCT at lower acceptor ratios. Ceo(PyI)2, however,
does not fit in PCT well as compared with PFT due to the size and shape constraint.
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micelles, so both can be used as a scaffold for studying co-assembly and photoinduced charge

transfer.
Spectroscopy and Structure of Co-Assembled Polymers and Acceptors

To probe the effect of electron acceptor structure on co-assembly with our polymer donor
cylindrical micelles, we synthesized two acceptors with drastically different shapes but similar
LUMO levels (cf. Figure 5.2a). PDI1 is a relatively small, flat acceptor with a singly-charged side
chain (Figure 5.1). Similar to PFT and PCT, PDI1 contains an ammonium side chain on one end,
but it also has a long-branched alkyl side chain on the opposite end to help prevent self-aggregation
(Scheme S1, Figures S1-S6). The opposing hydrophilicity of these side chains makes PDI1
amphiphilic. The other electron acceptor is Ceo(Pyl)2, a mixture of four bis-pyrrolidium
functionalized fullerenes, with the placement of the two rings on each fullerene resulting in trans-
like or cis-like adducts (Figure 5.1). The trans-like and cis-like adducts prefer to sit in different
parts of the polymer micelles, and we have previously used such adducts to study photoinduced
charge transfer with PFT.%% It is worth noting that Ceo(Pyl) is poorly water soluble on its own
(Figure S9f), while PDI1 forms aggregates in water that also have limited solubility (Figure S9c).

Thus both acceptors require the amphiphilic polymers to drive their co-assembly in water.

The energy levels of PCT, PFT, PDI1 and Ceo(Pyl)2 are shown in Figure 5.2a. The HOMO
levels of PCT and PFT were determined via CV (Figure S7, 8), and LUMO levels for PCT and
PFT were calculated based on the measured HOMO levels and the optical bandgap in Figure 5.2b.
The LUMO levels of Cso(Pyl)2 and PDI1 are taken from published work.*%* Based on the energy
levels shown in Figure 5.2a, both polymers should be able to undergo PET with both acceptors.

Since both polymers are also quite luminescent, we can therefore use PL quenching as an indirect
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method of assessing how well these assemblies are structured for promoting photoinduced charge

transfer.

Our PL quenching studies begin by mixing each polymer with each acceptor at matching
molar ratios to explore the effect of both acceptor shape and concentration. For ease of comparison,
we normalized the measured PL spectra to that of the polymer without any acceptor polymer PL
intensity to better show the degree of quenching (the corresponding absorption spectra are shown
in Figures S9). The PL quenching of PFT mixed with PDI1 (Figure 5.3a) and mixed with Ceo(Pyl)2
(Figure 5.3b) are identical, with the same acceptor concentration dependence. In contrast, the PL

of PCT is quenched > 20% more with PDI1 (Figure 5.3c) than with the same ratio of Ceo(Pyl)2
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Figure 5.4: P(r) curves of (a) PCT, PDI1 and PCT with PDI1, (b) PCT, Ceo(PyI)2 and
PCT with Ceo(PylI)2. Both PDI1 and Ceo(Pyl): intensity decrease when mixed with PCT
than alone, indicating the co-assembly with the polymer. PDI1 intensity decrease more
in the co-assembly compared with Ceo(PylD)2 because PDI1 forms more complementary
assemblies with PCT. (c) and (d) are zoomed in PCT micelle diameter correlation peak
in (a) and (b). The unchanged peak position in the co-assemblies of both the acceptors
demonstrates that the micelle structure is conserved after acceptor co-assembly.
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(Figure 5.3d). This difference in quenching behavior must be due to structural differences between
the PFT and PCT micelles. PCT forms a more defined and tighter micelle, which leaves smaller
pockets of space to accommodate acceptors compared to the more disordered and looser micelles
of PFT. Thus, the smaller and flatter PDI1 can effectively co-assemble around the PCT micelle,
whereas the spherical bulk of Ceo(Pyl)2 cannot pack well into those same spaces. In contrast, the
more disordered PFT micelles contain spaces that can fit PDI1 and Ceo(Pyl)2 equally well, so that

both acceptors have similar abilities to quench PFT.

Figures 5.3a and 5.3c show that the degree of PL quenching of PCT with PDI1 at a 1:0.6
ratio is similar to that of PFT with PDI1 at a 1:1 ratio. This suggests that PDI1 fits better in the
tight PCT micelles than in the looser PFT micelles. We also see that further increasing PDI1 ratio
(1:1) does not lead to additional quenching of the PCT PL (Figure 5.3c). This is because PDI1 can
aggregates in water (Figure S9c), so that at high concentrations, PDI1 forms soluble self-
aggregates that are too large to fit into a tight PCT micelle. PFT, on the other hand, has many fewer
space constraints for aggregates of PDIL1. This idea also fits what the PL quenching observed with
Ceo(Pyl)2, which is much less soluble in water compared with PDI1 (Figure S9c, f) and thus needs
to form co-assemblies with the polymers to dissolve. With PCT, Ceo(Pyl)2 does not provide any
additional quenching at higher acceptor ratio simply because there is no room for any additional
acceptor in the tight PCT micelle (Figure 5.3d). PFT has more space to incorporate large spherical
acceptors, so at high acceptor ratios, Ceo(Pyl)2 can co-assemble with and quench PFT’s PL better

than PCT’s.

It is worth noting that due to the overlap of the PDI1 absorption and the PFT emission
spectra, PL quenching for this donor/acceptor combination might also be caused by resonant

energy transfer. Energy transfer should not be possible between PCT and PDI1 because PCT’s
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absorption spectrum is too red, and energy transfer also should not be possible from either polymer
to Ceo(Pyl)2, since the latter does not absorb in the visible region. We believe that energy transfer
between PFT and PDI1 plays at most a minor role in the observed PL quenching for several reasons.
First, energy transfer requires fairly strict conditions for the orientation of the donor and acceptor
transition dipole orientations,*® and the loose micelle structure of PFT is unlikely to hold the
chromophores rigidly in the best orientation for energy transfer. Second, we see that at the same
PDI1 concentration, PFT is quenched less than PCT. If both energy and electron transfer were
taking place between PFT and PDI1, we would expect greater PL quenching for this combination
instead of less. Finally, even if some of the quenching were due to energy transfer, the energy
level diagram in Figure 5.2 shows that hole transfer can readily take place between excited PDI1

and PFT, so the net result of any PL quenching event will still be photoinduced electron transfer.

To confirm our picture of space in the different polymer micelles controlling the nature of
the co-assembly and thus degree of PET and therefore PL quenching, we turn to solution SAXS to
quantify the structural changes that take place in our donor/acceptor co-assemblies. In our previous
work, we found that PFT co-assembled with Ceo(Pyl)2 tightly without micelle structure
deformation using solution SAXS. Due to the larger size and poorer water solubility of Ceo(Pyl)2
compared with PDI1, we are confident to infer that PDI1 can also insert into the PFT micelle. Thus,
in this paper, we will only focus on the structure change of the newly synthesized polymer PCT.
Figures 5.4a, b show the P(r) curves for the pure PCT polymer (purple curves), pure acceptors
(light blue, green curves) and PCT/acceptor co-assemblies (dark blue, green curves). Figures 5.4c,
d show the lower r region of the same data as in Figure 5.4a, b but on an expanded scale to better
show the peak representing the PCT micelle diameter. The peak position is unchanged after

incorporating either of the two acceptors, indicating that the size of the micelle is determined
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primarily by the polymer and not by the co-assembly. The correlation peaks at higher r in the co-
assemblies matches those seen in the pure acceptor solutions (at about 180 A for PD11 and centered
at 400 A for Ceo(Pyl)2) and thus likely arises from acceptor aggregates that are not part of the co-
assembly. In fact, when co-assembled with PCT, this correlation peak for both acceptors decreases
in intensity, indicating the some of the acceptor self-aggregation is disrupted by co-assembly with
the polymer, a trend that is greater for PDI1 than Ceo(Pyl)2. This provides another indication that
PDI1 co-assembles better with PCT than Ceo(Pyl)2, as also suggested by the PL quenching.
Together, all of the data affirms our hypothesis that co-assembly is determined by how well the

acceptors fit into the pre-existing micelle network.
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Figure 5.5: (a) P of PCT without and with THF. Adding THF loosens the micelle
structure and induces both intra- and inter-micelle interaction. (b) DAMMIN Beads
modeling of PCT after adding THF shows a decrease in electron density. PL. quenching
spectrum of (¢) PCT and PDI1, (d) PCT and PDI1 after THF annealing, (e) PCT and
Ceo(PyD)2, and (f) PCT and Ceo(PylD)2 after THF annealing. Consistent with the solution
SAXS data, higher PCT concentrations are used so the PDI1 ratios and quenching are less
than those in Figure 5.3. THF annealing influence PFT PL quenching less than PCT due
to the structural difference between PCT and PFT.
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The Effects of Solvent Annealing on Co-Assembled Structures

Even though PCT forms highly ordered micelles, it has the potential drawback that the
tight micelles are unable to accommodate acceptors of all shapes or sizes. In this section, we work
to mitigate this drawback by using solvent annealing, which is a common method used to tune
polymer morphology.3"°%-52 For PCT, the idea is that solvent annealing temporarily loosens the
micelles, allowing acceptors to incorporate into the newly opened spaces. Prior work from our
groups showed that aqueous PFT micelles solution were relaxed upon addition of tetrahydrofuran
(THF), with the micelles becoming more robust after the THF was subsequently removed.*! Thus,
we performed a series of experiments solvent annealing PCT micelles with THF to allow co-

assembly with larger electron acceptors, such as the bulky Ceo(Pyl)2.

The purple curve in Figure 5.5a shows SAXS data indicating that PCT forms cylindrical
micelles, where peak 1 corresponds to the micelle diameter and peak 2 reflects correlations from
micelle curvature. Upon addition of THF to pre-assembled PCT micelles in water, the pink curve
in Figure 5.4e shows that the intensity of peakl decreases, while the intercorration peak becomes
broader and shifts to higher r. This means that THF does not completely disrupt the PCT micelle
structure, but instead creates a partly dissolved and more disordered micelle.®® The structure of the
partly dissolved micelles can be inferred using DAMMIN bead modeling to simulate the
corresponding solution SAXS data.>* Briefly, in this Monte-Carlo-based method, a set of beads,
corresponding to electron density, are moved inside the simulation box until the simulated
scattering profile of the structure matches the experimental scattering data. The result in Figure
5.5b shows that the compact cylindrical micelles in water evolve into more diffuse scattering
structures with less electron density upon THF addition, verifying that THF partly dissolves and

relaxes the polymer micelle structure.
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This effect of THF relaxing the micelles can be seen via PL quenching. Figure 5.5¢-f shows
the PL quenching of PCT by the two acceptors before and after THF annealing (PL quenching
percentage are shown in Sl Table 3-5). By adding THF, we not only get more PL quenching with
PDI1, showing increased incorporation, but we also get significant quenching with Ceo(Pyl)2. Both
of these observations show that THF annealing allows for increased incorporation. THF annealing
has much smaller effect on PFT PL quenching by PDI1 compared with PCT (Figure S11a, b). This
indicates that THF annealing has limited effect on an already loose and disorder system and is

more effective when the polymer system is too tight for acceptors to incorporate.

5.4 Summary

In summary, we have worked to elucidate the effects of how controlling the self-assembly
of conjugated polyelectrolytes changes the efficiency of photoinduced charge transfer. To
accomplish this, we studied aqueous co-assemblies of two amphiphilic donor polymers and two
small-molecule acceptors. The two conjugated polymers form cylindrical micelles with slightly
different structures, providing a platform to probe the effects of micelle geometry on co-assembly
and charge transfer with differently-shaped molecular acceptors. When the polymer micelle is
relatively loose, as with PFT, there is little selectivity for co-assembly with different acceptors, but
the polymer backbones are not optimally arranged for long-range charge transport. with acceptor
geometries. When the polymer micelle is tight and ordered, as with PCT, only acceptors with an
appropriate geometry to fit with the more compact micelle can form co-assemblies. However, the
geometric constraints on co-assembly can be overcome by solvent annealing, which relaxes the
polymer micelle and creates more space for larger acceptor molecules. Overall, we were able to
validate that control of co-assembly between semiconducting polymers and molecular acceptors

can be tuned via the polymer micelle structure, which in turn can be controlled either by changing
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the chemical structure of the polymer or by changing the assembled micelle structure through

solvent annealing. All of this work highlights important design principles for creating next-

generation artificial photosynthetic systems.

5.5 Supporting Information

Synthetic details

General procedures:

Chemical reagents were obtained from commercial sources and used without further

purification. Unless otherwise noted, all reactions were performed under argon at 25 °C. Silicycle

(Siliflash P60) silica gel 60 (240-400 mesh) was used for all column chromatography. NMR

spectra were obtained on a Bruker AV500 instrument. 2,9-di(undecan-6-yl)anthra[2,1,9-

def:6,5,10-d'e'f]diisoquinoline-1,3,8,10(2H,9H)-tetraone  (1),>®> PFT,® the Ceso(Pyl)2 charged

fullerenes,*® and PCT?® were synthesized according to published procedures.

\N/
OO0 _0
NPONH O N0
O =/
N
KOH ‘ HNTNTN OO Mel
BUOH Oe Xylenes ‘ DCM
o " 0
07 N"No
/\/\)\/\/\ /\/O\)N\/O\/\
1 2 3

Scheme S1: Synthesis of PDI1.
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9-(undecan-6-yl)-1H-isochromeno[6°,5,4':10,5,6]anthra[2,1,9-def]isoquinoline-

1,3,8,10(9H)-tetraone (2)

Compound 1 (1.000g, 1.432 mmol, 1.0 eq) was dissolved in tert-butanol (36 mL).
Potassium hydroxide pellets (401 mg, 7.16 mmol, 5.0 eq) were added and the solution heated to
90 °C. After 1 hour, the reaction was checked by TLC and then poured into stirring glacial acetic
acid (36 mL). This was allowed to stir for 2 hours at room temperature before 2N HCI (18 mL)
was added and stirred for an additional 30 min. The mixture was then filtered and washed with
H20 until the filtrate was at neutral pH. The resulting red solid was then purified via column
chromatography on silica gel using chloroform to chloroform with 10% acetic acid. 490 mg (63%)
of the final compound was recovered. *H NMR (400 MHz, CDCls): & (ppm) 8.69 (m, 8H), 5.18
(m, 1H), 2.23 (m, 2H), 1.86 (m, 2H), 1.27 (m, 12H), 0.83 (t, J = 4.7 Hz 6H); 3C NMR (125 MHz,
CDCl3): 6 (ppm) 160.0, 136.5, 133.6, 131.9, 129.5, 126.9, 126.6, 123.9, 123.2, 119.0, 54.9, 32.3,
31.7, 26.6, 22.6, 14.0; HRMS (DART) Calculated for C3sH3:NOs [M+H]: 545.22022; found

545.22104.

2-(2-(dimethylamino)ethyl)-9-(undecan-6-yl)anthra[2,1,9-def:6,5,10-d"e'f']diisoquinoline-

1,3,8,10(2H,9H)-tetraone (3)

To asolution of compound 2 (481 mg, 0.882 mmol, 1.0 eq) in xylenes (2.0 mL) were added
imidazole (481 mg, 7.66 mmol, 8.0 eq) and N,N-dimethylethylenediamine (0.145 mL, 1.32 mmol,
1.5 eq). The reaction was heated to 120 °C for 3.5 hours under argon. After cooling to room
temperature, the mixture was poured into methanol (30 mL), sonicated and filtered. Purification
by column chromatography in CH2Cl> with 10% methanol and 2.5% trimethylamine afforded a
red solid as the product (409 mg, 89%). *H NMR (400 MHz, CDCls): & (ppm) 8.67 (d, J = 4.0 Hz,

4H), 8.61 (d, J = 2.4 Hz, 2H), 8.59 (d, J = 2.4 Hz, 2H), 5.19 (m, 1H), 4.37 (¢, J = 6.9 Hz, 2H), 2.75
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(t, = 6.9 Hz, 2H), 2.40 (s, 6H), 2.25 (m, 2H), 1.87 (m, 2H), 1.26 (m, 12H), 0.83 (t, J = 6.9 Hz,
6H); 3C NMR (125 MHz, CDCls): § (ppm) 163.5, 134,8, 134.4, 131.5, 129.6, 129.5, 126.5, 126.4,
123.2,123.0, 56.9, 54.8, 45.8, 45.6, 38.1, 32.3, 31.8, 26.6, 22.6, 14.1; HRMS (DART) Calculated

for CagH41N30O4 [M+H]: 615.30971; found 615.30508.

N,N,N-trimethyl-2-(1,3,8,10-tetraoxo-9-(undecan-6-yl)-3,8,9,10-tetrahydroanthra[2,1,9-

def:6,5,10-d"e'f"]diisoquinolin-2(1H)-yl)ethan-1-aminium iodide (PDI1)

Compound 3 (409 mg, 0.665 mmol) was dissolved in CH2Cl> (14 mL) and iodomethane
(0.91 mL) was added. The solution was allowed to stir at room temperature before concentrating
to yield the final compound (425 mg, 99%) as a red solid. 'H NMR (400 MHz, de-DMSO): &
(ppm) 8.70 (t, J = 8.8 Hz, 4H), 8.45 (br, 2H), 8.38 (d, J = 3.9, 2H), 5.05 (m, 1H), 4.45 (t, J = 7.1
Hz, 2H), 3.64 (t, J = 7.1 Hz, 2H), 3.22 (s, 9H), 2.17 (m, 2H), 1.80 (m, 2H), 1.23 (m, 12H), 0.75 (¢,
J=6.9 Hz, 6H); 3C NMR (125 MHz, de-DMSO): & (ppm) 163.2, 134.6, 131.3, 128.9, 125.8, 124.6,

122.6, 62.3, 55.4, 54.0, 53.0, 34.2, 32.1, 31.6, 26.5, 22.4, 14.4, 7.9.
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Figure S1: 'H NMR spectrum of compound 2 in CDCls.

138

ppm

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
|
i
cdl |od

9.0

9.5

|
a
-
.‘@

[
o



Figure S2: 13C NMR spectrum of compound 2 in CDCls.
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Figure S3: 'H NMR spectrum of compound 3 in CDCls.
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Figure S5: 'H NMR spectrum of compound PDI1 in de-DMSO.
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Figure S6: 13C NMR spectrum of compound PDI-1 in de-DMSO.
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Cyclic Voltammetry (CV)
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Figure S7: CV for PCT, measured in propylene carbonate with Li/Li* as the reference
electrode and ITO glass as the working electrode using a sweep rate of 0.5 mV/s. PCT
exhibits two irreversible oxidation peaks at 4.1 and 4.5 V vs. Li/Li*. The reduction peak
could not be measured, possibly due to the degradation of the polymer during oxidation.
Absolute ionization potentials were calculated using —4.3 V as the absolute electrode
potential for the standard hydrogen electrode and —3.0 V as the standard reduction
potential of Li/Li* vs. the standard hydrogen electrode.
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Figure S8: CV for PFT, measured in propylene carbonate with Li/Li* as the reference
electrode and ITO glass as the working electrode using a sweep rate of 5 mV/s. PFT
exhibits two irreversible oxidation peaks at 3.75 and 4.2 V vs. Li/Li*. The reduction peak
could not be measured, possibly due to the degradation of the polymer during oxidation.
Absolute ionization potentials were calculated using —4.3 V as the absolute electrode
potential for the standard hydrogen electrode and —3.0 V as the standard reduction
potential of Li/Li* vs. the standard hydrogen electrode.
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UV-Vis Spectroscopy
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Figure S9: Absorbance of polymers with acceptors and only acceptors in water
corresponding to Figure 5.2 in main text. (a) PFT with PDI1, (b) PCT with PDI1, (c)
Subtract PCT from PCT&PDI1 mixtures in panel b. PDI1 dissolves in water and form
aggregates with the arrows pointing to the absorbance peaks. (d) PFT with Ceo(PyD)s,
(e) PCT with Ceo(PylD)2, and (f) Subtract PCT from PCT&Ceso(Pyl)2 mixtures in panel e.

Ceo(PyD)2 barely dissolve in water and only show a weak absorbance peak at around
300nm.
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Figure S10: (a) Absorbance of PDI1 in chloroform after filtration, showing the PDI1
monomer absorbance. (b) Absorbance of PDI1 in water (black) and in THF (red). THF is
able to dissolve PDI1 aggregates.
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PL Spectroscopy
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Figure S11: Normalized PFT PL quenched by PDI1 before (a) and after (b) THF
annealing. PFT PL quenching by PDI1 does not show obvious change after THF
annealing.
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Table 1: Normalized PL quenching of PCT by different ratio of acceptors.

PCT 0.4 0.6 1 0.4 0.6 1
PDI1 PDI1 PDI1 Ceo(Pyl)2 | Ceo(Pyl)2 | Ceo(Pyl)2
Normalized 1 0.60 0.41 0.80 0.80 0.66 0.62
PL
Table 2: Normalized PL quenching of PFT by different ratio of acceptors.
PFT 1 4 1 4
PDI1 PDI1 Ceo(Pyl)2 Ceo(Pyl)2
Normalized 1 0.45 0.29 0.45 0.28
PL
Table 3: Normalized PL quenching of PCT by PDI1 before and after THF annealing
PCT 0.3 0.5 Annealed Ann 0.3 Ann 0.5
PDI1 PDI1 PCT PDI1 PDI1
Normalized 1 0.72 0.64 1 0.62 0.47
PL

Table 4: Normalized PL quenching of PCT by Ceo(Pyl)2 before and after THF annealing

PCT 0.3 0.5 Annealed Ann 0.3 Ann 0.5
Ceo(Pyl)2 Ceo(Pyl)2 PCT Ceo(Pyl)2 Ceo(Pyl)2
Normalized 1 0.72 0.66 1 0.60 0.46
PL

Table 5: Normalized PL quenching of PFT by PDI1 before and after THF annealing

PFT 1 4 Annealed Ann1l Ann4

PDI1 PDI1 PFT PDI1 PDI1

Normalized 1 0.45 0.29 1 0.38 0.24
PL
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