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Abstract

Synthesis and Characterization of Simultaneous Electronic and Ionic Conducting Block
Copolymers for Lithium Battery Electrodes

by
Shrayesh Naran Patel
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Nitash P. Balsara, Chair

Materials with nanostructured conducting domains are essential for a wide range of
applications related to alternative energy. Active materials in battery and fuel cell electrodes
such as LiFePO4, graphite, and platinum, are either electronic or ionic insulators. Nanoscale
electron- and ion-conducting domains are necessary for enabling redox reactions in these
materials. For example, a traditional porous lithium battery electrode consists of a redox-
active material, carbon black for electronic conduction, and non-conductive binder that holds
the particles in place. The pores are backfilled filled with organic electrolyte for ionic
conduction. In some cases such as LiFePQy, electronic and ionic conductivities are so low
that the active materials must be in nanoparticle form, and addressing such particles requires
the transport of both kinds of charges to occur on nanometer length scales. Materials such as
block copolymers can self-assemble and form co-continuous nanoscale domains. In this
study, poly(3-alkylthiophene)-block-poly(ethylene oxide) (P3AT-PEO) copolymers are used
to conducts both electronic and ionic charges. P3AT-PEO block copolymer molecules self-
assemble on the nanometer length scale to yield P3AT-domains that conduct electronic
charges and PEO-domains that conduct ionic charges. We propose to create a unique battery
electrode where the LiFePO, active material is dispersed in a nanostructured P3AT-PEO
block copolymer, which functions simultaneously as the conductor of lithium ions and
electronic charge, as well as the binder material in the electrode.

The first phase of this dissertation work involved the synthesis of P3AT-PEO block
copolymers. Regioregular P3ATs were synthesized using the Grignard metathesis (GRIM)
polymerization method where in-situ end-group functionalization was employed to obtain
ethynyl-functionalized P3ATs. Azide-functionalized PEOs were obtained through end-group
modification of PEO monomethyl ether. Ethynyl-functionalized P3ATs and azide-
functionalized P3AT-PEO were coupled using 1,3-dipolar cycloaddition “click” reaction to
obtain P3AT-PEO block copolymer. In particular, poly(3-hexylthiophene)-block-
poly(ethylene oxide) (P3HT-b-PEO) copolymers and a poly(3-ethylhexylthiophene)-block-
poly(ethylene oxide) (P3EHT-H-PEO) copolymer were synthesized in this study.

Next, the morphology of the P3AT-H-PEO copolymer was characterized using small
angle X-ray scattering (SAXS). The morphologies of P3HT-b-PEO copolymers, where the
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P3HT block is the major component, are dominated by nanofibrils due to the crystallization
of P3HT. In contrast, the nearly symmetric P3HT-b-PEO copolymers self-assemble into a
lamellar phase. In addition, we show that P3EHT-b-PEO chains self-assemble to produce
traditional nanoscale morphologies such as lamellae and gyroid in the melt-state. The
segregation strength between the two blocks is controlled through the addition of lithium
bis(trifluromethanesulfonyl) imide (LiTFSI). Our approach enables estimation of the
"effective" Flory-Huggins interaction parameter, yes, using the random phase approximation
(RPA). The pe trends with salt concentration suggest that the TFSI anion preferentially
segregates into the P3EHT phase while Li" remains in the PEO phase. For the salt-free
sample, the gyroid morphology, obtained in the melt-state, is transformed into lamellae when
the P3EHT block is crystallized. This is due to the “breaking out” of the crystalline phase.
At high salt concentrations, P3EHT-6-PEO has a lamellar morphology in both melt and
crystalline states (confined crystallization).

We present the first reported study on the relationship between morphology and
electronic/ionic charge transport of P3HT-b-PEO/LiTFSI mixtures. Using ac impedance
spectroscopy, we show that P3HT-h-PEO/LiTFSI mixtures can conduct electronic and ionic
charges simultaneously. At 90 °C, the electronic conductivity of P3HT-b-PEO/LiTFSI
mixtures ranged from 10 to 10” S/cm depending on the volume fraction of P3HT. The
decoupled ionic conductivity is around ~10* S/cm. It was shown that LiTFSI partitions
between P3HT and PEO microphases. In particular, LiTFSI only partitions between the
microphases when the PEO block molecular weight is 2 kg/mol while we observe no
partitioning when the PEO block molecular weight of 4.2 kg/mol. It thus appears that the
chemical potential of LiTFSI in PEO is a function of the PEO block molecular weight. We
propose that the higher chemical potential of LiTFSI for P3HT-5-PEO copolymers with PEO
molecular weight of 2 kg/mol drives the LiTFSI into the P3HT rich microphase.

The electronic conductivity can be further increased by electrochemically chemically
doping the P3HT chains with LiTFSI. Therefore, we quantified the electronic conductivity
P3HT-b-PEO copolymers electrochemically oxidized with LiTFSI. We use a novel solid-
state three-terminal electrochemical cell that enables simultaneous conductivity
measurements and control over electrochemical doping of P3HT. At low oxidation levels,
the electronic conductivity increases from 10™ S/cm to 10 S/cm. At high oxidation levels,
the electronic conductivity approaches 102 S/cm. These values match or exceed the ionic
conductivity, which is important for enabling redox reactions in a battery as they involve
equal moles of lithium ions and electronic charges.

A lithium metal battery was assembled where the positive electrode consisted of
P3HT-b-PEO conductive binder and LiFePO, active material. We were able to cycle
batteries and obtain capacities approaching the theoretical limit of LiFePO,. Importantly,
P3HT is electroactive within the voltage window of a charge/discharge cycle. The electronic
conductivity of the P3HT-5-PEO copolymer binder is in the 10 to 107 S/cm range over
most of the potential window of the charge/discharge cycle. This allows for efficient
electronic conduction needed for the successful cycling of the batteries. However, at the end
of the discharge cycle, the electronic conductivity decreases sharply to 107 S/cm, which
means the “conductive” binder is now electronically insulating. The ability of our
conductive binder to switch between electronically conducting and insulating states in the
positive electrode provides an unprecedented route for automatic overdischarge protection in
batteries.
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Chapter 1 - Introduction

1.1 Electronically Conducting Polymers

Electronically conducting polymers (Figure 1.1) are conjugated materials where the
n-bonding characteristic in the polymer backbone leads to electron delocalization; thus
allowing for pathways for charge transport. Conjugated polymers are considered to be
insulators or semiconductors in their pristine where electronic conductivities are typically
less than 10® S/cm. The game changing moment for electronically conducting polymers
occurred when Chiang at el. showed that exposing polyacetylene (PA) to a halogen vapor, I,
increased the electronic conductivity to over 100 S/cm.' Iodine "dopes" PA through
oxidization where electrons are removed from the p, orbitals of the polymer backbone (p-
doping). The electrons in the partially empty conjugated p-orbitals are highly mobile; thus
increasing the conductivity. Alternatively, PA can be doped through reduction where
electrons are added to the p, orbital (n-doping). In general, most conjugated polymers are
stable p-type conductors and poor n-type conductors.”

The discovery of electronically conducting polymers opened up a new field of
research. One can now have a material that has the electrical and optical properties of
semiconductors or metals, while taking advantage of the processability of polymers. The
applications of electronically conducting polymers have included transistors, photovoltaics,
smart windows, chemical sensors, batteries, supercapacitors, etc..’'® The impact of
electronically conducting polymers was recognized in 2000 when Heeger, MacDiarmid, and
Shirakawa were awarded the Nobel Prize in Chemistry for the discovery of conductive
polymers.''"?

This dissertation focuses on polythiophenes-based polymers, which is described in more
detail in the next section.

I~k KO~

polyactylene poly(p-phenylene vinylene)
M M
H
polypyrrole polythiophene

Figure 1.1.Few examples of electronically conducting polymers



1.2 Structural and Charge Transport Properties of Poly(3-
alkylthiophene)s

Unsubstituted polythiophenes have high electronic conductivity in addition to the
added benefits of better thermal and environmental stability relative to traditional conjugated
polymers like polyacetylene.'* > However, unsubstituted polythiophenes are highly
insoluble and have poor processability.'* "> To address this issue, alkyl side chains are added
to the polymer backbone, which increases the solubility of the polymer in organic solvents.'®
In particular, substituted polythiophenes have alkyl side chains (butyl, hexyl, octyl, etc ...) on
the 3 position of the thiophene monomer [poly(3-alkylthiophene)s, P3ATs)].'* 7 As a result,
P3ATs have improved solution and melt processability.

Due to the asymmetrical nature of the 3-alkylthiophene monomer, it is important to
consider the regiochemistry during the synthesis of P3ATs.!” The 3-alkylthiophene
monomer can be coupled between the 2 and 5 positions resulting in three distinct couplings:
head-to-head (HH), tail-to-tail (TT), and head-to-tail (HT). During further polymerization,
these regiochemical couplings lead to four distinct triad regioisomers: HH-HH, TT-HH, HT-
HH, and TT-HT (Figure 1.2), where the HT-HT coupling is the regioregular isomer.
Regioirregular structures have twists in the polymer backbone due to steric hindrance of the
alkyl side chains, which results in the reduction of the conjugation length and poor mn-n
stacking of the polymer backbone. This leads to increase in the bandgap and, as a
consequence, a lower conductivity. For example, Mao et al. showed that the electronic
conductivity of P3HT doped with nitrosonium tetrafluroborate (NOBF,) increases from 9 x
107 S/em to 6 S/cm when the regioregularity goes from 52% to 80%.'® On the other hand,
P3ATs with a highly regioregular structure (>90%) have limited twists in the its backbone
which allows for a planar conformation. This leads to an increase in conjugation length and
better m-m stacking, thus higher electronic conductivity. Doped P3HTs with high
regiorle7gularity (~98%) have been reported to have electronic conductivity greater than 100
S/em. "
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Figure 1.2.Regioisomers found in poly(3-alkylthiophene)s (P3ATs).

The methods used to synthesize P3ATs dictate the extent of regioregularity. Original
synthetic routes for P3AT synthesis resulted in regioirregular structures.”” ' However, new
methods of P3AT synthesis was introduced by both McCullough®* and Rieke” in the early
1990s. The McCullough method uses selectively brominated 3-alkylthiophene followed by
lithiation and transmetalation at -40 °C. The intermediate is polymerized via Kumada cross-
coupling using Ni(dppp)Cl, catalyst. The resulting P3ATs have a regioregularity greater
than 98%. The Rieke method uses a highly reactive "Rieke zinc" (Zn*) with a 2,5-dibromo-
3-alkylthiophene monomer to form two intermediate isomers. In particular, the formation of
the 2-(bromozincio)-3-alkyl-5-bromothiophene isomer at -78 °C results in a higher
regioregular polymer. Also important is the type of catalyst used for polymerization where
the addition Ni(dppe)Cl, results in a regioregular polymer while the addition of Pd(PPhs)s
leads to a regiorandom polymer. Even though above two methods results in regioregular
P3ATs, the downside is that reaction steps involve low temperatures (an issue for large scale
production). However, in the late 1990s, the McCullough group developed a room
temperature synthetic route for regioregular P3ATs synthesis called the Grignard Metathesis
(GRIM) method.** Using 2,5-dibromo-3-alkythiophene monomer with a Grignard reagent
and Ni(dppp)Cl, catalyst, P3ATs are synthesized at room temperature with regioregularity
greater than 95%. In addition, the GRIM method generates a "living" polymer thus allowing
for in-situ end-group functionalization through termination with a desired Grignard reagent
(e.g. vinylmagnesium bromide, allylmagnesium bromide, etc...).”” This reduces or eliminates
the need for post-polymerization functionalization reactions in order to synthesize P3AT-
containing block copolymers. It is important to note that the proposed mechanism of the
GRIM method begins with formation of HH (head-to-head) dimer and after which further
polymerization follows the HT (head-to-tail) coupling route.”® Therefore, every P3AT chain
will contain at least one HH dimer.

The planarity of the polymer backbone is enabled by head-to-tail coupling of the 3-
alkylthiophene monomer and promotes interchain n-m interactions. As a result, the P3AT
chains self-assemble to form a polycrystalline structure referred to as the nanofibrillar
morphology.”’  This has been seen in both electron microscopy and atomic force
microscopy, is believed to be a signature of these interactions.”® ** A representative AFM
image of regioregular P3HT with the nanofibrillar morphology is shown in Figure 1.3. The
dimensions of the P3HT microstructure were determined using grazing incidence wide-angle
X-ray scattering (GIWAXS) experiments. The distance between hexyl side chains is 1.6 nm
while the n-m stacking distance is 0.38 nm between to polymer chains. The width of a
nanofibril is a function of molecular weight where the width can range from 20-50 nm.
Surrounding the nanofibrils are amorphous P3HT chains. It is important to note that the
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processing steps used to create the samples affect the observed morphology. Solution cast
samples made under rapid evaporation conditions results in highly disordered structure, while
those made under slow evaporation conditions display the nanofibrillar morphology with
higher percent crystallinity.*

20-30 nm

1.6 nm

0.38 nm

Figure 1.3. Atomic Force Microscopy (AFM) image showing the nanofibrillar morphology of P3HT. The
brighter wire-like structures are the nanofibrils. A schematic of the P3HT crystal structure are shown in the red
box.

The charge transport properties of P3ATs are typically characterized in terms of
conductivity or mobility, which are related to each other by the following equation:

o, =neu, (1.1)

where o, corresponds to electronic conductivity, n is the charge carrier density, e is the
elementary charge, and u is the mobility. It is clear electronic conductivity is affected by
both charge carrier density and mobility. Meaning, one may either increase charge carrier
density or mobility to enhance conductivity. Mobility is a measurement of how fast charge
carriers move in the presence of an electrical field. P3ATs are stable hole conductors so
charge transport is discussed in the context of hole mobility.

Pristine P3ATs have intrinsically a very low charge carrier density, which results in a
very low electronic conductivity. The presence of impurities in "pristine" P3ATs can affect
the electronic conductivity. Reported conductivity values of undoped regioregular P3HT
range from 107 to 10® S/cm.”’'?® In addition to impurities, the configuration of the
conductivity measurement can affect the electronic conductivity. Lui ef al. found that in-
plane conductivity of regioregular P3HT was 10° S/cm while that in the through-plane
geometry was 10™® S/cm.** Furthermore, differences in sample preparation must also be
accounted for when comparisons between reported literature values are made. For instance,
the extent of crystallinity in the P3AT conductivity sample can affect the conductivity value.
Therefore, care must be taken that all samples have a high level of purity and are processed
in a consistent manner.

As mentioned earlier, conjugated polymers need to doped to increase conductivity.
The term "doping" was taken from the field of solid-state physics where inorganic
semiconductors (silicon) are doped to increase conductivity. The doping mechanism for
inorganic semiconductors involves the substitution of atoms. The concentration of the
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dopant is typically in the ppm level.’” On the other hand, "doping" conjugated polymers has
a completely different meaning. The dopant molecule undergoes a redox reaction with the
polymer to generate charge carriers.'' In addition, the optimal dopant concentration is
significantly higher in conjugated polymers (20-30 mole percent).

P3ATs can be doped chemically or electrochemically. In the case of chemical
doping, introduction of an oxidizing agent such I, or FsTCNQ results in a spontaneous
oxidation of the conjugated polymer.'® **** In the case of electrochemical doping, an applied
potential drives the electrochemical oxidation of the conjugated polymer.*'** The dopant
counterion diffuses in from the electrolyte to stabilize the oxidized polymer. With both
methods, one can precisely control the doping level and conductivity. Furthermore, doping
alters the electronic structure of P3ATs.**** The p, orbitals overlap to form the valence and
conduction bands where the difference between these bands is the band gap (£,). For
regioregular P3HT, E, is around 1.7 eV, which small enough to classify P3ATs as
semiconducting polymers. During the oxidation of P3AT, an electron is removed from the
valence band.  This results in the formation of a polaron (hole/radical pair) where two
electronic states are formed between the valence and conduction bands. Additional removal
of electrons, results in the formation of a bipolaron (hole/hole pair). At high oxidation levels,
the electronic states combine to form bipolaron bands in between the valence and conduction
bands. These changes in the band structure can be observed with UV-VIS and near-IR
measurements. The optimal separation between a bipolaron is dictated by two competing
forces. Coulombic repulsion between the bipolaron increases the distance between the two
holes. However, this increases the quinoid structure of the polymer backbone, which is a
high energy state. As a result, these two competing forces are balanced where the bipolaron
is stabilized over six thiophene units.

Moderately
o ) Lightly to to Highly
Pristine Lightly Moderately Doped

Polymer Doped Doped
Conduction

—

E —

g
4 I_Ti]
Valence Valence Valence ™
Valence
Polaron Bipolaron Bipolaron
Bands

Figure 1.4. Evolution of band structure upon doping. At low doping levels results in the formation of a
polaron. Further doping results in a bipolaron, which eventually turn into bipolaron bands at high oxidation
levels (>30%).*

Since the introduction of organic transistors, mobility has been the preferred term to
characterize the charge transport properties of semiconducting polymers like P3ATs. Most
reported mobility values for P3ATs are from organic thin-film transistors (TFTs), where
charge carriers are generated through a field-effect mechanism. Meaning, it does not
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undergo chemical doping to generate charge carriers and no counterions are present in the
semiconducting polymer during the transistor operations. As a result, TFTs do not suffer
from Coulomb traps as seen with doping, which mean the measured mobility does not
change much with charge carrier density. It is important to note that charge transport in
TFTs occur within a few nanometer region at the semiconducting polymer and dielectric
interface.”® As a result, the measured mobility using TFTs are typically higher by orders of
magnitude relative other ‘[echniques.47 This is in part due to the morphology of the
semiconducting polymer at the polymer/dielectric interface. For example, the polymer
backbone of P3ATs is perpendicular to the dielectric interface.® This is the ideal
configuration because the charge transport between the source and drain occur parallel to the
interface. If the polymer backbone aligns parallel to the dielectric interface, the measured
hole mobility of polymer would be several orders magnitude lower.*® In addition, the
processing conditions used to fabricate a TFT (i.e. solution casting method, substrate
modification, type of dielectric, etc...) can affect the measured mobility.*”> ® Even though
TFTs only provide the charge carrier mobility within a few region of the polymer, alternative
methods such as time-of-flight (TOF) measurements can provide bulk values of mobility.>!
Therefore, it is important to remember that there is not one universal mobility value for a
particular type of semiconducting polymer.

1.3 Ion Conducting Polymers - Polymer Electrolytes

A traditional electrolyte consist of ionizable species such as KOH and LiPFg,
dissolved in a high dielectric medium such as water or organic solvents (e.g. ethylene
carbonate). Fenton et al. discovered in 1973 that alkali metals could be dissolved in
poly(ethylene oxide) (PEO) (Figure 1.5).> This was a game changing moment as it open up
the field of dry polymer electrolytes. Polymer electrolytes like PEO are an important class of
electrolytes because they are intrinsically safer than the traditional volatile electrolytes (e.g.
LiPF¢ in ethylene carbonate). In addition, lithium metal batteries are desirable because they
have significantly higher energy density than traditional lithium-ion battery batteries.
Organic liquid electrolytes cannot be used in lithium metal batteries due to irreversible side
reactions between the electrolyte and lithium metal and the formation of lithium dendrites.
The ionic conductivity of salt-containing PEO electrolytes is in the 10° S/cm range, which is
lower than traditional electrolytes.”®>> Nevertheless, this does not preclude one from using
polymer electrolytes for various applications; especially for low current applications.

PEO is a polyether where the electronegative oxygen atoms can readily coordinate
with various lithium ions. Typically, six ether oxygen atoms surround a lithium ion, which is
the lowest free-energy configuration of lithium ions in a PEO matrix.”® > It is important to
note that PEO is a semicrystalline polymer where the crystalline domains impede lithium ion
transport. As a consequence, PEO is heated above its melting point (60 °C) for optimal ionic
conductivity. Segmental motion of the PEO chains results in the diffusion of the lithium ion
to another low free-energy coordination site (the interaction between the ion and polymer is
affected by the glass transition temperature, 7,). Another route of ion motion occurs through
diffusion of the entire polymer chain coordinated with the lithium ions. However, as the
molecular weight of PEO increases (above 2 kg/mol) the chains become more entangled thus
inhibiting the diffusion of polymer chains.”® As a result, the segmental motion of PEO is the
mode of lithium ion charge transport. When the PEO molecular increases from 200 g/mol to

6



2,000 g/mol, the ionic conductivity of PEO with LiTFSI [lithium bis-(trifluoromethanesulfonyl)
imide] decreases by a factor of 4.5 (4.5 x 10 S/cm to about 1 x 10° S/cm).” The ionic
conductivity remains around 1 x 10~ S/cm very higher molecular weight PEO (1x10° g/mol).
The TFSI anion is a popular counterion because it can easily dissociate from the lithium ion
due the resonance stabilization of the negative charge. Plus, it can suppress the crystallinity
of PEO. It is important to note that that ionic conductivity measured in PEO/LiTFSI mixture
is the ionic conduction of both the lithium ion and TFSI anion where the anion contributes to
80% of the conductivity.”®

Lig
,P\/O;\ 3\S/N\S/CFS
n 0/\0 o/\o
LITFSI

Figure 1.5.State of the art polymer electrolyte - poly(ethylene oxide ) with LiTFSL.

1.4 Block Copolymer Self-Assembly

Block copolymers consists of two or more homopolymers that are linked through
covalent bonds. For example, as used in this dissertation study, one can synthesize a diblock
copolymer where one block conducts electronic charge while the other block conduct ionic
charges (P3AT-block-PEO). Block copolymer chains can self-assemble on the nanometer
length scale (microphase separation) to form periodic structures such as lamellae,
hexagonally packed cylinders, and gyroid.””®® Block copolymer self-assembly is dictated by
balancing the enthalpic forces favoring the polymer chains to phase separate and the entropic
forces favoring mixing between the polymer chains. The enthalpic forces between the chains
are quantified through the Flory-Huggins interaction parameter, y, which is inversely
proportional to temperature, 7. In addition to y, the phase behavior of block copolymers is
dictated by the degree of polymerization (N) and volume fraction of one of the blocks (¢).®!
A classical universal block copolymer phase diagram is shown in Figure 1.6. The ordinate of
the phase diagram is the product, yN, which is related to the enthalpic and entropic
contributions of the block copolymer chains. At ¢ = 0.5, the block copolymer will
microphase separate (ordered) at yN > 10.5 and the block copolymer chains will mix
(disordered) at yN < 10.5. With a block copolymer system with a particular value of y, one
may obtain various morphologies by varying N,¢, and 7. It is important to note the phase
diagram shown in Figure 1.6, is specifically for a system where the blocks have equal
persistence lengths and low polydispersity.> ® In addition, the critical y value of 10.5
increases when compositional fluctuations are included in the thermodynamics of the block
copolymer self-assembly.®* This is particularly important when N is small.
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The above phase diagram is explicitly derived for coil-coil (flexible-flexible) block
copolymers. It is well known that conjugated polymers have a more rigid backbone (i.e. rod-
like), thus behaving less like a coil-like polymer. As a result, the liquid crystalline
interactions between the conjugated (rod) block (Maier-Saupé parameter, ¢) and the block
length ratio (v) need to be considered to fully describe the phase behavior.”*’ The interplay
between the liquid crystalline interactions and the interactions dictating microphase
separation results in various morphologies, such as zig-zag and arrowhead, not observed in
the traditional block copolymers.”” However, these unique morphologies are kinetically
trapped structures. As a result, Olsen et al. studied a weakly segregated (low yN) rod-coil
block copolymer system (DEH-PPV-H-PEO) that formed thermodynamically stable
morphologies.”’ In Figure 1.7, a universal phase diagram for a weakly segregated rod-coil
block copolymer system in terms of yN and uN, which is related to liquid crystalline
interactions contribution to phase behavior.”” Lamellar, nematic, and isotropic phases are
observed in rod-coil system.
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Figure 1.7. Experimental universal phase diagram for a weakly segregated rod-coil block copolymer taken
from ref. 70. L is lamellar, N is nematic, and I is isotropic.



Persistence length measurements indicate that P3ATs are, in fact, semiflexible
polymers.”' Therefore, it is more appropriate to consider the phase behavior of semiflexible-
flexible block copolymers (assuming the second block is a coil-like polymer such as PEO).
The phase behavior of a semiflexible-flexible block copolymer is governed by y, u, N, and
¢ In Figure 1.8, a theoretically predicted phase diagram is shown for a semiflexible-
flexible block copolymer with u/y of 3.2 and 11.4.°® It is clear the extent of liquid crystalline
interactions affect the phase behavior. Higher ratio of u/y results in a large window for the
nematic phase (S = smectic, or, in other words, lamellar phase and I = isotropic which refers
to a disordered phase). In addition, at higher u/y , the critical yN is lower than the coil-coil
value of 10.5 at ¢=0.5.

5 25 . T .
(a) j; txl T'\r - j SLL '[; “ ) ]
XN ;5 ;/!/ ] X 15 3
10 L : 10 - :.
5 L I ___'I 5 L _:
ol ] oL ! P B B
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.8 0.8 1

f f

Figure 1.8. Theoretical phase diagram for a semiflexible-flexible block copolymer for (a) x/y = 3.2 and (b)
(b) u/y = 11.4 were taken from ref.68. S is smectic (lamellar), N is nematic, and I is isotropic (disordered).

The above phase diagrams in Figures 1.6-1.8 are specifically for polymers in the
melt-state.  Block copolymer self-assembly can be affected if one of the blocks is
crystallizable (as is the case with both P3ATs and PEO). The morphology of a
semicrystalline block copolymer in the solid-state is dictated by the chemical incompatibility
of the two blocks (y, the Flory-Huggins interaction parameter) and whether the non-
crystallizing block is either glassy or non-glassy.””* When the non-crystallizing block is
glassy, the morphology of the melt-state is retained and the crystallization occurs within the
nanoscale domains (confined crystallization). When the non-crystallizing block is non-
glassy, the segregation strength of the block copolymer is a major factor on the morphology
in the solid-state. For weakly segregated systems (low yN), the melt-state morphology is
destroyed upon crystallization (breakout crystallization). When the segregation strength is
sufficiently high (large values of yN), the melt-state morphology is retained.



1.5 Lithium Battery Design

A lithium-ion battery consists of a negative electrode, a positive electrode, and an
electrolyte. In a traditional lithium-ion battery, the electrolyte is a lithium salt in organic
solvent, the negative electrode is graphite, and the positive electrode consists of a redox-
active intercalation material (LiCoO, or LiFePO,). In addition, the positive electrode
contains carbon black for electronic conduction and non-conductive binder that holds the
particles in place (Figure 1.9). The pores are backfilled filled with organic electrolyte for
ionic conduction. Separating the two electrodes is a porous membrane separator filled with
electrolyte, which serves to transport lithium ions between the electrodes. A schematic of a a
traditional lithium-ion battery is shown in Figure 1.9. When discharging a battery, the
positive electrode is the cathode while the negative electrode is the anode. On the other
hand, when charging a battery, the positive electrode is the anode and the negative electrode
is the cathode. Recently, the battery community has accepted the convention of always
referring to the positive electrode as the cathode and the negative electrode as the anode. To
avoid confusion in this dissertation, we will refer to the electrodes as being either a positive
or negative electrode.

Positive Electrode
charge

LiFePO, FePO,+ e + Li*

discharge

Negative Electrode

charge
Lit+ ¢ a———= Li

Eischarge

Liquid Electrolyte
filled Pores

Positive Electrode

Cathode

Intercalation Material
(LiFePO,)

@® Electron Conductor
(Carbon)

I inert Binder

Porous Membrane Separator

Graphite

Negative Electrode

Figure 1.9. Traditional Lithium-ion Battery Design. The positive electrode consists of a redox-active
intercalation material (LiFePQy), inert binder, and liquid electrolyte. The negative electrode is a graphite
electrode. Separating the two electrodes is a porous membrane separator filled with electrolyte, which serves to
transport lithium ions between the electrodes.
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For active materials like LiFePQ,, the electronic and ionic conductivities are so low
that the active materials must be in nanoparticle form, and addressing such particles requires
the transport of both kinds of charges to occur on the nanometer length scales.!'™ As
discussed in section 1.4, block copolymers can self-assemble and form co-continuous
nanoscale domains. In this study, P3HT-PEO block copolymers are used to conducts both
electronic and ionic charges. P3HT-PEO block copolymer molecules self-assemble on the
nanometer length scale to yield P3HT-domains that conduct electronic charges and PEO-
domains that conduct ionic charges. In our system, the LiFePO, active material is dispersed
in a nanostructured P3HT-PEO block copolymer that functions simultaneously as the
conductor of lithium ions and electronic charge, as well as the binder material in the
electrode. The fact that we are using a polymeric material in the battery allows us to use
lithium metal as the negative electrode (Li <> Li' + 7). This is advantageous as lithium metal
has a higher specific capacity relative to the graphite electrode (3860 mAh/g versus 350
mAh/g). In particular, we use a nanostructured block copolymer electrolyte, polystyrene-
block-poly(ethylene oxide) (PS-PEO), with an ion-conducting block (PEO) and ion-
insulating block (PS) for mechanical integrity. This allows for a route to suppress dendrite
growth seen in lithium metal batteries, which is a critical issue for practical applications.
However, the motivation behind lithium dendrite growth is beyond the scope of this
dissertation. The use of PS-PEO block copolymers to address the issue of lithium dendrite
growth is reported in literature.”® ** A schematic of our proposed lithium battery using the
P3HT-PEO block copolymer conductive binder is shown in Figure 1.10.

Positive Electrode

‘ ‘ ‘ . ‘ ‘ ‘ ‘ ‘ Positive Electrode
‘ ‘ ‘ ‘ ‘ ‘ Intercalation Material

(LiFePOy)
e _0_ o
090 00%0

Polymer Electrolyte Nanostructured
Electronically and lonically

Conducting Block
Copolymer Binder

Lithium Metal

Negative Electrode

Figure 1.10. Proposed new solid-state lithium battery design. The positive electrode consists of a redox-
active intercalation material (LiFePO,4) and a P3HT-PEO block copolymer conductive binder. The negative
electrode is lithium metal. Separating the two electrodes is a polymer electrolyte, which serves to transport
lithium ions between the electrodes.
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1.6 Outline of Dissertation

In Chapter 2, we describe the synthesis of 3-alklythiophene monomer, P3AT
homopolymer, and P3AT-b-PEO copolymers. A description of polymer characterization
techniques is presented with a summary of characteristics for the polymers studied in this
dissertation. In Chapter 3, the morphology for P3HT-6-PEO and P3EHT-6-PEO copolymers
is characterized using small angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM). In addition, we analyze the SAXS data for P3EHT-H-PEO salt-
containing samples using the random phase approximation to determine effective Flory-
Huggins interaction parameter (y.f). In Chapter 4, we report on the relationship between
morphology and simultaneous electronic and ionic charge transport in mixtures of P3HT-b-
PEO copolymers and LiTFSI. In Chapter 5, we report on the electronic charge transport
properties of P3HT-b-PEO copolymers electrochemically doped with LiTFSI using a novel
three-terminal cell that enables simultaneous conductivity measurements and control over
electrochemical doping. In addition, battery cycling data is presented for a lithium metal
battery containing a P3HT-H-PEO copolymer and LiFePO, positive electrode (Figure 1.10).
The results of our experiments in Chapter 5 provide further insight on the charge transport
properties of P3HT-b-PEO copolymers when used to conduct electronic and ionic charges in
a lithium battery electrode. Lastly, Chapter 6 provides a summary of the dissertation.
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Chapter 2 -Poly(3-alkylthiophene-block-ethylene oxide) Synthesis
and Characterization

ABSTRACT

Regioregular P3ATs were synthesized using the GRIM polymerization
method. In-situ end-group functionalization was employed to obtain ethynyl-
terminated P3ATs. Azide-terminated PEOs were obtained through end-group
modification of commercially purchased PEO methy ether. P3AT-PEO block
copolymers were synthesized using a 1,3-dipolar cycloaddition “click”
reaction.  The synthesized polymers were characterized through gel
permeation chromatography, 'H-NMR, MALDI-TOF MS, DSC, and UV-VIS

spectroscopy.

2.1 Materials

All chemical reagents were purchased from commercial sources and used without
purification unless otherwise noted. All anhydrous solvents were dispensed from an MBraun
solvent purification system.

2.2 Monomer Synthesis

2.2.1 3-hexylthiophene

Table 2.1. Reagents for 3-hexylthiophene synthesis

Compound M(Zlg /\n’:’:li)ght Mass/Vol. Moles Equivalents
3-bromothiophene 163.04 30g 0.184 -
hexylmag“flsii‘:l‘:‘y promide, 2.OM in 96.6 mL 0.193 1.05 eq.
Catalyst: Ni(dppp)Cl, 542.04 300 mg 55x10*
Solvent: diethyl ether - 300 mL -
Product: 3-hexylthiophene 168.3 3097 ¢ 0.184 -
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Figure 2.1. 3-hexylthiophene monomer synthesis scheme.

Synthesis

All required glassware are dried overnight in an oven set to >100 °C prior to use and
then removed from the oven to be cooled to room temperature. 3-bromothiophene is added
directly into a three-neck flask, which is then secured in the fume hood with a clamp. A
condenser is attached to the middle neck of the flask and secured with a Keck clip. An
additional funnel is then attached to one of the other necks, and also secured with a Keck
clip. The gas inlet is added to the condenser and connected to the inert gas source from the
Schlenk line. The remaining neck on the flask may be capped with a septum or a glass
stopper. Argon gas is then flushed through the system. Anhydrous diethyl ether is added via
syringe, and the flask is the lowered. The catalyst, Ni(dppp)Cl,, is then added into the
reactor through the 3™ neck, and Ar is flushed for an additional 15 min. The Grignard reagent
is then transferred into the addition funnel using a cannula. Grignard reagents are
pyrophoric, so care must be taken when transferring. The Grignard reagent is then slowly
added into the reaction flask dropwise. This will take some time (>1 h). Warning: This is an
exothermic reaction, and as such must be performed slowly and carefully. Salts may
occasionally precipitate at the tip of the addition funnel preventing solution flow. If this
happens, the addition funnel valve may be opened more to make sure the solution
continuously drops into the flask. The reaction solution should begin to turn into a brown
color as it reacts. When all the Grignard has been added, replace the ice bath with an oil
bath, making sure to dry the flask before lowering into oil. Heat the oil bath to ~ 35°C, and
leave to reflux gently overnight.

The following day, turn off the heat and remove the reaction flask from the oil bath.
Let it cool to room temperature (about 15-20 min). Using a heavy-walled, 2-L beaker,
prepare an ice-acid mixture (use 5-10 mL of concentrated hydrochloric acid in 100 mL of
ice). Concentrated HCI is highly corrosive and has a strong odor. It must not be used outside
a fume hood. Pour the flask contents into the beaker slowly. This is a highly exothermic
reaction. Even with the ice, this may heat up quickly if the reaction mixture is added too fast,
which may cause the solvent to bubble over. Occasionally mix the ice/acid/solution with a
large spatula. The aqueous layer will initially look milky because of the white magnesium
salts, while the organic layer has a dark brown color. Let it sit until all of the ice has melted.
Add 100 mL of ethyl acetate to the contents of the beaker. Pour the mixture into 1000 mL
separatory funnel. Carefully swirl the contents of the sep. funnel inside the fume hood.

14



Release the pressure by venting. Glassware may pressurize, so frequent venting is necessary.
Make sure you secure the cap of the funnel so that it does not pop open. Vent inside the
fume hood and make sure the tip is not pointing at anyone. Separate the two layers. Wash
the aqueous layer three times with ethyl acetate, or until the organic extract is almost
colorless. Use a minimum of ethyl acetate during each extraction. Combine all organic
layers and dry using anhydrous magnesium sulfate. Let this stir for at least an hour. Dispose
of the aqueous waste in the appropriate waste container. Afterwards, filter off the
magnesium sulfate and collect the organic extract into a round bottom flask. Concentrate this
using a rotary evaporator.

Purification

Pour previously concentrated solution into a small round bottom flask. Make sure the
flask is less than halfway full. Attach a short pathway distillation head, with the necessary
attachments (water hose, thermometer). Begin distillation by slowly pulling vacuum without
heat. When all residual solvent has been removed, lower the flask into the oil bath and apply
heat slowly. The distilled, purified product should be clear and very pale yellow, almost
colorless.

2.2.2 2,5-dibromo-3-hexylthiophene

Table 2.2. Reagents for 2,5-dibromo-3-hexylthiophene synthesis

Mol. Weight

Compound (g/mol) Mass/Vol. Moles Equivalents
3-hexylththiophene 168.04 2480 ¢g 0.1474 -
NBS 177.985 53.77¢g 0.3021 2.05 eq.
Solvent: THF - 250-300 mL -
Product:
2,5-dibromo-3-hexylthiophene 326.089 48.05¢ 0.1474 o
NBS
/ \ - I\
S THF Br s Br
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Figure 2.2. 2,5-dibromo-3-hexylthiophene monomer synthesis scheme.

Synthesis

Dissolve the 3-hexylthiophene in about 300 mL of anhydrous THF. Immerse the flask
in an ice bath. Measure out 53.77 g of NBS in a weighing dish. Add the NBS (via funnel)
portion-wise while stirring (5-6 portions). Warning: This is an exothermic reaction which
may release some irritant fumes. Do not add all the NBS in one shot. Make sure you are not
working too close to the flask. The mixture turns into a light yellow color, with some solid
remaining undissolved in the bottom of the flask. Leave the mixture to stir at room
temperature overnight (cap the flask with a septum).

Purification

Evaporate most of the solvent using the rotovap. Prepare a silica gel column.
Warning: Silica adversely affects the lungs! Only transfer/use in a fume hood and consider
using a dust mask. Mix some silica gel in hexane to make a slurry. Pour the silica gel into
the column (leave about an inch above the silica gel for solvent) Pour some hexane into the
column to keep the solvent level above the silica gel. Slowly pour in the product mixture
into the column. You should see brown-orange rings form around the top layers of the silica
gel. The residue solid from the product mixture should just collect on top of the silica gel.
Wash the original flask with some hexane and add it to the column. Run the hexane through
the column multiple times by refilling the columns, making sure to not let the column dry
which affects the separation. Collect the product and rotovap the mixture to remove most of
the solvent. The concentrated product should be a turbid yellow color. Transfer the monomer
into a 14/20 round bottom flask for distillation. A vacuum distillation setup is assembled,
similar to the previous step. After distillation, the purified monomer should be clear, with a
pale yellow color.

2.2.3 2,5,-dibromo-3-ethylhexylthiophene

3-ethylhexylthiophene was first synthesized from 3-bromothiophene following the same
procedure as outlined in section 2.3.1 for 3-hexylthiophene. The difference being
ethylhexylmagnesium bromide was used as the Grignard reagent. 3-ethylhexylthiophene was
then brominated following the same procedure in section 2.3.2 to yield 2,5-dibromo-3-
ethylhexylthiophene.
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Figure 2.3. 2,5-dibromo-3-ethylhexylthiophene monomer synthesis scheme.

2.3 Polymer Synthesis

2.3.1 Ethynyl-terminated poly(3-hexylthiophene)

Mol. Weight

Compound (g/mol) Mass/Vol. Moles Equivalents
2,5-dibromo-3-hexylthiophene 324 648 g 0.02 -
tert-butylmagnesium chloride .

(2.0 M in diethyl ether) 10 mL 0.02 !
ethynylmagensium bromide . .

(2.0M in diethyl ether) I mL 0.002
Catalyst: Ni(dppp)Cl, 542 0.100 g 1.85x107°
Solvent: THF - 200 mL - -
Product: Ethynyl Terminated L 2 . L

Poly(3-hexylthiophene) g
*relative to 2,5-dibromo-3-hexylthiophene
1y t-butyIMgCl
/ \ 3) ethynyIMgBr / \
Br s Br THF - é s n Br
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Figure 2.4. Ethynyl-terminated P3HT synthesis scheme following GRIM polymerization with in-situ end-
group functionalization.

The GRIM polymerization method was used to synthesize regioregular P3HT.* 2,5-
dibromo-3-hexylthiophene (6.52 g, 20 mmol) was added to a dry 500 mL, 3-neck round
bottom flask that was purged with argon gas. Dried THF (20 mL) was added and stirred for
another 15 minutes. Afterwards, 2M solution of t-butyl magnesium chloride in diethyl ether
(10 mL, 20 mmol) was added and allowed to react for 2 hours in room temperature. The
solution was further diluted with 180 mL of dried THF, then Ni(dppp)Cl, (0.175g, 0.323
mmol) was added to the reaction mixture. Ethynyl magnesium bromide was then added after
10 minutes and the reaction was quenched in methanol after an additional 3 minutes. The
polymer was purified by sequential Soxhlet extractions with methanol, hexanes, and
chloroform. The product was isolated from the chloroform solution to yield ca. 2 grams of
ethynyl-terminated P3HT (63% yield). '"H NMR (CDCls) 7.02 (s, 31H), 6.98 (s, 1 H), 3.57 (s,
1 H), 2.85 (t, 63 H), 2.61 (m, 4H), 1.73 (m, 64H), 1.39 (m, 59H), 1.30 (m, 132H), 0.97 (t,
100H).

2.3.2 Allyl-terminated poly(3-hexylthiophene) (Al-P3HT)

The same procedure outlined in 2.2.1 was used expect that allyl magnesium chloride
was added 10 minutes after the addition of Ni(dppp)Cl,.

1) t—butylMgCI
3y ethynylMgBr
SUELIN

Br S Br THF S m Br

Figure 2.5. Allyl-terminated P3HT synthesis scheme following GRIM polymerization with in-situ end-group
functionalization.

2.3.3 Ethynyl-terminated poly(3-(2 -ethylhexyl)thiophene) (Et-P3HT)

The GRIM polymerization method was used to synthesize regioregular P3EHT. 2,5-
dibromo-3-ethylhexylthiophene (6.52g, 20 mmol) was then added to a dry 500 mL, 3-neck
round bottom flask that was purged with argon gas. Dried THF (20 mL) was added and
stirred for another 15 minutes. Afterwards, 2M solution of t-butyl magnesium chloride in
diethyl ether (10 mL, 20 mmol) was added and allowed to react for 2 hours in room
temperature. The solution was further diluted with 180 mL of dried THF, then Ni(dppp)Cl,
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(0.175 g, 0.323 mmol) was added to the reaction mixture. Ethynyl magnesium bromide in
THF (6mL, 3mmol) was then added after 10 minutes and the reaction was quenched in
methanol after an additional 3 minutes. The polymer was purified by sequential Soxhlet
extractions with methanol, hexanes, and chloroform. The product was isolated from the
chloroform solution.

1 t-buty IMgCl
3) ethynyIMgBr / \

Br S Br THF o

Br

\

Figure 2.6. Ethynyl-terminated P3EHT synthesis scheme.

2.3.4 Azide-functionalized poly(ethylene oxide) (Az-PEQO)

Table 2.3. Reagents for azide-functionalized PEO synthesis”’

Compound M(Zlg /\n’:’:li)ght Mass/Vol. Moles Equivalents
Poly(ethylal:lf:: g)}fl(()lec) I_;I;;thYI ether 4200 5g 120 x 10° 1
Triethylamine 101.19 ~0.2 mL - 1.1
Mesyl chloride 114.56 ~0.1 mL --- 1.2
Solvent: THF -—- 50 mL - -
Sodium Azide 65 g/mol 0.10g 1.56 x 107 1.3
95% Ethanol 50 mL
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Figure 2.7. Azide-functionalized PEO synthesis scheme.

All required glassware are dried overnight in an oven set to >100°C prior to use.
These are then removed from the oven and allowed to cool to room temperature. PEO-OCHj;
(mono methoxy PEO purchased from Polymer Source) is placed in a 100 mL 3-neck round
bottom flask to dry under vacuum overnight. The system is then backfilled with Ar and THF
solvent is added via syringe. A slight amount of heat may be applied just to dissolve the
polymer, and then the reaction is allowed to cool to 0°C. Triethylamine is added dropwise. If
the polymer reprecipitates, the temperature may be allowed to rise to RT to redissolve it, then
brought down to 0°C again. Mesyl chloride is added dropwise and then allowed to react
overnight at room temperature. Warning: This is an exothermic step. Mesyl chloride
should only be added slowly! Solvent is then removed by rotary evaporation, and the solids
are redissolved in 95% ethanol. Sodium azide is added to the solution, and the flask is
outfitted with a condenser and placed under argon. The mixture is then allowed to reflux
overnight. Sample aliquots may be taken to monitor the reaction by 'H-NMR. When the
reaction has finished, the solvent can then be removed by rotary evaporation, and the
polymer is purified by redissolving in THF and washing with saturated NaCl aqueous
solution. The polymer is then precipitated in hexane and rinsed with cold methanol. It is then
dried under vacuum.

2.3.5 Poly(3-hexylthiophene-block-ethylene oxide) (P3HT-b-PEO)

Table 2.4. Reagents for P3HT-h-PEO synthesis

Compound M(Zlg /‘IZ:ll)ght Mass/Vol. Moles Equivalents
Et-P3HT 6000 15¢ 25x 10" 1
Az-P3HT 2000 075 g 3.75x 10 1.5
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Cul 190.5 0.003 g 1.6x107°
DIPEA 129.3 0.03 mL 1.7x 107

Solvent: THF --- 150 mL -— —

/ \ +
Br T N3\/\eo mo\cH3

Cul

THF | pipEA

B /s\ nd N\/eo/\%o\cm

N

Figure 2.8. P3HT-5-PEO synthesis scheme using a 1,3-dipolar cycloaddition “click” reaction.

P3HT-b-PEO was synthesized using a 1,3-dipolar cycloaddition “click” reaction. Az-
PEO (0.75 g, 0.375 mmol, Polymer Source) and Et-P3HT (1.5 g, 0.25 mmol) were placed in
a dry 250-mL 3-neck round bottom flask and put under vacuum overnight. After refilling
with Ar, 150 mL of dry THF was added to the reaction flask. The mixture was heated to
~40°C and stirred for 15 minutes, or until the polymers were completely dissolved. Ar
pressure inside the flask was increased, and Cul (0.003g, 0.016 mmol) was added quickly.
DIPEA was added afterwards using a syringe (0.03mL, 0.017 mmol). The reaction was
allowed to proceed at least 48 hours and then quenched in methanol. The polymer was
filtered and purified by washing with copious amounts of methanol. The final product was
then recovered from the chloroform solution to yield P3HT-PEO. '"H NMR (CDCls) 7.86 (s,
1H), ) 7.02 (s, 18H), 6.94 (s, 0.7H), 4.65 (t, 3H), 3.97 (t, 2H), 3.86 (t, 2H), 3.68 (m, 65H),
3.60 (m, 2H), 3.51 (t, 1H), 3.42 (s, 2 H), 2.85 (t, 37 H), 2.61 (m, 2H), 1.73 (m, 36H), 1.39 (m,

34H), 1.30 (m, 74H), 0.97 (t, 57H).

2.3.6 Poly(3-(2 -ethylhexyl)thiophene-block-ethylene oxide) (P3EHT-b-PEO)
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Table 2.5. Reagents for P3EHT-H-PEO synthesis

Compound M(Zlg /\n’:’:li)ght Mass/Vol. Moles Equivalents
Et-P3EHT 5200 1.13 g 2.16x 10" 1
Az-P3HT 2000 0.65g 3.24x 10" 1.5
Cul 190.5 0.003 g 1.6x 107
DIPEA 129.3 0.03 mL 1.7x 107 -
Solvent: THF --- 150 mL -- -

Figure 2.9. P3EHT-5-PEO synthesis scheme using a 1,3-dipolar cycloaddition “click” reaction.

P3EHT-b-PEO was synthesized using a 1,3-dipolar cycloaddition “click™ reaction.
Az-PEO (0.65 g, 0.324 mmol, Polymer Source) and Et-P3EHT(1.13 g, 0.216 mmol) were
placed in a dry 250-mL 3-neck round bottom flask and put under vacuum overnight. After
refilling with Ar, 150 mL of dry THF was added to the reaction flask. The mixture was
heated to ~40°C and stirred for 15 minutes, or until the polymers were completely dissolved.
Ar pressure inside the flask was increased, and Cul (0.003g, 0.016 mmol) was added quickly.
DIPEA was added afterwards using a syringe (0.03mL, 0.17 mmol). The reaction was
allowed to proceed at least 48 hours and then quenched in methanol. The polymer was
filtered and purified by washing with copious amounts of methanol, washed with petroleum
ether to remove any residual P3EHT homopolymer, and extracted with chloroform.

22



2.4 Polymer Characterization

2.4.1 Characterization of Polymer using GPC

The polymerization reactions were monitored using the GPC. In addition, the
polydispersity index (PDI) of the homopolymers and block copolymers were measured using
the GPC. Samples were run on a Viscotek Autosampler and TDA 302 GPC system, which
included refractive index (RI), viscometer, light scattering, and UV detectors. GPC
contained a set of three Styrogel HR columns (two HR3 and one HR4 columns) with
tetrahydrofuran (THF) as eluent (flow rate of 1 mL/min, 35 °C). The GPC was calibrated
with polystyrene (PS) standards. This provided PS equivalent PDI values of the polymers.
We do not use the PS equivalent molecular weights in this study. Absolute molecular weight
and PDI can be determined by using both RI and light scattering detectors. None of the
polymers synthesized for this report used absolute molecular weight measurements. For
reference, a more detailed explanation of absolute molecular weight measurements is given
in Chapter 8.2. Representative GPC chromatographs are given below for P3HT-5-PEO and
P3EHT-b-PEO and their precursors.

8 —
—— P3HT-PEO
— P3HT
— PEO

a SN

Detector Response (RI)

L e

I I I
20 25 30 35
Elution Volume

Figure 2.10.Representative GPC traces for P3HT and PEO homopolymer and the resulting P3HT-PEO block
copolymer obtain via click reaction.
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Figure 2.11.Representative GPC traces for PEHT and PEO homopolymer and the resulting P3HT-PEO
block copolymer obtained via click reaction.

2.4.2 Characterization of Polymer using 'H-NMR

'H NMR spectra were obtained on a Bruker AVG-400 or AVB-400 spectrometer
using deuterated chloroform solutions to characterize synthesized monomers and polymers.
Concentration of the solutions ranged from 10 to 15 mg/mL. In particular, 'H NMR spectra
were used to determine end-group functionalization, the number average molecular weight
(M,), and regioregularity of poly(3-hexylthiophene) homopolymers.

CDCl; i

d,e,f

1. ; W -

30 75 70 5 60 55 50 45 40 35 30 25 20 15 10 05 0C
Chemical Shift (ppm)

Figure 2.12.Representative 'H-NMR spectrum of ethynyl-terminated P3HT (400 Mhz, CDCl;). The * peak
corresponds to water.
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Figure 2.13.Representative 'H-NMR spectrum of ethynyl-terminated P3EHT (400 Mhz, CDCl;). The * peak
corresponds to water.

a Azide-functionalized
PEO methyl ether PEO methyl ether

a a
b O OH b /O\é/\ a/\/Nz
HsC”” \éa/\oa/\/ HaC a 0 c

N

39 38 37 36 35 34 39 38 37 36 35 34

C?Cla

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 oC
Chemical Shift (ppm)

Figure 2.14.Representative 'H-NMR spectrum of PEO methyl ether and azide-functionalized PEO methyl
ether (400 Mhz, CDCl;). After functionalization with an azide group, peaks appear near 3.44 ppm (labeled ‘c’
in the right inset). The peak at 3.4 ppm corresponds to the methyl end-group.
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Figure 2.15.Representative "H-NMR spectrum of ethynyl-terminated P3HT-5-PEO (400 Mhz, CDCl5).
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Figure 2.16.Representative "H-NMR spectrum of ethynyl-terminated P3EHT-b-PEO (400 Mhz, CDCl;).

2.4.3 Determination of Regioregularity using 'H-NMR

The regioregularity of P3HT can be determined using '"H-NMR. In particular, the
proton on the 4-position of the aromatic thiophene ring can be used to determine the
regioregularity. The HT-HT triad sequence has a chemical shift, 5, of 6.98 ppm. A large
signal at this chemical shift is highly indicative of a nearly perfect regioregular P3HT. Other
triad sequences can be seen as well where TT-HT is at 6 = 7.00 ppm, HH-HT is at 5 =7.03
ppm, and TT-HH is at & = 7.05 ppm.' '™ 3? The integration of the HT-HT triad peak relative
to the other triad peaks can give the percentage of HT-HT coupling (percent regioregularity).
A representative 'H-NMR spectrum is shown below indicating a highly regioregular P3HT.
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For P3EHT, HT-HT is at at 6 = 6.94 ppm, TT-HT is at = 6.96 ppm, HH-HT is at 6 = 6.99
ppm, and TT-HH is at 6 = 7.01 ppm. Alternatively, one can use the protons on the a-carbon
of the 3-subsistuent to determine the regioregularity. The HT coupling is observed at
0 = 2.80 ppm while HH coupling is observed at & = 2.58 ppm.

8 ~ 6.98 ppm
HT-HT |

& ~ 7.00 ppm
TT-HT

7.05 7.04 703 7.02 701 7.00 6.99 6.98 6.97
Chemical Shift (ppm)

Figure 2.17. Representative expanded 'H-NMR spectrum of a synthesized ethynyl-terminated P3HT
homopolymer indicating high regioregularity. The integration of HT-HT peak is 49 while the integration of
TT-HT is 2, which translates into a regioregularity of 96%. The TT-HT coupling always occurs because one
TT dimer forms during the initial step of the GRIM polymerization. The HT-HH (6 = 7.02) and TT-HH ( =
7.05) is not observed in the spectrum. Alternatively, one can use the protons on the a-carbon of the 3-
subsistuent to determine the regioregularity. The HT coupling is observed at 5 = 2.80 ppm while HH coupling
is observed at & = 2.58 ppm.

2.4.4 Determination of Molecular Weight via ' H-NMR

The number average molecular weight (M,) of P3AT can be determined through 'H-
NMR by using the relative integration of the protons associated with the a-carbon of the 3-
subsistuent. It is important to note that o-carbon of the 3-subsistuent at the chain ends are in
a different chemical environment than those of the other repeat units along the chains. As a
result, the peak that corresponds to the protons associated with the a-carbon at the chain ends
are at a lower chemical shift (6 ~ 2.60 ppm) relative to the protons of the a-carbon along the
chain (& ~ 2.80 ppm).91 This observation allows for the determination of the molecular
weight of the polymer via conventional end-group analysis. The degree of polymerization
can be determined by simply dividing the peak integration at 2.80 ppm by the peak
integration at 2.60 ppm. Then, multiplying by the repeat unit molecular weight will give M,,.
It is important to remember to normalize the peak integration by the correct number of
protons. Each a-carbon has two protons. The protons on the a-carbon at both chain ends are
a total of four. A representative 'H-NMR spectrum is shown below. This method provides a
route to obtain an absolute molecular weight of P3HT.
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Figure 2.18.Representative expanded 'H-NMR spectrum of a synthesized ethynyl-terminated P3HT
homopolymer. These peaks correspond to the a-carbon of the 3-subsistuent. The multiplet that corresponds to
the protons associated with the a-carbon at the chain ends are at 5 ~ 2.60 ppm while the protons of the a-carbon
of the other repeat units along the chains are at & ~2.80 ppm. The end-group analysis yields a M, 0of 9.0
kg/mol.

2.4.5 Characterization of Polymer using Matrix-Assisted Laser Desorption
lonization - Time of Flight Mass Spectroscopy (MALDI-TOF MS)

Matrix assisted laser desorption ionization — time of flight mass spectroscopy
(MALD-TOF MS) is a versatile tool to characterize the mass for a variety of macromolecules
such as proteins, peptides, polysaccharide, and, more recently, synthetic polymers. MALD-
TOF is a soft ionization technique suitable for synthetic polymers (and other
macromolecules) where fragmentation is an issue using conventional ionization
techniques.””®” A MALDI-TOF MS sample consists of a dilute concentration of polymer
embedded in a solid matrix, which is a crystalline molecule. The molar ratio of matrix to
polymer is typically 500-1000. A UV laser beam (nitrogen, 337 nm) is shot at a
polymer/matrix dried-droplet spot to promote desorption. The matrix absorbs the energy
from the UV laser leading to vaporization of the top layer of the matrix. Next, the matrix
ionizes the polymer chains. The charged polymer chains are accelerated by applying a high
voltage to the sample plate and separated according to their mass-charge ratio (m/z) using a
TOF mass analyzer. Most polymers are singly charged ions with a z of +1. To obtain good
resolution MALDI spectra, the polymer should about molecular weight of 12 kg/mol or
smaller. The sweet spot is 5 kg/mol (particularly for P3HT). Above 12 kg/mol value,
polymer chains have a hard time "flying" as the mass is too large, which results in a spectra
with poorly resolved peaks.

With MALDI-TOF MS, one can obtain the absolute molecular weight of a polymer.
This is important because molecular weight of P3AT determined using a GPC is relative to a
polystyrene calibration (when doing a conventional calibration).”>*> In addition to molecular
weight, MALDI-TOF can be used to determine the end-group functionality of the polymer.
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This is particularly useful when trying to confirm the extent of ethynyl end-group
functionalization for P3AT. Ideally, with GRIM polymerization, one should obtain only
Br/ethynyl end groups. However, other end groups such as H/ethynyl, ethynyl/ethynyl,
Br/H, and H/H are possible. The end-group composition can be calculated knowing the
repeat unit and end-group molar mass. For P3HT, peaks in a MALD-TOF spectrum
correspond to 166.3n + EG1 + EG2, where n is the number of repeat units (g/mol), EG1 is
the molar mass of one end-group, and EG2 is the molar mass the other end-group. The
repeat unit molar mass for P3EHT is 194.3 g/mol. (Word of caution - I have noticed the
ethynyl end-group can be easily cleaved during a MALDI experiment. Care needs to be
taken when preparing the MALDI sample and use proper instruments settings to ensure no
end-groups are cleaved. I believe using too much polymer in the in polymer/maxtrix was the
main culprit of end-group cleavage).

One can take the intensity (absolute count) of each peak as the number of polymer
chains (N) at a particular molecular weight (). As a result, you can calculate absolute
values for M,, My,, and PDI using the following basic equations.

ppr =

2
M = ZM];NI. Vo > M!N

2N, "OXMN,

MALDI-TOF spectra were obtained using Applied Biosystems Voyager-DE Pro
instrument at the QB3/Chemistry Mass Spectrometry Facility. 1 mg of P3HT was dissolved
in THF and 5 mg of 2,2°:5°,2”-tertthiophene matrix was dissolved in five drops of THF. One
drop of the P3HT solution was mixed with two drops of tertthiophene solution. A drop of
this mixture was placed on a MALDI plate to obtain an optimal homogenous solid mixture of
the polymer and matrix. The spectra were obtained in linear TOF mode. Shown in Figure
2.19 and 2.20 are MALDI spectra corresponding to ethynyl-terminated P3HT and ethynyl-
terminated P3EHT, respectively.

2.1)

n

Table 2.6. Good starting point settings for MALDI-TOF MS instrument (linear mode)

Setting Value
Mode of Operation Linear
Extraction Mode Delayed
Accelerating Voltage 20 kV
Grid Voltage 94%
Extraction delay time 500 nsec
Number of Laser Shots 200/spectrum

30



9222.90

100 639
8556.72 386,00
8891.37
0
872660
955175
8-
830416
0
823434
789476
8064, 1.
o 3 972207
z
H 1005361
g% 7565.05
® 772480 10218.38
0 l8sd7.6
10385.77
10560.20
| 10714.17
|| st Ea
o7 | 2
y 8 7| o7 10875.06
2 || ot
2 10095,
1 l 11060
11205.80
‘ MMX‘K
| A\/ A
8799.8 10200.2 11600.8 13001.0
Mass (m/z) A
Br/E Br/E s
I sures1 Br/E
8910.4724 9240.7566 Br/E
9075.8859 54 9407.4209
1906.6598
19245.0383
3404.6031
‘fz 36.6343 \
1 i ‘ '

H/E

8996.7833

|

i
| |
Al

H/E [

1
|
] H‘\ 9187688 ‘

|I

4 m&u&q L

M w w w u \Ju

. HE

Mi

pomanat | .
kaza 0129 |

Wl

Figure 2.19.Representative MALDI-TOF spectra for ethynyl terminated P3HT with labeled end-groups

(where E=ethynyl group).
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Figure 2.20.Representative MALDI-TOF spectra for ethynyl-terminated P3EHT with labeled end-groups
(where E=ethynyl group).

A

2.4.6 Differential Scanning Calorimetry (DSC)

Melting points (71,) and percent crystallinity of the polymers were determined using
differential scanning calorimetry (DSC). DSC experiments were performed on a Thermal
Advantage (TA) 2920 instrument. Samples were sealed in aluminum hermetic pans (salt-
containing samples were prepared in an argon-filled glovebox). Heating/cooling runs were
performed at 10 °C/min. Reported DSC data are from the third heating run unless stated

otherwise. The ideal enthalpy of fusion for P3HT crystal is 99 J/g (used to calculate percent
crystallinity).”®

1.0
T ¢,P3HT
184.06°C
0.5
187.96°C
=) 17.490ig
=
300
L
8 c
199.55°
T 18.48J/g
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200.74°C
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1.0 ; : ; ; ; ;
-50 0 50 100 150 200 250 300
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Figure 2.21.Representative DSC data for P3HT (5 kg/mol) (scan rate = 10 °C/min, 5.4 mg). T,, = melting
temperature, 7, = crystallization temperature.
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Figure 2.22.Representative DSC data for P3HT-b-PEO (scan rate = 10 °C/min, 4.7 mg). The P3HT M, =5
kg/mol and PEO M, = 4.2 kg/mol. (T,,= melting temperature, T, = crystallization temperature)
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Figure 2.23.Representative DSC data for PBEHT--PEO (scan rate = 10 °C/min, 5.6 mg). The P3EHT M, =

5 kg/mol and PEO M, = 2 kg/mol. (T, = melting temperature, 7, = crystallization temperature). P3EHT

crystallization kinetics is much slower than P3HT. Therefore, an isothermal wait step of 90 minutes is needed
at 30 °C to crystallize P3EHT.

2.4.7 Ultraviolet-Visible (UV-VIS) Spectroscopy

UV-VIS spectroscopy is powerful tool to characterize the m-orbital overlap of a
conjugated polymer.” The absorption peaks is related to the t—n" transition, which tells the
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extent of conjugation in the polymer. In solution, regioregular P3ATs have one absorption
peak, but varies in wavelength depending on (1) due to the solvatochromism of P3HT.'® In
THF, P3HT has absorption maximum at A= 447 nm,100 while P3EHT has absorption
maximum at 437 nm. In the solid-state, P3ATs show three distinct shoulders/peaks
corresponding to different conformational structures with different conjugation lengths (1 =
527 nm, 558 nm, 602 nm for P3HT'® and 1= 496 nm, 537 nm, 572 nm for P3EHT101).
Higher the value of A means greater long-range order (higher degree of conjugation).

UV-Vis measurements were made with Varian Cary 50 instrument between 400 and
1000 nm. Solution-based UV-Vis data were obtained by using a 5 pg/mL polymer solution
in THF. For salt-containing solutions, a custom built air-tight cuvette was used when
obtaining the data. Solid-State UV-Vis data were obtained by drop casting 1 mg/mL
polymer solution in THF onto a glass slide. For salt-containing samples, the glass slides
were impulse sealed between two polypropylene sheets to ensure no exposure to water and
air. The background was corrected for the glass slide and polypropylene sheets.
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Figure 2.24.(a) Solution UV-VIS (THF) of P3HT (5 kg/mol) and P3HT-5-PEO (6k-2k). The maximum
absorption is at 4 =447 nm for P3HT and A = 449 for P3HT-4-PEO. (b) Solid-state UV-VIS (THF) of P3HT (5
kg/mol) and P3HT-b-PEO (5k-4.2k). The maximum absorption peaks/shoulders are at 4 = 525, 558, 608 for
P3HT and A =520, 554, 603 for P3HT-6-PEO (5k-4.2Kk).
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Figure 2.25.(a) Solution UV-VIS (THF) of P3EHT (5 kg/mol) and P3EHT-b-PEO (5k-2k). The maximum
absorption is at 4 = 437 nm for P3EHT and A = 449 for P3EHT-b-PEO. (b) Solid-state UV-VIS (THF) of
P3EHT (5 kg/mol) and P3EHT-56-PEO (5k-2k). The maximum absorption peaks/shoulders are at A = 495, 528,
578 for P3EHT and A =495, 528, 578 for P3EHT-b-PEO (5k-2k).

2.5 Summary of Important Properties of Synthesized Polymers

Table 2.7. Characteristics of pertinent polymers used in this dissertation.

a a b c
Mn,P3HT Mn,PEO RR ¢P3AT

Polymer Name (kg/mol)  (kg/mol) (%) pDI
P3HT(5) 5.0 - >98 1 1.2
P3HT-PEO(9-2) 9.0 2.0 >98 0.81 1.27
P3HT-PEO(6-2) 6.0 2.0 >95 0.74 1.33
P3HT-PEO(5-4) 5.0 4.2 >95 0.53 1.30
P3EHT-PEO(5-2) 5.0 2.0 >95 0.72 1.06

“M, = number-average molecular weight and "RR = regioregularity, which were determined using '"H-NMR.
“Calculated using density of 1.10 g/mL for P3HT and 1.07 for P3EHT and PEO density of 1.06 g/mL. 4pp] =
polydispersity index as determined through gel permeation chromatography with polystyrene standards
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Table 2.8. Characteristics of pertinent polymers used in this dissertation continued.

T T % Solution Solid-State
Polymer Name n;’éEO HL’ISHT crystallinity ~ UV-VIS (THF) UV-VIS
of P3AT A (nm) A (nm)
P3HT(5) --- 215 23 447 525,558, 608
P3HT-PEO(-2) " 218 23 450 528, 562, 611
P3HT-PEOG6-2) ' 210 22 449 523, 556, 605
P3HT-PEO(5-4) 58 209 20 440 520, 554, 603
P3EHT-PEO(5-2) 40* 64,77 --- 410 495, 528, 578

*The crystallization temperature is at -6 °C.
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Chapter 3 - Morphology and Thermodynamics of Poly(3-
alkylthiophene-block-ethylene oxide)’

ABSTRACT

We report on the morphology and thermodynamics of P3AT-PEO block
copolymers. The morphologies of asymmetric copolymers with P3HT as the
major component are dominated by nanofibrils. In contrast, the nearly
symmetric P3HT-PEO copolymer used in this study self-assembles into a
lamellar phase. We show that in the melt state, the P3EHT-h-PEO chains
self-assemble to produce traditional nanoscale morphologies such as lamellae
and gyroid. This is in contrast to a majority of previous studies on
copolymers with electronically conducting blocks wherein a nanofibrillar
morphology is obtained. The segregation strength between the two blocks is
controlled through the addition of lithium bis(trifluromethanesulfonyl) imide
(LiTFSI). Our approach enables estimation of the "effective" Flory-Huggins
interaction parameter, y.s, using the random phase approximation (RPA).
The y.¢ trends with salt concentration suggest that the TFSI anion
preferentially segregates into the P3SEHT phase while Li" remains in the PEO
phase. For the salt-free sample, the gyroid morphology, obtained in the melt-
state, is transformed into lamellae below the melting temperature of the
P3EHT block. This is due to the “breaking out” of the crystalline phase. For
the salt-containing sample, P3EHT-h-PEO has a lamellar morphology in both
melt and crystalline states (confined crystallization).

3.1 Introduction

Nanostructuring of electronically conducting domains is important for a wide range
of applications related to clean energy. Organic solar cells require nanoscale electron- and
hole-conducting domains to promote charge separation and extraction.'” Battery and fuel
cell electrodes based on active materials that are either electronic or ionic insulators (e.g.
lithium iron phosphate or platinum) require nanoscale electron- and ion-conducting
domains.'™ '™ Copolymers  with electronically conducting block such as poly(3-
alkylthiophenes) (P3AT) appear to be perfectly suited for such applications.'” It is thus not
surprising that many research groups have focused on the synthesis and characterization of
block copolymers containing P3AT.' %1% The formation of nanoscale domains such as
alternating lamellae and the cubic gyroid phase in block copolymers™ is well established and
such morphologies are ideally suited for the applications listed above. Unfortunately, the

" Parts of this chapter have been reported in ACS Nano. 2012, 6 (2), 1589-1600 and Nano
Letters 2012, 12 (9), 4901-4906.
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crystallization of most electronically conducting polymers disrupts these morphologies; a
vast majority of publications on P3AT report the formation of crystalline nanofibrils with no
evidence of conventional domain morphologies seen in block copolymers.'* %1% Notable
exceptions are the reports from Ho et al.'” and Moon et al.''’, who report the formation of
conventional morphologies in a P3AT-contiaining block copolymers that have reduced
melting temperatures. The common feature in these studies is that the non-conducting blocks
have a high glass transition temperature, and the inability of glassy polymers to conduct
either electrons or ions is well established.

A framework has been established to predict the self-assembly of copolymers with
one non-conducting crystallizable block and one amorphous block.’*”> 7780 1L 112 Tpe
morphology obtained in these systems is dictated by the chemical incompatibility of the two
blocks (y, Flory-Huggins interaction parameter), the free energy of crystallization, and the
glass transition temperature of the amorphous block.”" 7780 11 112 When the amorphous
block is glassy, the morphology of the melt-state is retained and the crystallization of the
second block is confined within the nanoscale domains.”* 7" ™ '3 When the amorphous
block is rubbery, the morphology in the crystalline-state depends on both segregation
strength (yN, where N is the number of monomers per chain) between the blocks and the free
energy of crystallization.”> " 77 The melt-state morphology is retained only in strongly
segregated systems.”” "' In weakly segregated systems, the crystalline phase "breaks out"
of the confining block copolymer domain.”*"* 7 *- 2" The morphology of the crystalline
phase is often lamellar as this geometry is commensurate with that of chain folded crystals.’*
M 12 1415 Thig was first anticipated by theorists''® ' and subsequently observed
experimentally.’> 7* 112

Poly(3-hexylthiophene) (P3HT) is a highly studied semicrystalline polymer system
due to its high electronic charge carrier mobility.''®'"” P3HT has a high melting temperature
(<230 °C) and is dominated by crystallization through strong n-n interactions. As a result,
the morphology of P3HT-containig block copolymers have nanofibrillar superstructure.'®”
196198 y7ariations in the alkyl side chain of the thiophene block can have a large effect on the
crystalline and liquid crystalline properties of poly(3-alkylthiophene)s (P3ATs). For
example, poly(3-dodecylthiophene) (P3DDT) has a lower melting point (125 °C) and
reduced rod-rod interactions relative to P3HT.'”’ Moon et al. show that one can obtain
traditional block copolymer morphologies with P3DDT-b-poly(methyl methacrylate)
(P3DDT-b-PMMA) by varying the molecular weight of P3DDT and PMMA, thus controlling
the segregation strength.''® The nanofibril morphology is only obtained when the total
molecular weight is reduced and P3DDT is the majority block. Importantly, the crystalline
nature of P3DDT is retained in the nanoscale domains for the whole composition window.

In addition to P3HT and P3DDT, the introduction of a branched alkyl side chain, such
as in poly(3-(2’-ethylhexyl)thiophene) (P3EHT), causes the polymer to have a lower melting
temperature (60-80 °C) and reduced rod-rod interactions.'”’ The P3EHT homopolymers and
P3EHT-containing block copolymers'® have been shown to crystallize similarly to P3HT by
forming the m-m stacked polymer chains,''® and also has comparable optical and charge
transport properties to those of P3HT.'? "® "% The use of a P3AT-derivative with a lowered
crystallization temperature can affect the self-assembly of P3EHT rod—coil block
copolymers. Ho et al. have observed traditional block copolymer morphologies with a
P3EHT-b-polylactide (P3EHT-H-PLA) system.'”  This result is consistent with the
framework described above; confined crystallization can be attributed to the low
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crystallization temperature of P3EHT, the glassy nature of the non-crystalline block, and the
strong segregation strength between the two blocks.

In this chapter, we first report on the morphology of P3HT-PEO block copolymers
with and without the addition of the salt lithium bis(trifluromethanesulfonyl) imide (LiTFSI).
We extend our morphology study to a P3EHT-PEO block copolymer. We show that P3EHT-
b-PEO can self-assemble to form lamellar and gyroid morphologies. We also show that the
morphology is affected by the addition of LiTFSI. Using absolute small-angle X-ray
scattering data (SAXS), we estimate the "effective" Flory-Huggins interaction parameter,
Jetr, DY applying the random phase approximation (RPA). This is the first report of the
application of RPA for P3AT-containing block copolymers.

3.2 Experimental Methods

3.2.1 Salt Sample Preparation

All of the steps used to make the P3AT-H-PEO/LiTFSI mixture were conducted in
argon-filled gloveboxes (MBraun and Vacuum Atmospheres). LiTFSI was purchased from
Novolyte and dried under vacuum at 120 °C for 3 days to remove residual water. Neat
P3EHT-b-PEO was dried at 50 °C under vacuum for 6 days before making salt samples.
P3HT-b-PEO was dried at 90 °C dried under vacuum for 3 days before making salt samples.
LiTFSI/anhydrous THF mixtures were prepared in a volumetric flask at a concentration of
0.75 g/mL. The P3AT-b-PEO samples were dissolved in anhydrous benzene at a
concentration of 10 mg/mL in scintillation vials. Some heating is needed to dissolve P3HT-
b-PEO while P3EHT-b6-PEO should dissolve at room temperature. LiTFSI/anhydrous THF
solution was added to the polymer solution to obtain the desired salt concentration. The
P3AT-PEO salt solutions were stirred overnight to ensure good mixing and placed in an air-
tight desiccator, which was transferred into a freeze drying unit. The process ensured no
exposure to air and water.

3.2.2 Small-Angle X-ray Scattering and Wide-Angle X-ray Scattering

Small-angle X-ray scattering (SAXS) can be used to determine the morphology of
block copolymers with a characteristic periodic length scale from 5 — 100 nm. With wide-
angle X-ray scattering (WAXS), one can characterize the crystalline morphology of each
polymer chain. WAXS is equivalent to commonly used X-ray powder diffraction. Both
SAXS and WAXS experiments were performed under transmission mode. For both SAXS
and WAXS data, the measured two-dimensional scattering data were averaged azimuthally to
obtain intensity (/) vs. magnitude of the scattering wave vector g=4 zsin(8/2)/1, where A is the
wavelength of the incident X-rays and & as the scattering angle.

For scattering experiments, polymer samples were pressed into 125 pm thick Garolite
spacer and placed in an airtight sample holder with Kapton windows. The samples were
annealed overnight under vacuum at 130 °C. SAXS and WAXS measurements were taken at
the Advanced Light Source (ALS) beamline 7.3.3 at Lawrence Berkeley National Lab. A
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silver behenate sample was used as a standard for SAXS. The 2D scattering patterns were
collected on a 1M Pilatus detector. The scattering patterns were reduced using the Nika
macro for Igor Pro developed by Jan Ilavsky at Argonne National Laboratory. WAXS
measurements were also taken at Stanford Synchrotron Radiation Lightsource (SSRL)
beamline 1-4. A combination of silver behenate and silicon oxide was used as the calibrant.
The SSRL WAXS scattering patterns were reduced using a program developed by John
Pople (a staff scientist at SSRL).

3.2.3 Transmission Electron Microscopy (TEM)

TEM can be used to determine the morphology of a block copolymer. TEM samples
were prepared in an argon-filled glovebox by dip coating a copper grid in polymer/THF
solution (10 mg/mL) and dried under vacuum. TEM samples were transferred in an air-tight
desiccator to the microscope to limit air/water exposure. Bright field TEM images were
obtained using a Ziess LIBRA operating at 200 kV.

3.2.4 Random Phase Approximation (RPA)

The scattering wave vector, ¢, dependence of the scattering intensity (/) is from a disordered
diblock copolymer melt as obtained by Leibler®" (within the random phase approximate,
RPA) is given by'*’

2 _1
WFPLﬁjﬂﬁﬁﬁﬁhjl 6o
Vi Vs SZASIgB - (SSB)Z v

where A and B refer to the two blocks, b; and v; the scattering lengths and volumes, y is the
Flory-Huggins interactions parameter, and a reference volume of v = 1 nm’, and Sij are the
ideal correlations between blocks A and B in the absence of interactions.

S!=4Nyv,P(q) (i=A,B) (3.2a)

iTiti

S.gB = (¢ANAVA¢BNBVB )I/ZFA (q)FB (q) (3.2b)

Nj; is the number of monomers in block i, ¢ is the volume fraction of the block, and v; is the
monomer i volume. Pij(g) and Fi(g) are the intrablock and interblock correlations as
described by Debye and Leibler, respectively:

exp(— ui)— 1+u,
u’

B(q)=2

1

(i=A,B) (3.3a)
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F}(q)=l_%w (i=A,B) (3.3b)

where u; = q2Ni1i2/6 and /; is the statistical segment length of block i.

The SAXS disorder peak was fit to equation 3.1 by adjusting lgur, ¥, and (b, /v, —b, /v, ).
All other parameters are known and reported in literature.'*' The density of P3EHT used in
this study is 1.07 g/em® at 25 °C. The density at other temperatures were determined
knowing that the volumetric thermal expansion coefficient (d InV/dT ) is approximately 4
x10* K™! for most polymers.

3.3 Results and Discussion

3.3.1 P3HT-b-PEO Morphology

In Table 2.7, we list the characteristics and nomenclature of the P3HT-PEO block
copolymers used in this portion of the Chapter 3. Figure 3.1a shows the small angle X-ray
scattering (SAXS) intensity, /, versus magnitude of the scattering vector, g, of P3HT-PEO(9-
2) at 90 °C in the absence and presence of salt at ro = 0.085, where 7y, the molar ratio of
lithium ions to ethylene oxide moieties. The neat sample (rp = 0) produces a featureless
scattering profile. However, with the addition of salt, the scattering profile shows a broad
primary peak at ¢ = ¢* = 0.29 nm™ corresponding to a characteristic periodic length scale, d
= 22 nm (d=2m/q*) and another broad peak at ¢ = 0.50 nm™. Similar data are obtained from
P3HT-PEO(6-2) as shown in Figure 3.1b. The SAXS profile of neat P3HT-PEO(6-2) at 90
°C is featureless, but the addition of salt at o = 0.085 results in broad peaks at ¢* = 0.37 nm™
and g = 0.74 nm™', corresponding to d = 17 nm. The broad peaks seen in Figure 3.1 are not
characteristic of traditional block copolymer morphologies and are thus likely to be
indications of the often-reported nanofibrillar morphology in P3HT-containing block
copolymers.
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Figure 3.1. (a) SAXS of P3HT-PEO(9-2) and (b) P3HT-PEO(6-2) at 90 °C. The SAXS profile at 7y = 0 is
featureless while the addition of LiTFSI (ry=0.085) indicates the presence of microphase separation. The
features shown here are seen at all temperatures from 28 to 160 °C.

Dramatically different results are obtained from neat P3HT-PEO(5-4) as shown in
Figure 3.2a. At room temperature, the SAXS profile contains a primary peak at g* = 0.28
nm™ and a higher order peak at 2¢* indicative of a lamellar phase corresponding to a domain
spacing, d (the center-to-center distance between adjacent PEO lamellae), of 22.5 nm. A
featureless SAXS profile is obtained when the sample temperature is increased to 60 °C,
indicating the disappearance of the lamellar morphology. The lamellar peaks return when the
sample is cooled to room temperature. It is not clear if the high temperature phase in P3HT-
PEO(5-4) contains nanofibrils. In Figure 3.2b, we show the SAXS profile of P3HT-PEO(5-
4) at ro = 0.085 at room temperature and 90 °C. At both temperatures we observe peaks at g*
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=0.31 nm™ and 2¢* indicating the presence of a lamellar structure with d = 20.3 nm. The
lamellar structure of P3HT-PEO(5-4) at ry = 0.085 was confirmed by TEM as shown in the
inset of Figure 3.2b. There is good agreement between the length scale of the periodic
structure determined by SAXS and TEM (about 20 nm). It should be noted that the TEM
sample was not stained, i.e. the natural electron density contrast between P3HT and PEO in
the presence of LiTFSI is responsible for the image. The TEM image contained isolated dark
features as shown in Figure 3.2b. This may be due to residual homopolymers or some other
contaminant in our samples. TEM images of P3HT-PEO(6-2) and P3HT-PEO(9-2) did not
contain any discernible features. The SAXS results for all P3HT-PEO block copolymers
indicate that the addition of LiTFSI enhances the microphase separation (Figures 3.1-2).
This is also true in polystyrene-b-poly(ethylene oxide) (PS-PEO) block copolymers.*> '
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Figure 3.2. (a) SAXS of P3HT-PEO(5-4) at r, = 0. A lamellar microstructure is seen at 28 °C while the

featureless profile is obtained at 60 °C. The lamellar microstructure returns after cooling to 28 °C. (b) SAXS of

P3HT-PEO(5-4) at ry = 0.085 indicating a lamellar microstructure. The inset shows the bright field transmission
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electron microscopy (TEM) image of a P3HT-PEO(5-4) r, = 0.085. Contrast in the image arises from density
differences between the P3HT-rich (dark) and PEO-rich (light) microphases.

Figure 3.3 compares the wide angle X-ray scattering (WAXS) profiles of the P3HT-
PEO copolymers with those of a P3HT homopolymer at 90 °C which is above the melting
temperature of PEO. The WAXS profiles thus reflect the local structure of the P3HT
crystals. All of the profiles are dominated by the (100) and (010) reflections of the P3HT
chains that are due to the side-chain spacing and n-r stacking, respectively. Weaker peaks
and shoulders corresponding to the (200) and (300) reflection are also seen in all of the
samples. Qualitatively similar behavior is seen when salt is added to the P3HT-PEO block
copolymers. The WAXS data suggest that the introduction of the PEO block and the
addition of LiTFSI salt do not have a significant effect on the local arrangement of the P3HT
segments. Interestingly there is no difference in the WAXS data from samples that contained
nanofibrils [e.g. P3HT-PEO(6-2)] and those that did not [P3HT-PEO(5-4)].

— P3HT-PEO(9-2)
— P3HT-PEO(5-4)
[100] — P3HT-PEO(6-2)

[200] — P3HT(5)
¢ [300]
Jmo =0.085
=0

Intensity (a.u.)

L 1

5 10 15 20 25

-1
g [nm ]
Figure 3.3. WAXS at 90 °C for P3HT(5) at ro = 0 (no LiTFSI) and P3HT-PEO at r, = 0 and r, = 0.085. The

(100), (200), and (300) peaks corresponds to the side-chain packing while the (010) peak corresponds to the -z
stacking. No diffraction peak is seen for PEO as the samples are above the PEO melting point.

In summary, SAXS experiments, used to determine morphology, indicate the
presence of a lamellar phase in neat P3HT-PEO(5-4) at room temperature and a disordered
phase at temperatures above 60 °C. In contrast, SAXS profiles of that neat P3HT-PEO(6-2)
and P3HT-PEO(9-2) are featureless indicating that the morphology is dominated by P3HT
nanofibrils. After the addition of LiTFSI at r, = 0.085, the SAXS profiles from all three
samples contain signatures of microphase separation. At this concentration, SAXS profiles
from P3HT-PEO(5-4)/LiTFSI mixtures contain clear signatures of a lamellar morphology at
temperatures up to 90 °C, while SAXS profiles from P3HT-PEO(6-2)/LiTFSI and P3HT-
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PEO(9-2)/LiTFSI mixtures contain broad shoulders that cannot be interpreted in terms of
specific morphologies.

3.3.2 P3EHT-b-PEO Morphology - Breakout and Confined Crystallization

P3EHT-b-PEO was synthesized following the procedure in Chapter 2. One P3EHT-
b-PEO copolymer was characterized in this section. The P3EHT block has a molecular
weight of 5 kg/mol and the PEO block has a molecular weight of 2 kg/mol. In Figure 3.4, we
show two DSC scans cooled to -40 °C and 25 °C to observe the temperatures limits for PEO
crystallization in the P3EHT-b-PEO copolymer. When cooling the DSC sample to -40 °C,
we observe an exothermic peak at -6 °C corresponding to the crystallization peak for PEO.
During the heating scan, we observe a melting peak at 38 °C corresponding to PEO and
melting peaks at 64 °C and 77 °C corresponding to P3EHT. However, when only cooling to
25 °C (near the lowest temperature limit of our x-ray scattering and TEM experiments), we
do not observe a crystallization peak for PEO and we do not observe a PEO melting peak at
38 °C during the heating scan. We note the drop in heat flow at 30 °C corresponds to the
isothermal wait step of 1.5 hours needed for P3EHT crystallization. Results of both DSC
runs show that P3EHT-b-PEO needs to be cooled to temperatures well below 25 °C to
crystallize PEO. Figure 3.4c shows the wide angle x-ray scattering (WAXS) for neat
P3EHT-b-PEO, which was held at 28 °C for 90 minutes. The resulting scattering peaks are
consistent with previously published WAXS data on P3EHT, where the sharp peak at 0.44
nm’™' corresponds to the (100) plane (side-chain packing). The scattering peaks for crystalline
PEO are not observed, confirming that the P3EHT block is the only crystallized component.
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Figure 3.4. DSC cooling/heating scans of P3EHT--PEO (r =0) at 10 °C/min between (a) -40 °C and 150 °C
and (b) 25 °C and 120 °C. The heating scan is the red curve and cooling scan is the blue curve. Crystallization
and melting peak for PEO is observed when cooling to —40 °C, while no such peaks are observed when cooling
to 25 °C. Melting peaks at 64 °C and 77 °C corresponding to P3EHT is observed in both cases. The drop in
heat flow at 30 °C corresponds to an isothermal wait step. (¢) WAXS curve of P3EHT-b-PEO (r =0) where the
inset compares WAXS curves of PEO homopolymer (dotted curve) and P3EHT-b-PEO (r = 0) (solid curve).

The introduction of the LiTFSI salt at a concentration of » = 0.125 leads to much
weaker melting peaks in the DSC data (Figure 3.5a) at 65 °C and 81 °C. Increasing the
isothermal crystallization time from 3 to 8 hours results in an increase in intensity of the
melting peaks and a small decrease in the melting temperatures to 62 °C and 76 °C. The
longer crystallization time required for the salt-containing sample was further confirmed
through WAXS, where the scattering peaks could only be seen after annealing at 28 °C for
12 hours (Figure 3.5b). Both the DSC and WAXS data suggest that the crystallization
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kinetics of the P3EHT block is affected by the addition of salt. Previous studies on P3HT
containing block copolymers indicate some LiTFSI partitions into the P3HT domain.'*
Therefore, it is possible some LiTFSI is partitioning into the P3EHT domain for the » = 0.125
sample, which could explain different crystallization properties, particularly the slightly
lower melting temperature.
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Figure 3.5. (a) DSC heating scans of P3EHT-b-PEO (r = 0.125) at 10 °C/min after an isothermal wait step of
1.5, 3, and 8 hours at 30 °C; (b) WAXS curves of P3EHT-b-PEO (» = 0.125) after going above the melting
temperature, cooling to 30 °C and waiting for 3 and 12 hours. The P3EHT block for both » = 0 and and r =
0.125 remain semicrystalline as indicated by the melting peaks in the DSC scans and the (100) reflection in the
WAXS profiles. The P3EHT block for the » = 0 sample crystallized in 1.5 hours, while the » = 0.125 showed a
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very weak melting peak in 1.5 hours. However, a more pronounced P3EHT melting peak was observed after 8
hours.

Figure 3.6a shows the small angle X-ray scattering (SAXS) intensity, /, vs. the
magnitude of the scattering vector, g, of P3EHT-b-PEO for » = 0. At 28 °C and 50 °C, the
scattering profiles indicate two broad shoulders that index to g* and 2¢*, where g* is the
magnitude of the scattering vector associated with (100) family of reflection planes of a
given morphology. The characteristic domain spacing, d = 27/¢max, 1S 15.9 nm, where gmax 18
the magnitude of ¢ at the most intense peak (or the peak that occurs at the lowest value of g).
The TEM image (Figure 3.6¢) of the neat sample indicates a lamellar morphology with a
domain spacing of 15.5 nm. Surprisingly, well-defined lamellae are observed in the TEM
image, which is in contrast with the broad peaks seen in the SAXS data. At temperatures
above the melting point of P3EHT (90 °C and 120 °C), the SAXS scattering profiles show
two distinct Bragg peaks at V6g* and V8¢*, consistent with the gyroid morphology. The
characteristic domain spacing, d, is 12.3 nm. Further increase of the temperature to 125 °C
leads to a disordered structure at a gyax of 0.51 nm’'. In the inset of Figure 3.6a, a plot of the
full width at half max of gn.x (FWHM) vs. temperature shows a clear jump in FWHW, which
is typical for an order-to-disorder phase transition (ODT). The ODT is reversible, as
evidenced by the return of the gyroid morphology after the sample was cooled back down to
90 °C (Figure 3.6b). This is the first evidence of the existence of an ODT for a P3EHT-
containing block copolymer.
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Figure 3.6. (a) The heating scan and (b) cooling scan SAXS curves of P3EHT-b-PEO (r = 0). The inset in (a)
is the full width half max (FWHM) of the primary scattering peak vs. T (temperature) curve indicating an order-
to-disorder phase (ODT) transition. The melt-state gyroid morphology (90 °C) is destroyed ("breakout") upon
crystallization of the P3EHT block at 28 °C. The filled triangles denote peaks corresponding to the gyroid
morphology and the unfilled triangles denote peaks corresponding to the lamellar morphology. (¢) Bright field
transmission electron microscopy (TEM) image of P3EHT-b-PEO (r = 0) shows that the "breakout"
morphology is lamellar at room temperature. Contrast arises from the higher electron density in the
semicrystalline P3EHT (dark phase).

In Figure 3.6b, we show the SAXS data for » = 0 during the cooling run after heating
the P3EHT-b-PEO to 150 °C. Unlike the heating step to 50 °C where lamellar morphology
was observed (Figure 3.6a), the cooling step to 50 °C shows retention of the gyroid
morphology (Figure 3.6b). DSC data and WAXS experiments during cooling runs indicate
that P3EHT does not recrystallize at 50 °C (data not shown). It is not clear if this observed
suppression of crystallization at 50 °C is due to kinetic factors. Further cooling to 28 °C
shows the gyroid morphology at early times and a lamellar morphology at long times (Figure
3.6b). This observation indicates that the crystallization of P3EHT block destroys the melt-
state morphology. In other words, the P3EHT crystals “breakout” of the confined domains
dictated by thermodynamic segregation of the blocks (yN and @ept). This is due to the non-
glassy nature of the PEO block and the fact that yN is between 14 and 20, i.e., the system is
weakly segregated. The fact that the breakout structure is lamellar is not completely
unexpected as previous theories'™ '* and experiments””’* '** on weakly segregated
semicrystalline block copolymers show the crystalline-state morphology is often lamellar
regardless of the melt-state morphology.

Segregation between the blocks can be increased by the addition of LiTFSI salt to
P3EHT-b-PEO. In Figure 3.7a, the SAXS profile of the P3EHT-5-PEO/LiTFSI mixture with
r=10.125 in the melt state (150 °C) shows the presence of the lamellar morphology indicated
by the Bragg peaks at g*, 2¢*, 3¢*, and 4¢g* corresponding to a d of 15.4 nm. The sample
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was quenched to 28 °C to allow for the crystallization of P3EHT block. We see that the
lamellar morphology is retained even after 12 hours. However, the Bragg peaks broaden
slightly and the lamellar spacing increases; d increases from 15.4 nm to 18.3 nm during the
12 hour annealing step. The DSC and WAXS data shown in Figure 3.5 indicate that the
P3EHT block in the P3EHT-5-PEO/LiTFSI mixture with » = 0.125 crystallizes on this time
scale. We thus attribute the broadening the Bragg peaks to P3EHT crystallization. A lamellar
morphology is also observed in the TEM image of the P3EHT-5-PEO/LiTFSI mixture with r
= 0.125 shown in Figure 3.7b, where the characteristic domain spacing is 17.5 nm. It is
evident that the P3EHT-H-PEO/LiTFSI mixture with » = 0.125 exhibits confined
crystallization at room temperature. This is attributed to an increase in segregation, ¥V, and
the fact the melt-state morphology is lamellar. Extrapolation of the data for polystyrene-b-
poly(ethylene oxide)(PS-b-PEO)/LiTFSI mixtures'*> shows that y increases by a factor of
about 7 when r is increased from 0 to 0.125. The DSC data in Figure 3.5 indicate that the
P3EHT crystals melt in both » = 0 and » = 0.125 samples around 80 °C. In spite of this, the
= 0 sample crystallizes in 90 minutes while there is virtually no evidence of crystallization in
the » = 0.125 sample after 90 minutes of annealing. The difference in crystallization kinetics
can be attributed to confinement. The » = 0 sample exhibits breakout crystallization, while »
= 0.125 sample exhibits confined crystallization. Previous studies on semicrystalline block
copolymers have shown that breakout crystallization follows sigmoidal kinetics, while
confined crystallization follows first-order kinetics.””” > '?” In particular, the crystallization
half-time is more highly dependent on crystallization temperature during confined
crystallization. As a result, varying the temperature for isothermal crystallization of the » =
0.125 sample could greatly affect the time needed to fully crystallize the P3EHT block. The
magnitude in time difference for crystallization (hours) between » = 0 and » = 0.125 is far
greater than previously reported confined/breakout crystallization behavior in block
copolymers. This could be attributed to the inherent slower crystallization kinetics of
P3EHT. Further work is needed to fully understand the crystallization kinetics in P3EHT-b-
PEO during confinement and breakout.
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Figure 3.7. (a) The cooling run SAXS curves of P3EHT-5-PEO ( = 0.125). The lamellar morphology is
retained after 12 hours at 28 °C where P3EHT block fully crystallizes (confined crystallization). (c) Bright field
TEM image of P3EHT-b-PEO (r = 0.125) at room temperature indicating a lamellar morphology. Contrast
arises from the higher electron density in the semicrystalline P3EHT (dark phase).
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In summary, a P3EHT-b-PEO copolymer was synthesized by producing ethynyl-
terminated P3EHT in one step using GRIM polymerization followed by coupling to an azide-
terminated PEO block through click chemistry. This facile approach may be used for
synthesizing a variety of poly(3-alkylthiophene)-containing block copolymers. We have
demonstrated that the morphology of this copolymer can be controlled by thermodynamic
parameters such as temperature and segregation strength (yN). The segregation strength was
adjusted by the addition of LiTFSI salt. In the melt state, the salt-free sample (» =0) exhibits
a gyroid morphology while the salt-containing sample (» = 0.125) exhibits a lamellar
morphology. Quenching the salt-free sample to room temperature results in a lamellar
morphology due to the breakout of the P3EHT crystals. In contrast, there is little change in
the morphology of the salt-containing sample upon quenching to room temperature, i.e. we
observed confined crystallization. This qualitative change is attributed to increase in N from
about 17 to 100. Finally, this work provides the first estimate for the value of y between
P3AT chains and conventional polymers such as PEO.

3.3.3 Determination of y.;of P3EHT-b-PEO using the random phase
approximation

The ODT for P3EHT-b-PEO at » = 0 (Figure 3.6a) can be used to estimate the value
of y between P3EHT and PEO. There are currently no literature reports of statistical
segment length of P3EHT chains in the melt state, /ggr. We apply the random phase
approximation to the SAXS data in the disordered state to obtain /gyt as outlined by Lin et
al.'" In the mean field theory the value of ¢may depends on statistical segment lengths only
and not on y. Thus, knowing the literature value for the statistical segment length of PEO
chains, /g, 0.72 nm,121 and the value of gmax in the disordered state, 0.51 nm'l, we obtain /gyt
= 1.1 nm. The statistical segment lengths and y parameters in this work are based on
reference volume of 0.1 nm’.  Thus, the conformational asymmetry factor for our system is
lent/leo = 1.5. The mean-field phase diagram for block copolymer with lgyt/lgo = 1.5 and
¢ent = 0.71 contains a transition from gyroid to cylinder at yN = 20, a transition to cylinders
to spheres at yN = 14.5, and a transition from spheres to disordered at yN = 14.°* However,
only a gyroid to disorder transition was observed in our P3EHT-5-PEO (» = 0) at 125 °C. We
thus conclude the value of yN for our system at 130 + 5 °C is between 14 and 20. Since N =
108 we conclude that 0.13 < y < 0.19 at 130 £ 5 °C.  To our knowledge, this is the first
quantitative measurement of y between conventional polymers such as PEO and poly(3-
alkylthiophene) chains. This is the first step toward prediction of the morphology of block
copolymers containing poly(3-alkylthiophene) chains.

The above method for determining y only applies to conventional block copolymers
with Gaussian chains. P3EHT is, however, a semiflexible polymer.'” ' Theoretical work
on the phase behavior of semiflexible block copolymers shows that the value of yNVat the
ODT for these systems depends on magnitude of the Maier-Saupé parameter, u, relative to
.85 06:68. 69 The Majer-Saupé parameter quantifies interactions between rod-like molecules
in the mean-field limit. The u value for P3EHT is 0.01 at 130 + 5 °C'®, thus u/yis
estimated to be between 0.052 and 0.076 for our system. The predictions in ref. 68 indicate
that such a small value of u/y has a negligible effect on the value of y/Vat the ODT. We note
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in passing that our estimate is based entirely on the mean-field theory of block copolymers.
i.e., fluctuation corrections® are ignored.

Alternatively, with absolute SAXS scattering data, we can determine the value of y
through fitting the RPA equation (with both y and /gyr as adjustable parameters). The two-
dimensional scattering patterns were azimuthally averaged and corrected for scattering from
air and the kapton windows. Then, the scattering data were converted to absolute intensities
(lps) using a glassy carbon standard obtained from Jan Ilavsky at Argonne National
Laboratory. In Figure 3.8, we show the absolute SAXS profile of P3EHT-5-PEO at r = 0 at
Topr = 130 £ 5 °C. The solid red curve is the RAP fit (using equation 3.1) to the scattering
profile. Following the procedure established by Leibler and Lin et al., the heights of the
experimental and theoretical peaks were matched by adjusting y while the location of the
peak in g-space was obtained by adjusting the statistical segment length (i.e. radius gyration
of the polymer). It is important to note we included an exponential term to help fit the
scattering from the background. The y value obtained from the RPA fit is 0.138 (yN = 15.9).
This is very close to the lower limit of range of y determined using the mean-field phase
diagram. This is the first application of the random phase approximation to a poly(3-
alkylthiophene)-containing block copolymer system.
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Figure 3.8 RPA fit of absolute SAXS data of P3HT-b-PEO at r = 0 taken at 130 + 5 °C. The y value obtained
from the RPA fit is 0.138 (yNV = 15.9). This is the first evidence of the application of the random phase
approximation to a poly(3-alkylthiophene)-containing block copolymer system.

In Figure 3.9, we show the Topr values for P3EHT-H-PEO at » = 0, 0.0025, 0.005.
0.01, and 0.02. The Topr increases from 130+ 5 °C at » =0 to 170 °C at » = 0.02. Order to
disorder transitions were not accessible for salt concentrations above 0.20 because the ODT
is above the PEO degradation temperature.
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Figure 3.9 Topr for a P3EHT-b-PEO salt series determined from SAXS measurements.

Previous theoretical and experimental research has shown that the effect of added salt
results in an increase of the “effective” Flory-Huggins interaction parameter, yegr. > 12> 12130
The assumption is that salt is located only in one of the phases. Therefore, concomitant
changes in ¢ need to be taken into account. A linear relationship between y.¢ and 7 has been
proposed:

Xy = Xomo T, 3.4)

where y—o is the neat Flory-Huggins interaction parameter, and m is a system-dependent
constant related to the anion of the salt. The effect of salt addition on a block copolymer is
quantified by the magnitude of m. For PS-5-PEO/LiTFSI mixtures, where the LiTFSI resides
all in the PEO domain, an m value of 1.56'* was experimentally determined by applying the
Leibler’s mean-field theory. It is clear the y.¢ increases as a function of salt concentrations.
To determine y.i for P3SEHT-b-PEO/LiTFSI mixtures, we fit the RPA equation at
the ODT for » = 0.0025, 0.005. 0.01, and 0.02. The calculations were done at 170 °C. We
assume that LiTFSI preferentially resides in the PEO phase. The SAXS disorder peak was fit

to equation 3.1 by adjusting /gyr, ¥, and scattering contrast, (b JVa—bg /vy )2 . The scattering
contrast is adjusted to take into account the challenge in accurately calculating the scattering
length density after the addition of LiTFSI. In Figure 3.10, we show the y.¢ values as a
function of » when we assume all the salt is in the PEO phase. Surprisingly, y.t decreases
with 7, which is in stark contrast with previously reported trends of y.s where it increases
with 7. In this situation, m is -0.31. It is important to note that the change in y. is very
small (y.sr decreases from 0.133 at » = 0 to 0.127 at » = 0.02). On the other hand, we
consider the case where we assume that all the LiTFSI resides in the P3EHT phase (taking
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into account the change in @gy7). As shown in Figure 3.10, y.¢ increases with », where m is
0.175 (getr increases from 0.133 at » = 0 to 0.137 at » = 0.02). It is clear we are observing
very small changes in y.. The fact that ye increases with » suggests LiTFSI might be
partitioning into the P3EHT phase. Our previous study on P3HT containing block
copolymers indicate some LiTFSI partitions into the P3HT domain (discussed in Chapter
4).'% Moreover, we postulate that the TFSI anion, in fact, partitions into the P3EHT phase
while Li" remains solvated in the PEO domain. This will follow trend in ZXeft Where we
assume all the salt goes into the P3EHT phase as most of the volume change occurs due to
the large TFSI anion.
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Figure 3.10 y.¢ for a P3EHT-b-PEO salt series determined from SAXS measurements assuming that the
LiTFSI is all in PEO phase and assuming that the LiTFSI is all in the P3EHT phase.

In summary, we determine the y parameter for a P3EHT-H-PEO copolymer by
applying the random phase approximation to scattering data. This is the first attempt to apply
RPA theory to a P3AT-containing block copolymer. First, we use a mean-field phase
diagram to determine the y parameter for a neat P3EHT-b-PEO sample, which we conclude
is between 0.13 and 0.19 at 130 = 5 °C. We extend our analysis using absolute SAXS data
where we fit the RPA equation to determine y. For neat P3EHT-b-PEO, we obtain a y;—
value of 0.138. The order to disorder transition temperature (7opr) increases with the
addition of LiTFSI salt.  The effective Flory-Huggins interaction parameter (y.g) was
determined by fitting the RPA equation to the disorder scattering profile for each salt sample
at 170 °C. When assuming the LiTFSI is all in the PEO phase, y. decreases with salt
concentration. This is in stark contrast in previously reported salt-containing block
copolymers where y.f increases with salt concentration. However, when assuming all the
salt is in the P3EHT phase, y.frincreases with salt concentration. The trends in the y.g with
suggest that the TFSI™ anion, in fact, partitions into the P3EHT phase while Li" remains
solvated in the PEO domain.
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Chapter 4 - Simultaneous Conduction of Electronic Charge and
Lithium Ions in Block Copolymersi

ABSTRACT

The main objective of this work is to study charge transport in mixtures of
poly(3-hexylthiophene)-b-poly(ethylene oxide) (P3HT-PEO) block
copolymers and lithium bis(trifluromethanesulfonyl) imide salt (LiTFSI). The
P3HT-rich microphase conducts electronic charge while the PEO-rich
microphase conducts ionic charge. A combination of ac and dc impedance
measurements was used to determine the electronic and ionic conductivity of
our samples. The ionic conductivities of P3HT-PEO/LiTFSI mixtures are
lower than those of mixtures of PEO homopolymer and LiTFSI, in agreement
with published data obtained from other block copolymer/salt mixtures. In
contrast, the electronic conductivities of the asymmetric P3HT-PEO
copolymers are significantly higher than those of the P3HT homopolymer.
This is unexpected because of the presence of the non-electronically-
conducting PEO microphase. This implies that the intrinsic electronic
conductivity of P3HT the microphase in P3HT-PEO copolymers is
significantly higher than that of P3HT homopolymer.

4.1 Introduction

Simultaneous electronic and ionic conduction has been studied extensively in various
inorganic materials."*''*° In particular, Reiss has outlined methods for measuring electronic
and ionic conduction for inorganic mixed conductors."*> *® A method using ac impedance
spectroscopy was developed to determine the presence of independent pathways for charge
transport and resistance in an inorganic material between ion blocking electrodes.”’ In
addition, some work has been done to model the impedance spectroscopy of mixed
conductors, which included a term for accounting for imperfections in the electrodes.'*®
There also have been a few reports of simultaneous electronic and ionic conduction in
various polymeric systems.**'* In refs. 141 and 142, attempts were made to quantify the
electronic and ionic conduction, but did not shed light on the relative rates when both ionic
and electronic charge species are present. Ren et al. measured the electronic and ionic
conductivity of poly(3-methylpyrrole-4-carboxylic acid) using dc and ac impedance
measurements.*!  Plocharski studied the electronic and ionic conduction of doped poly(p-
phenylene) homopolymer, but the source of ionic charges was not established.'*

! Parts of this chapter have been reported in ACS Nano. 2012, 6 (2), 1589-1600
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The purpose of this paper is to study the relationship between morphology and charge
transport in  mixtures of P3HT-PEO  block  copolymers and lithium
bis(trifluromethanesulfonyl) imide (LiTFSI). The P3HT block enables electronic transport
while the PEO block enables ion transport. Our results indicate that LiTFSI partitions into
both P3HT and PEO microphases. The effect of this on charge transport is quantified. The
morphology this system is described in the Chapter 3.

Our group has studied the relationship between charge transport and morphology in
lamellar block copolymers with an ion-conducting block and an insulating block.™ 8 125 143
These studies have shown that conductivity, o, is proportional to the volume fraction of the
conducting block, ¢. We thus obtain:

O-:f¢003 (41)

where oy is the intrinsic conductivity of the conducting phase and f'is a factor that accounts
for the morphology (also called tortuosity factor in the literature, although this term is usually
used in the context of a porous materials with ill-defined pores). For randomly oriented
grains comprising alternating conducting and non-conducting lamellae, f = 2/3. The
maximum value of f'is obviously unity. This limit is appropriate when transport limitations
at grain boundaries is not significant.® Equation 4.1 can readily be applied to systems
wherein more than one kind of charge is transported. A major objective of the present study
is to test the applicability of such a framework to P3HT-PEO/LiTFSI blends. To our
knowledge, this is the first attempt to quantify the relationship between morphology and
simultaneous transport of electronic and ionic charges.

4.2 Methods

4.2.1 Conductivity Sample Preparation

Samples for conductivity measurements were prepared by hot pressing freeze-dried
samples into a 125 pm thick Garolite G-10 spacer with an inner-hole diameter of 3.88 mm.
For thickness dependent measurements on the P3HT-PEO/LiTFSI mixture, we also used a
250 um G-10 spacer and a 25 um Kapton spacer. Nickel foil current collectors were pressed
at 1000 psi on both sides of the spacer at 90 °C for 30 seconds using a Carver press (in a
glove box). The Ni-polymer-Ni sandwich was allowed to anneal for an additional 30
minutes at 90 °C after the pressure was released. The actual thickness of the polymer in the
spacer was measured after annealing. Due to overfilling the spacer hole, the actual thickness
is slightly larger than the spacer thickness, but is not an issue for taking measurements as the
polymer is a hard solid at 90 °C. The sandwich was sealed in aluminum laminated pouch
material (Showa Denko) using a vacuum sealer (Packaging Aids Corp) with nickel tabs in an
argon glovebox. Our approach ensures that the samples are air- and water-free.

4.2.2 Conductivity Measurements
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Impedance spectroscopy measurements were made using either a Bio-Logics VMP3
or a Solartron 1260 instrument with applied ac voltages in the 10 mV-50 mV range, and
frequencies ranging from 1MHz to 1 mHz. Resistances were calculated from the complex
impedance data (Z* = Z° — iZ’’) where Z° and Z”’ are the real and imaginary impedances,
respectively, using Nyquist plots (-Z”° vs. Z”). The conductivity, o, is given by

, (4.2)

where L is the polymer thickness and R is the resistance (Q-cm?), obtained from intersections
of the Nyquist plots on the Z' axis. Small dc potentials between -50mV to 50mV were
imposed on the P3HT-containing samples and the steady-state current response was
measured using the Biologic VMP3 instrument. All conductivity measurements were
averaged over a minimum of three samples and all error bars were calculated from the
standard deviation.  Also, all reported conductivity values are from ac impedance
measurements unless stated otherwise.

4.2.3 Equivalent Circuit Curve Fitting

Experimental ac impedance spectroscopy data were analyzed using equivalent
circuits composed of constant phase elements (CPE) and resistors. The impedance of a CPE
is given by:

Z,= , (4.3)

where Q is the capacitance (constant phase element), @ is the angular frequency and a is a
measure of non-ideality of the capacitor. The unit for Q is F-s*'. Both O and a are fitting
parameters and @ = 1 corresponds to the ideal capacitor. Physical arguments were used to
arrive at a particular equivalent circuit and the Randomize + Simplex algorithm built into the
EC-Lab software package was used to fit the impedance data. In all cases, we report the
parsimonious result, i.e. the simplest equivalent circuit with the fewest elements that can
describe the data.

4.3 Results and Discussion
The characteristics of the P3HT homopolymer and the P3HT-PEO block copolymers used in

this chapter are summarized in Table 1.

Table 4.1. Characteristics of polymers used in chapter 4.

a a b c
Mn,P3HT Mn,PEO RR ¢HT

PDI®  Morphol
(kg/mol)  (ke/mol) (%) (P3HT block) orpPhotogy

Polymer Name
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P3HT(5) 5.0 - >04 1 1.2 Nanofibrillar

P3HT-PEO(9-2) 9.0 2.0 >98 0.81 1.27  Nanofibrillar
P3HT-PEO(6-2) 6.0 2.0 >95 0.74 1.33  Nanofibrillar
P3HT-PEO(5-4) 5.0 4.2 >95 0.53 1.30 Lamellar

"M, = number-average molecular weight and "RR = regioregularity, which were determined using
'H-NMR. “Calculated using P3HT density’ of 1.10 g/mL and PEO density'*' of 1.06 g/mL. ‘PDI =
polydispersity index as determined through gel permeation chromatography with polystyrene
standards.

In Figure 4.1a, we show the results of impedance spectroscopy experiments on
P3HT(5) sandwiched between nickel electrodes at 90 °C. The impedance data shows one
semicircle. The equivalent circuit used to analyze these data is a parallel combination of a
resistor and CPE (constant phase element). Extrapolating the semicircle in Figure 4.1a to the
real axis gives the electronic resistance of P3HT(5). It is reasonable to assume that the
transport in this sample is dominated by electronic charge, and we thus obtain the electronic
conductivity of P3HT(5), our, of (4.9+0.6) x 10® S/cm. This value is within the range of
reported conductivity values of undoped regioregular P3HT (107 to 10® S/ecm).*'*® Our
measured oy is at the lower end of the range of the published data. Lui et al. found that in-
plane conductivity of regioregular P3HT was 10° S/cm while that in the through-plane
geometry was 10® S/ecm.**  Our measurements were performed using a through-plane
geometry. Differences in sample preparation must also be accounted for when comparisons
between reported literature values are made. All of our measurements were made on freeze-
dried, bulk samples.

In Figure 4.1b we show the Nqyuist plot of PEO homopolymer (M, = 2 kg/mol) with
LiTFSI at = 0.085. As is typically the case with ion-conducting polymers, we see a single
semicircle at high frequencies and a capacitive tail at low frequencies. Standard analysis
using the equivalent circuit shown in Figure 4.1b results in the conclusion that the ionic
conductivity of PEO, ogo, at rp = 0.085 is 2.05 x 10> S/cm. It should be noted that the
semicircle approaches the Z” axis at a frequency of about 1 kHz, which is significantly higher
than the semicircle touchdown of P3HT(5) (Figure 4.1a) where it is in the mHz range. The
capacitive tail appears in Figure 4.1b but not in Figure 4.1a because nickel is a blocking
electrode for ions but not for electronic charges. The lack of a capacitive tail is a clear
indication of the presence of pathways for the transport of electronic charge. The presence of
one semicircle in both Figures 4.1a and 4.1b is a signature of the presence of a single
dominant pathway for charge transport in both P3HT and PEO homopolymers.
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Figure 4.1. (a) Nyquist impedance plot (-2>* vs. Z’) for P3HT(5) at 90 °C for frequency range of 1 MHz to
10 mHz. Fit parameters for P3HT(5) are Quui = 7.33 x 107" F-s*', gy = 0.875, and Ren =610 kQ-cm’. (b)
Nyquist impedance plot (-Z°” vs. Z’) for PEO at ry = 0.085 at 90 °C for frequency range of 1 MHz to 100 mHz.
Fit parameters for PEO are Quy = 9.32 x 107" F-s*", apuy = 1, Qi = 3.14 x 10° F-s*", a;,, = 0.891, and R =
52.2 Q-cm’. The open circles correspond to the experimental data and the solid curves correspond to the fit
using the equivalent circuit shown in the inset.

Figure 4.2a shows impedance spectroscopy data from the P3HT-PEO(6-2)/LiTFSI
mixture at o = 0.085 sandwiched between nickel electrodes at 90 °C. The presence of three
semicircles in Figure 4.2a, and the absence of such features in Figures 4.1a and 4.1b,
suggests the presence of multiple charge transport pathways in the P3HT-PEO(6-2)/LiTFSI
mixture. Again, the lack of a capacitive tail indicates the presence of continuous pathways
for the transport of electronic charge. The total electronic resistance of the sample was
determined from dc polarization experiments. A small dc potential was applied until a
steady-state current was observed as shown in Figure 4.2b. The corresponding resistance at
steady-state is the total electronic resistance because the nickel electrode blocks ions. In
Figure 4.2¢c, the dc potentials are plotted versus steady-state current. The data follows Ohm’s
law, and the total electronic resistance of the sample, Rqc, is 1.30 kQ-cm®. This value is very
close to the sum of the three semicircles in Figure 4.2a labeled as R;. Therefore,
extrapolation of the low-frequency semicircle to the Z° axis gives the total electronic
resistance of the P3HT-PEO(6-2)/LiTFSI mixture.
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Figure 4.2. (a) Nyquist impedance plot (-Z>* vs. Z°) for P3HT-PEO(6-2)/LiTFSI (open circles) and the
corresponding fit (solid curve) using the proposed equivalent circuit shown in the inset. Fit parameters: Quy =
3.79 x 10" F-s*", apu = 1, Oine = 2.51 x 10” F-s*", @, = 0.658, Qg = 2.17 x 107 Fs*', a,, = 0.853, and R, 5 =
0.129 kQ-cmz, Resi=1.29 kQ-cmz, Ry e = 4.90 kQ-cm?. (b) Current (i) vs. time curves at different applied dc
potentials (E). (¢) Corresponding Ohm’s law plot using the measured steady-state current density (is). Open
circles are the experimental data and solid line is the Ohm’s Law fit. The dc resistance, Ry, from Ohm’s Law
fitis 1.30 kQ-cm’
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As a first approximation, one may model the data from salt-containing P3HT-PEO
copolymers (e.g. Figure 4.2a) by proposing an equivalent circuit that is a linear combination
of the equivalent circuits of the two constituent homopolymers. We expect the sample to
contain bicontinuous ion- and electron-conducting channels and thus the parallel combination
of the two circuits is appropriate. Unfortunately, the equivalent circuit for this combination
gives two Nyquist semicircles which is inconsistent with the data in Figure 4.2a. The inset of
Figure 4.2a shows the simplest equivalent circuit that is consistent with the data. The
equivalent circuit comprises a parallel combination of an electronic and ionic conductor and
an additional resistor/constant-phase-element circuit in series with the ionic conductor. This
equivalent circuit gives three semicircles, consistent with the data in Figure 4.2a. Three
semicircles have been reported before in inorganic mixed conductors, and in that case, the
additional circuit has been attributed to the grain boundary resistance to either electronic or
ionic transport.”*” '*® Jamnik and Maier proposed that the middle semicircle reflects the fact
that the electrodes are not completely reversible to the transfer of electronic charges.'*® The
physical underpinning of the added circuit (the circuit in blue in Figure 4.2a inset) is
uncertain. We will show that this limitation does not impede our ability to determine the
overall electronic and ionic conductivity in our samples. The resistance and capacitance of
the blue portion of the equivalent circuit in Figure 4.2a inset are referred to as Ry and Q.
The equivalent circuit in Figure 4.2a inset indicates that the high frequency semicircle
diameter, R, is the parallel combination of the R, and Ri.” 7,138

LIS (4.4)
Rl Ri Re

where R. is the electronic resistance (also equal to R3). This enables determination of R;.
The middle frequency range semicircle touchdown in Figure 4.2a can be used to calculate Ry,
with the following equation'®”:

v (4.5)
R, R+R, R

where R, is the Z’ intercept of the second semicircle (not the radius of the semicircle). We
do not use Ry in the discussion below and only include this equation for completeness. The
solid curve in Figure 4.2a is a fit of the data to the equivalent circuit in the Figure 4.2a inset.
Not surprisingly, the two important parameters R. and R; obtained from the fit are consistent
with those obtained by using equation (4.4).

The analysis described above was used on ry = 0.085 P3HT-PEO(6-2)/LiTFSI
samples with different thicknesses. In Figure 4.3a and 4.3b we plot R; and R, thus obtained
as a function of sample thickness, L. Both electronic and ionic resistance show
approximately linear trends with thickness. In principle, the linear fits in Figure 4.3 should
go through the origin. The y-intercept of the R; versus L plot (-8 Q-cm?) is relatively small,
while that of the R, versus L plot (250 Q-cm?) is not. This may be due to errors intrinsic in
extracting two independent resistances from the data, or the presence of a non-negligible
interfacial resistance to the transport of electronic charge at the electrode-polymer interface.
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Figure 4.3. (a) lonic resistance, R;, and (b) electronic resistance, R., of PZHT-PEO(6-2) at r, = 0.085 at 90

°C as a function of sample thickness, L. Open circles are the experimental data and solid line is a linear fit. The
dash line is the extrapolation of the linear fit to L = 0.

The remainder of this paper is based on data obtained from samples with L=150-200
um. In Figures 4.4a and 4.4b we show typical impedance data at 90 °C obtained from P3HT-
PEO(9-2) and P3HT-PEO(5-4) with LiTFSI at ry = 0.085, respectively. The data contain
three semicircles and thus the method described above can be used to determine electronic
and ionic conductivities of the samples. However, the relative magnitudes of the semicircles
vary widely due to differences in R; and R.. The curves in Figure 4.4 are fits using the
equivalent circuit shown in Figure 4.2a, inset which enable determination of R; and R.. R. is
much greater than R; for all three sample, implying that R = R;[see Equation (4.4)].
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Figure 4.4. (a) Nyquist impedance plot (-2 vs. Z’) at 90 °C for P3HT-PEO(9-2) at r, = 0.085 with
frequency range of 1 MHz to 5 mHz. Fit parameters: Qi = 1.01 x 107 F-s*", apue =1, Oin = 6.46 x 10° F-s*',
it = 0.572, Oy = 2.07 x 107 F-s*", a,, = 0.925, and R, = 0.195 kQ-cm’, R, = 1.95 kQ-cm’, Ry = 47.3
kQ-cm’. (b) Nyquist impedance plot (-Z’* vs. Z’) at 90 °C for P3HT-PEO(5-4) at r, = 0.085 with frequency
range of | MHz to 1 mHz. Fit parameters: Qpyy = 9.34 x 10 F-s*', gy = 0.912, Oy = 2.02 x 10-° Fs*', g, =
0.470, Ogp, = 5.0 x 107 F-s*", ag,, = 0.422, and R; 5 = 0.053 kQ-cm’, R = 594 kQ-cm’, Ry 5 = 100 kQ-cm’.
The open circles represent experimental data while the solid curve represents the equivalent circuit fit.

Electronic and ionic conductivities of P3HT-PEO(9-2) and P3HT-PEO(6-2) at ry =
0.085 at selected temperatures were determined by the methods given above and the results
are shown in Figure 4.5. Both samples show an increase in o, and g; as temperature is
increased from 40 °C to 90 °C. The temperature dependence on ionic conductivity is fitted to
the Vogel-Tamman-Fulcher equation:

o, =4 eXp[ﬁJ , (4.6)

where ¢; is the ionic conductivity, 4; is a pre-exponential factor proportional to the number of
ionic charge carriers, Ej is the pseudo-activation energy for ion motion, R is the gas constant,
T is the temperature, and 7) is a reference temperature which is typically 25 K below the
glass transition temperature of PEO."" We left 7)) as a fit parameter because the glass
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transition temperature of PEO changes with added salt. The temperature dependence on
electronic conductivity was fit to the Arrhenius equation:

E
=4 e |, 4.7
o, X exp(RTj (4.7)

where o is the electronic conductivity, 4. is a pre-exponential factor, E. is the activation
energy for electronic charge transport. The application of the Arrhenius model assumes the
conduction mechanism is through thermally activated hopping, which is common for
undoped semiconducting polymers.'*® The resulting fit parameters using equations (4.6) and
(4.7) are given in the caption of Figure 4.5.
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Figure 4.5. Temperature dependence of ionic and electronic conductivity for (a) P3HT-PEO(9-2) at r, =
0.085 and (b) P3HT-PEO(6-2) at ry = 0.085. Open symbols are experimental data and solid curves are fits using
the VTF and Arrhenius equations for ionic and electronic conductivities, respectively. The VTF fit parameters
are A; = 1.63 x 102 S/em, E; = 0.032 eV, and T, = 190K for P3HT-PEO(9-2) and 4; = 1.00 x 10 S/cm , E;
=0.066 eV, and T, = 200K for P3HT-PEO(6-2). The Arrhenius fit parameters are 4. = 5.14 x 10* S/cm and E,
=0.125 eV, for PSHT-PEO(9-2), and 4. = 1.2 x 107 S/cm S/cm and E, = 0.210 eV for P3HT-PEO(6-2).
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To further analyze the electronic and ionic charge transport properties, we will focus
on the data obtained at 90 °C. Figure 4.6 shows o, and o; of the all three P3HT-PEO
samples with and without LiTFSI. The ionic conductivity, o;, of P3HT-PEO(5-4) at ry =
0.085 is (3.94£0.6) x 10™ S/cm, which is the highest among three block copolymer samples.
This is not surprising as this polymer has the highest PEO volume fraction. The ionic
conductivities of P3HT-PEO(9-2) and P3HT-PEO(6-2) at ry = 0.085 are within experimental
error, in spite of the difference in PEO volume fraction. The values of o; reported here are
similar to the reported ionic conductivities of other PEO-containing block copolymers.®* All
of the previous data (e.g. ref. 85) on PEO-containing block copolymers are restricted to
systems wherein the non-ionically conducting block was insulating. The values of o, of
P3HT-PEO(9-2) and P3HT-PEO(6-2) at o = 0.085 are (9+4) x 10° S/cm and (1.0+0.3) x 10”
S/cm. A significantly lower value of (3.6+0.9) x 10™ S/cm was obtained from P3HT-PEO(5-
4) at o = 0.085. The neat P3HT-PEO samples (rp = 0) samples exhibited data that were
similar to those obtained from P3HT-PEO/LiTFSI mixtures, but with two semicircles as
shown in Figure 4.7 for P3BHT-PEO(6-2). The analysis described above holds for these
samples and the low frequency Z' intercept gives R.. The dc-test showed that o, of neat
P3HT-PEO(6-2) was (4.4+0.3) x 107 S/cm at 90 °C, which is in good agreement with o, of
(5+2) x 107 S/cm from ac impedance spectroscopy. The effect of added salt on the
electronic conductivities of the P3HT-PEO copolymers is shown in Figure 4.6. o, of P3HT-
PEO(5-4) does not change appreciably when 7y is increased from 0 to 0.085. One might
anticipate this result if all of the added LiTFSI were preferentially located in the PEO
microphase. In contrast, o. values of P3HT-PEO(9-2) and P3HT-PEO(6-2) increase by
factors of 28.1 and 23.0 when ry is increased from 0 to 0.085, indicating that the electronic
conductivity of the P3HT microphases is affected by LiTFSI.
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Figure 4.6. Electronic conductivity of P3HT homopolymer and P3HT-PEO block copolymers as a function
of the P3HT volume fraction, ¢yr, at 90 °C. Measurements were made with (ry = 0.085) and without (o = 0)
added salt. The ¢yt values for the three block copolymers are given in Table 1. The ¢@yr = 1 data set
corresponds to homopolymer P3HT(5), and the salt concentration of 0.085 is actually ryr. The ionic
conductivities of the P3HT-PEO block copolymers were only measured with added salt (ry = 0.085). The

dashed lines are guides for the eye.
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Figure 4.7. Nyquist impedance plot (-2°* vs. Z*) at 90 °C for P3HT-PEO(6-2) at ry = 0. The Z intercept of
the rightmost semicircle gives the electronic resistance.

The above observation motivated us to prepare several P3HT(5)/LiTFSI mixtures in
the concentration range 0 < ryr < 0.15, where ryt is the molar ratio of LiTFSI to 3-
hexylthiophene monomer (refer to method section for details). The mixtures appeared
homogeneous and with a clear red color when viewed by the naked eye (which could indicate
the absence of chemical doping). This was further confirmed through solution (THF) and
solid-state UV-VIS measurements as shown in Figure 4.8a-b. Figure 4.9a shows the Nyquist
plot of the P3HT(5)/LiTFSI mixture at ryr = 0.085. It contains two semicircles with no
capacitive tail and thus the touchdown of the second semicircle gives the electronic
resistance R., which was confirmed by dc measurements. In Figure 4.9b, we show the
electronic conductivity of P3HT(5)/LiTFSI mixtures, our, as a function of ryr at 90 °C. our
increases rapidly with increasing ryr in the 7yt < 0.04 regime. The right hand-axis in Figure
4.9b plots out as a function of ryr, where opr N is the normalized electronic conductivity of
P3HT(5)/LiTFSI, defined as the ratio of oyt at the ryr of interest to oyt at ryt=0. The
increase in electronic conductivity cannot be attributed to increase in crystallinity as there is
no clear trend with salt concentration (Figure 4.8¢c). It should be noted that the salt has no
effect on the melting and crystallization temperature of P3HT as shown in Figure 4.8c.
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Figure 4.8. (a) Solution UV-VIS (THF) of P3HT(5) at 747 = 0 and 751 = 0.085. The maximum absorption is
at 4 = 447 nm for both cases. (b) Solid-state UV-VIS (THF) of P3HT(5) at ryr = 0 and ryr = 0.085. The
maximum absorption peaks/shoulders are at 4 = 525, 558, 608 for both cases. This indicates that LiTFSI is not
doping P3HT or any change in conjugation length due to structural changes. (¢) DSC data (7}, T., and percent
crystallinity) of P3HT with LiTFSIL.
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Figure 4.9. (a) Nyquist impedance plot (-Z2°* vs. Z°) at 90 °C for an P3HT(5)/LiTFSI mixture with salt
concentration ryr = 0.085. The Z’ intercept of the rightmost semicircle gives the electronic resistance. (b)
Electronic conductivity, oy, at 90 °C for P3HT(5)/LiTFSI salt mixtures at various salt concentrations. Right-
hand axis corresponds to the normalized P3HT electronic conductivity, ourn (relative to oyr at rgr = 0), as

defined by Equation 4.8. This data is used to determine the partitioning of salt in the P3HT microphase as
described in the text.

Returning to the electronic conductivity data in Figure 4.6, we make the simplifying
assumption that the increase in electronic conductivity of the P3HT-PEO/LiTFSI mixtures
relative to neat P3HT-PEO is due to mixing of some of the added LiTFSI with the P3HT.
We define & for each of the block copolymers as:

i 0. =0.085) 4.8)

o, (r 0= O)
The values of k£ for P3HT-PEO(9-2), P3HT-PEO(6-2), and P3HT-PEO(5-4) are 28.1, 23.0,
and 1.14, respectively. The concentration of LiTFSI in the P3HT microphase is obtained by
determining the value of ryt in Figure 4.9b where oyrn = k. The LiTFSI concentrations in
the P3HT microphase thus obtained are tabulated in Table 4.2.  Also given in Table 4.2 are
the inferred LiTFSI concentrations in the PEO microphase obtained by mass balance:

Weo vy = [1 - WEO] Vg + Weo Feo s (4.9)

MO,EO MO,HT MO,EO

where rpo is the salt concentration in the PEO microphase, wgo is the PEO microphase
weight fraction, M o 1s the PEO repeat unit molecular weight, and M ur is the P3HT repeat
unit molecular weight. It is evident from Table 4.2 that about 20% of the added salt
partitions into the P3HT microphases in samples P3HT-PEO(9-2) and P3HT-PEO(6-2). This
suggests that LiTFSI has an affinity towards the P3HT microphases with the nanofibrillar
morphology.
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Table 4.2. Estimated values LiTFSI salt concentrations in P3HT, ryr, and in
PEO, rgo for P3HT-PEO salt mixtures at vy = 0.085 and 90 °C.

Polymer Name Fur TEO
P3HT-PEO(9-2) 0.017+0.003 0.065+0.003
P3HT-PEO(6-2) 0.016=0.002 0.072+0.001
P3HT-PEO(5-4) 0.0003+0.0004 0.0849+0.0001

We define a normalized ionic conductivity,

(o

o =— 4.10

W Pe00 k0 (o) ’ ( )
where ¢go is the EO volume fraction, opo(rgo) is the ionic conductivity of pure PEO
homopolymer at a salt concentration of rgp at the temperature of interest. If equation 4.1
were valid and the intrinsic conductivity of the PEO microdomains in the P3HT-PEO/LiTFSI
mixtures were identical to ogo then o; n = f;, the morphology factor for ionic conduction. The
values of opp used in the normalization were obtained at rgo values provided in Table 4.2
using previously reported conductivity measurements on mixtures of PEO homopolymer and
LiTFSL>* '  The ionic conductivity of LiTFSI and PEO homopolymer mixtures is
independent of polymer molecular weight over the range of this study (M, pro of 2 to 4.2
kg/mol).”® This justifies our use of a molecular-weight-independent value of oy in equation
4.10. The values of o;xN thus obtained at 90 °C are listed in Table 4.3. For well-connected
lamellae, the expected value of f; is 0.67. The reported values of oin in Table 4.3 are less
than this, an observation that is consistent with measurements of ionic conductivity of PS-
PEO block copolymers in the low molecular weight limit.'?

Table 4.3. Normalized ionic conductivity, o;x and electronic conductivity, o, x
for P3BHT-PEO/LiTFSI salt mixtures at 7, = 0.085 and 90 °C.

Polymer Name OiN OeN
P3HT-PEO(9-2) 0.6+0.5 8+2
P3HT-PEO(6-2) 0.33+£0.06 12+5
P3HT-PEO(5-4) 0.48+0.06 1.2+0.9
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The electronic conductivity of P3HT-PEO block copolymers can be analyzed by a
scheme similar to that described in the preceding paragraph. The normalized electronic
conductivity of a block copolymer, oy is defined as

_0.(,=0.085)  o.(r,=0)
Pur T (Far) PurOr (Fyr = 0)

4.11)

Ge, N

where ¢yt is the P3HT volume fraction, o, is the electronic conductivity of the block
copolymer, and oyr(ryt) is that of P3HT(5) homopolymer at salt concentration 7yt for each
block copolymer given in Table 2. The second equality arises due to our approach for
obtaining ryr. As was the case with normalizing ionic conductivity, we assume that oyt is
independent of P3HT molecular weight over the range of this study (M,psur of 5 to 9
kg/mol). To our knowledge, the effect of molecular weight on conductivity, the product of
charge carrier mobility and concentration, for bulk P3HT samples have not been reported.
Previous work shows that changing M, psur from 3 to 30 kg/mol results in a factor of 25
increase in mobility in a diode configuration,"® and a factor of 10,000 increase in mobility in
a transistor configuration.”’ Tt is important to note that the reported mobilities are obtained
from measurements on thin films (20-200 nm), and that the measured properties depend on
substrate effects and processing conditions. Further work is thus required to determine the
limitations of the proposed normalization procedure for electronic conductivity in block
copolymers.

The values of o, obtained from equation 4.11 are listed in Table 4.3. The values of
oen of P3HT-PEO(9-2) and P3HT-PEO(6-2) are significantly greater than unity. It is clear
that in this case, o.n is not equal to the morphology factor which, by definition is less than
unity. The o.n values listed in Table 4.3 should be interpreted as lower bounds for the
increase in intrinsic electronic conductivity of P3HT microphase due to nanostructuring.
Thus the intrinsic electronic conductivity of P3HT domains in P3HT-PEO(6-2) is at least a
factor of 12 larger than that of P3HT(5) homopolymer. This factor is 8 for P3HT-PEO(9-2)
and not significantly different from unity for P3HT-PEO(5-4) (Table 4.3). Note that the
largest increase is obtained in the P3HT-PEO(6-2) sample wherein the molecular weight of
the P3HT block is closely matched to the P3HT homopolymer. The higher conductivity of
the asymmetric block copolymers is unexpected due to the presence of the electronically
insulating PEO microphase. Studies on poly(3-alkylthiophenes) (P3AT) and electronically
insulating polymer composites have shown a similar increase in electronic conductivity at
high P3AT weight fractions.'”'™* The results of these studies suggest that properties of the
material surrounding the crystalline P3AT regions affect the electronic charge transport.'>

It is important to note that the data in Tables 4.2 and 4.3 are based on the simplest
possible interpretation of the available data. The factor by which conductivity of pure P3HT
increases with added salt might be different from that obtained in P3HT-containing block
copolymers. Note that the dependence of o. on ¢yt is non-monotonic and presented on a
logarithmic scale in Figure 4.6. This cannot be anticipated from equation 4.1 which predicts
a monotonic (linear) increase of o, with increasing @yr.
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4.4 Conclusions

We have explored the relationship between morphology and transport of both
electronic and ionic charge in block copolymer/salt mixtures. A key difference between the
present samples and those used in previous studies on charge transport in block copolymers®"
8386, 154155 i< both jonic and electronic charges are transported simultaneously in the present
system. A combination of ac impedance spectroscopy and dc measurements enables the
determination of electronic and ionic conductivity in our samples. We discovered that the
addition of LiTFSI to P3HT homopolymer results in approximately 400-fold increase in
electronic conductivity at high salt concentrations. By combining this result with
measurements of electronic conductivity of PRHT-PEO copolymers with and without salt we
estimated the extent to which LiTFSI partitions between the P3HT and PEO microphases.
The ionic conductivities of P3HT-PEO/LiTFSI mixtures are lower than those of PEO/LiTFSI
mixtures. This is expected due to the presence of the non-ionically-conducting P3HT
microphases in the P3HT-PEO/LiTFSI mixtures (see equation 4.1). Neat P3HT-PEO
copolymers only transport electronic charge. The electronic conductivities of the neat
asymmetric P3HT-PEO copolymers are significantly higher than those of the P3HT
homopolymer.  This is unexpected because one expects the presence of the non-
electronically-conducting PEO microphases in P3HT-PEO to result in a decrease in
electronic conductivity (see equation 4.1). We hope to identify the reason for this
observation in future work.
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Chapter S - Electronic Charge Transport Properties of
Electrochemically Oxidized Block Copolymers — Lithium Battery
Application

ABSTRACT

Block copolymers that can simultaneously conduct electronic and ionic
charges on the nanometers length scale can serve as innovate conductive
binder material for solid-state battery electrodes. The purpose of this work is
study the electronic charge transport of poly(3-hexylthiophene)-b-
poly(ethylene oxide) (P3HT-PEO) copolymers electrochemically oxidized
with lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt. We use a
solid-state three-terminal electrochemical cell that enables simultaneous
conductivity measurements and control over electrochemical doping of P3HT.
At low oxidation levels (ratio of moles of electrons removed to moles of 3-
hexylthiophene moieties in the electrode), the electronic conductivity
increases from 10® S/cm to 10® S/cm. At high oxidation levels, oo
approaches 102 S/cm. When P3HT-PEO is used as a conductive binder in a
positive electrode with LiFePO, active material, P3HT is electroactive within
the voltage window of a charge/discharge cycle. The electronic conductivity
of the P3HT-PEO binder is in the 10 to 10 S/cm range over most of the
potential window of the charge/discharge cycle. This allows for efficient
electronic conduction and observed charge/discharge capacities approach the
theoretical limit of LiFePO4. However, at the end of the discharge cycle, the
electronic conductivity decreases sharply to 107 S/cm, which means the
“conductive” binder is now electronically insulating. The ability of our
conductive binder to switch between electronically conducting and insulating
states in the positive electrode provides an unprecedented route for automatic
overdischarge protection in batteries.

5.1 Introduction

Materials with nanostructured conducting domains are essential for a wide range of
applications related to alternative energy."”® Organic solar cells require nanoscale electron
and hole-conducting domains to promote charge separation and extraction.’ Active materials
in battery and fuel cell electrodes such as LiFePQ,, graphite, and platinum, are either
electronic or ionic insulators.®’ % 1% 156 Nanoscale electron- and ion-conducting domains
are necessary for enabling redox reactions in these materials.®" 1% 1% For example, a
traditional porous lithium battery electrode consists of a redox-active material, carbon black
for electronic conduction, and non-conductive binder that holds the particles in place. The
pores are backfilled filled with organic electrolyte for ionic conduction. In some cases such
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as LiFePOQy, electronic and ionic conductivities are so low that the active materials must be in
nanoparticle form, and addressing such particles requires the transport of both kinds of
charges to occur on nanometer length scales. Materials such as block copolymers can self-
assemble and form co-continuous nanoscale domains such as alternating lamellae, cylinders,
or cubic gyroid phase.”® Ionic conduction can, in principle, occur in one of the domains and
electronic conduction in the other. In this study, which builds on the work in refs. 30 and 33,
poly(3-hexylthiophene)-block-poly(ethylene oxide) (P3HT-PEO) copolymers are used to
conducts both electronic and ionic charges. P3HT-PEO block copolymer molecules self-
assemble on the nanometer length scale to yield P3HT-domains that conduct electronic
charges and PEO-domains that conduct ionic charges. One can thus construct an electrode
that only consists of the redox-active material and P3HT-PEO block copolymer.

P3HT is essentially an electronic insulator in its pristine state; it is formally a
semiconductor with bulk electronic conductivity in the range of of 107 - 10™® S/cm.>'=% 3% 4
It is likely broad range of the conductivity is due to the presence of small concentrations of
contaminants. The electronic conductivity of conjugated polymers is increased by chemical
doping, i.e. the addition of chemical species such as ferric chloride, or by electrochemical
doping, i.e. the introduction of ionic species such as PFs under applied electrochemical
potentials. """ 1> *1 Seminal work of Chiang et al. showed that chemical doping increases
the electronic conductivity of poly(acetylene) from 10 S/cm to 10> S/cm after doping.' In
the case of chemical doping, introduction of an oxidizing agent such as I, results in a
spontaneous oxidation of the conjugated polymer. In the case of electrochemical doping, an
applied potential drives the oxidation of the conjugated polymer. A formal positive charge
(hole) created on the polymer backbone is compensated by diffusion of a dopant counterion
into the polymer from the surrounding electrolyte. Electrochemical doping provides a unique
avenue for designing the next generation of electrodes because it enables the possibility of
turning redox reactions on and off reversibly through the control of applied potentials. This
is in stark contrast to the traditional carbon additives used to conduct electrons in current
battery and fuel cell electrodes which have a fixed electronic conductivity.

The purpose of this study is to characterize the electronic transport in
electrochemically doped P3HT-PEO block copolymers. We use a novel three-terminal cell
that enables simultaneous conductivity measurements and control over electrochemical
doping of P3HT. The results of our experiments provide further insight on the charge
transport properties of P3HT-PEO block copolymers when used to conduct electronic and
ionic charges in a lithium battery electrode. In particular, we demonstrate the
semiconducting properties of P3HT enable automatic overdischarge protection of the lithium
battery.

The combination of conjugated polymers and electrolytes has been used in organic
electrochemical transistors'>’ ' and batteries (as the primary active material for electrodes™
9161162 and for overcharge protection* ' 1%%) The traditional electrochemical oxidation of
conjugated polymers consists of polymer films submerged or swollen with a liquid
electrolyte.*"" * In the case of solid-state organic electrochemical transistors, the conjugated
polymer and polymer electrolyte are assembled as a bilayer. The conjugated polymer and
polymer electrolyte are not chemically bonded across the interface between them. Our
polymer is a unique electrochemical system in that the electrolyte is a solid polymer that is
covalently bonded to the electronically conducting polymer. Block copolymer
thermodynamics ensures microphase separation into co-continuous electronically conducting
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P3HT and ionically conducting PEO domains on the nanometer length scale. The
characteristic periodic length scale for P3HT-PEO block copolymers used in this study is
around 20 nm.'> As a result, the dopant counterions only have to diffuse a few nanometers
to compensate for the charged nature of the electrochemically oxidized P3HT chains. This
can, in principle, enable rapid and efficient counterion diffusion during redox reactions.

5.2 Methods

5.2.1 Two-terminal conductivity and two-terminal electrochemical cell
preparation

Samples for conductivity measurements were prepared by hot pressing freeze-dried
P3HT-PEO block copolymer with LiTFSI into a 125 um thick Garolite G-10 spacer with an
inner-hole diameter of 3.88 mm. To assemble a two-terminal conductivity cell, nickel foil
current collectors were pressed on both sides of the spacer at 90 °C. Nickel tabs were placed
on both nickel foils. The sample was then sealed in aluminum laminated pouch material
(Showa Denko) using a vacuum sealer (Packing Aids Corp). To assemble the two-terminal
electrochemical cell (Figure 5.1), we first measured the mass of the spacer before and after
the addition of the polymer. A nickel foil current collector was pressed on one side of the
spacer while a piece of polymer electrolyte membrane approximately 3/16 in diameter (PS-
PEO block copolymer with LiTFSI at ry = 0.085) was gently pressed on the other side of the
spacer. A disk with 3/16” diameter was punched from 150 pum thick lithium foil (FMC) and
was gently pressed on the other side of the polymer electrolyte membrane. Nickel tabs were
placed on the lithium and on the nickel foil. The sample was then sealed in aluminum
laminated pouch material using a vacuum sealer. Samples were prepared and sealed in an
argon-filled glovebox to ensure that the samples are air- and water-free.

5.2.2 Three-terminal conductivity and three-terminal electrochemical cell
preparation

First, the P3HT-PEO/LiTFSI mixture was pressed into two separate spacers at 90 °C.
The mass of the spacer was recorded before and after the addition of the polymer. The
thickness, L, of each polymer filled spacer was measured (150-200 um). Due to overfilling
the spacer hole, the actual thickness is slightly larger than the spacer thickness, but is not an
issue for taking measurements as the polymer is a hard solid at 90 °C. Next, a piece of
electroformed nickel mesh (Industrial Netting) was gently pressed between two spacers at 90
°C. This step needs to be done very carefully to ensure the mesh is not damaged and that the
two polymer layers come into good contact to ensure negligible resistance at the interface of
the two layers. For the three-terminal conductivity cell (Figure 5.4a), nickel foil was gently
pressed on both sides of the spacer. Nickel tabs were added to both nickel foil electrodes and
the nickel mesh electrodes. The sample was then sealed in aluminum laminated pouch
material using a vacuum sealer. In the case of the three-terminal electrochemical cell (Figure
5.3), a nickel foil electrode was gently pressed on one side of the spacer while piece of
polymer electrolyte membrane was gently pressed on the other side of the spacer. A disk
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with 3/16” diameter was punched from 150 pm thick lithium foil and was gently pressed on
the other side of the polymer electrolyte membrane. Nickel tabs were placed on the lithium,
the nickel foil electrode, and the nickel mesh electrode. The sample was then sealed in
aluminum laminated pouch material using a vacuum sealer. Samples were prepared and
sealed in an argon-filled glovebox to ensure that the samples are air- and water-free.

5.2.3 Galvanostatic Experiments for Electrochemical Oxidation

Galvanostatic oxidation experiments were performed using a Bio-Logic VMP3
instrument and the Bio-Logic EC-Lab data acquisition software. A current density (i) of
0.17 mA/cm? is applied to the electrochemical cell for a specific amount of time (7). The
oxidation level is denoted as 7., which is the ratio between the moles of electrons (e)
removed to the moles of the 3-hexylthiophene moieties. The mole of e removed is
quantified using the following equation: moles e = iAF/t, where A4 is the area of the sample
(0.118 cm?) and F is Faraday’s constant. The moles of ¢ removed equals the moles of TFSI
counterions needed to stabilize the holes generated. After reaching the desired rox value, the
cell is allowed to rest until the voltage begins to stabilize as shown in Figure 2a. This value
is taken as the equilibrium voltage (E.x) corresponding to the desired 7o value.

5.2.4 Conductivity measurements using impedance spectroscopy

The impedance spectroscopy measurements were made using a Bio-Logics VMP3
instrument and Bio-Logic EC-Lab data acquisition software. The applied ac voltages was
50 mV with frequencies ranging from 1MHz to 1 mHz. Resistances were calculated from
the complex impedance data (Z* = Z° — iZ”’) where 2’ and Z’ are the real and imaginary
impedances, respectively, using Nyquist plots (-2’ vs. Z’). The conductivity, o, is given by

L
o=—, 5.1
R G-1)

where L is the polymer thickness and R is the resistance (Q-cm?), obtained from intersections
of the Nyquist plots on the Z' axis. All conductivity measurements were averaged over a
minimum of three samples and all reported error bars were calculated from one standard
deviation. Physical arguments were used to arrive at a particular equivalent circuit. In all
cases, we report the parsimonious result, i.e. the simplest equivalent circuit with the fewest
elements that can describe the data. The Randomize + Simplex algorithm built into the EC-
Lab software package was used to fit the impedance data.

5.2.5 Polymer Electrolyte Film Preparation

PS-PEO block copolymers and lithium bis(trifluoromethanesulfonyl)imide, LiTFSI
mixtures were used as the solid electrolyte. The SEO was synthesized via sequential high-
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vacuum anionic polymerization, using sec-butyllithium as the initiator and P4 tert-
butylphosphazene base as the promoter for the polymerization of ethylene oxide. The
synthetic procedure used in this study is described in literature.*> ' ' The number-
averaged molecular weight and the polydispersity index (PDI) of the PS block were obtained
using gel permeation chromatography measurements using a Waters 2690 separations
module and a Viscotek triple detector system calibrated with polystyrene standards. The PDI
of the polymer was found to be less than 1.05. The volume fraction of each block was
determined using 'H nuclear magnetic resonance (NMR) spectroscopy. The M, of the PS
block is 52.9 kg/mol and M, of the PEO block is 67.6 g/mol. The volume fraction of PEO (¢go) is
0.54. The dry polymer was dissolved in N-methyl pyrrolidone with LiTFSI. The ratio of Li
ions to ethylene oxide moieties, », in our electrolytes was 0.085, the optimal value for this
polymer.*® The solution was cast with a doctor blade and dried under vacuum at 90°C. The
resulting free-standing membrane was 20-40 um thick.

5.2.6 Battery Assembly

Solid polymer electrolyte was pressed to the positive electrode that contained P3HT-
PEO block copolymer and LiFePO, particles at 90°C. Lithium metal negative electrode was
pressed to the other side of the solid polymer electrolyte at room temperature. These were
then analyzed in either Swagelok or pouch cells. Stainless steel Swagelok cells were used to
contain samples and provide electrical contact for electrochemical measurements. These cells
had fixed bottom electrodes, while the top electrodes had spring-loaded plungers to maintain
pressure on the polymer samples. Instrumentation electrodes were connected to the Swagelok
cells via glovebox feedthroughs. The Swagelok cells were held in a custom-built heating box
equipped with a temperature controller (Omega) that was set so that the cell temperature was
90°C. For pouch cells, a nickel (negative electrode) or aluminum (positive electrode) tab was
used as the current collector. The membrane electrode assembly was sealed in aluminum
laminated pouch material (Showa Denko) using a vacuum sealer (Packaging Aids Corp), to
make them air free. For Swagelok cells, all steps including cycling, were performed in an
argon-filled MBraun glovebox, while pouch cells were cycled in a convection oven after
vacuum sealing.

5.2.7 Battery Cycling Procedure

Battery cycling was performed using either a 16-channel potentiostat/galvanostat
(Bio-Logic, VMP3) when using Swagelok cells, or an 8-channel Solartron 1480
potentiostat/cell test system attached to a Tenney TPS environmental test chamber when
using pouch cells. The cells were annealed at 90°C for 24 hours prior to analysis. Constant
current (0.02 mA/cm?”) was used to charge to 3.8V, and constant voltage was applied until the
current decreased to 10% of the original value. The cells enter a rest period of 1 hour, which
was then followed by a constant current discharge step to 2.5V. Another 1-hour rest period
followed, then the whole process was repeated 9 times to get 10 cycles for each sample cell.
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5.3 Results and Discussion

The characteristics of the P3HT-PEO block copolymers used in this study are
summarized in Table 1. We examined mixtures of lithium bis-(trifluoromethanesulfonyl)
imide salt (LiTFSI) and P3HT-PEO block copolymers listed in Table 5.1. The LiTFSI salt
concentration, 7y, is equal to 0.085 in all cases, where 7 is the molar ratio of lithium ion to
ethylene oxide moieties. All reported conductivity values were obtained at 90 °C, and
reported potentials are relative to a Li/Li" reference electrode.

Table 5.1. Characteristics of polymers used in chapter 5.

Polymer Name 50 egimel) (P3HTblocky 71 7o Morphology'™
P3HT-PEO(9-2) 9.0 2.0 0.81 0.017  0.065 Nanofibrillar
P3HT-PEO(6-2) 6.0 2.0 0.74 0.016 0.072 Nanofibrillar
P3HT-PEO(5-4) 5.0 4.2 0.53 0'200 0'(;84 Lamellar

In Chapter 4, we reported on the relationship between morphology and simultaneous
electronic and ionic charge transport in P3HT-PEO/LiTFSI mixtures. > The same block
copolymers were used in Chapter 4 and the current chapter. At 90 °C, the electronic
conductivity of P3HT-PEO/LiTFSI mixtures, in the absence of applied potentials, ranged
from 10 to 10 S/cm. The decoupled ionic conductivity was about 10 S/cm in all cases, a
value that is reasonable for practical lithium battery applications. In addition, we showed a
surprising increase in the electronic conductivity by simple chemical mixing of LiTFSI in the
P3HT domains. This observation of increased conductivity was surprising as LiTFSI does
not have any of the characteristics of traditional chemical dopants, i.e. it did not
spontaneously oxidize P3HT. It was shown that the LiTFSI salt partitions between P3HT
and PEO microphases. In Table 5.1, we present rgo and ryr, the ratios of the moles of salt to
the moles of ethylene oxide and 3-hexylthiophene moieties, respectively, as reported in
Chapter 4. It is important to note that the conductivities reported in Chapter 4 correspond to
neutral P3HT. In reality, the electronic conductivity can be further increased by
electrochemically chemically doping P3HT with LiTFSI.

A variety of electrochemical cells were used in this study. We begin describing
results obtained from a two-terminal electrochemical cell shown schematically in Figure 5.1.
The negative electrode is lithium metal, which serves as the counter and reference electrode.
The positive electrode is the P3HT-PEO/LiTFSI. P3HT (blue) is the redox-active domain
and the LiTFSI is primarily dissolved into the PEO domain (red) serves as the electrolyte in
the positive electrode. Separating the two electrodes is a block copolymer electrolyte
(polystyrene-block-polyethylene oxide, PS-PEO) layer with LiTFSI at ro = 0.085. This layer
serves to transport lithium ions between the electrodes. The electrochemical cell
configuration (Figure 5.1) is similar to our previously reported work on batteries with a
lithium metal anode and lithium iron phosphate (LiFePOy) cathode.'®” The difference being
that the positive electrode does not contain LiFePO, redox-active particles. Removing the
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LiFePO, from the cathode enables the study of the electrochemical properties of P3HT-PEO
block copolymers. The two half reactions that occur in the electrochemical cell during the
oxidation reaction are shown in Figure 5.1. One of the reactions is the oxidization of P3HT
to P3HT", and the second reaction is the reduction of Li" to neutral Li. To oxidize P3HT, a
positive current is applied to the cell, i.e. an electron is removed from a 3-hexylthiophene
moiety to generate a hole charge carrier (p-doping). This causes a TFSI anion to diffuse
from the PEO domain into the P3HT domain. In other words, the P3HT has been
electrochemically doped with a TFSI" counterion. At the negative electrode, the electron
produced at the P3HT electrode travels through the external circuit to react with a Li" ion to
form Li metal. The Li" ion left behind by the transfer of TFSI” anion into the P3HT" diffuses
into the polymer electrolyte separator to compensate for the consumed Li" at the negative
electrode. It is assumed that P3HT moieties are oxidized randomly as electrons are removed
from the positive electrode, and it has been established that positive charges are separated by
about six 3-hexylthiophene moieties.”” The reactions in Figure 5.1 incorporate these
assumptions.
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Figure 5.1. Schematic of a two-terminal electrochemical cell. The positive electrode is a nanostructured
P3HT-PEO block copolymer with LiTFSI at o = 0.085. We show only four lamellar horizontal domains for
simplicity. In reality, the block copolymer nanostructure would be composed of randomly orientated grains.
The negative electrode is pure lithium metal, which also serves as the reference electrode. Electrons are
transported between the positive and negative electrodes by an external circuit. Lithium ions are transported
through the PS-PEO block copolymer electrolyte. During the oxidation reaction, an electron is removed from
P3HT to generate a hole charge carrier on the polymer backbone. As a result, a TFSI" counterion diffuses into
the P3HT domain from the PEO domain. At the negative electrode, the electron produced at the P3HT-PEO
electrode travels through the external circuit to react with a Li" ion to form Li metal. The Li" ion left behind by
the transfer of TFSI” anion into the P3HT" diffuses into the polymer electrolyte separator to compensate for the
consumed Li" at the negative electrode. A representative cyclic voltammogram is shown at the bottom. The
onset of oxidation is around 3.1V (scanned from 2.5-4.0 V vs. Li/Li’, scan rate of 20 mV/s). The CV indicates
the reversible oxidation of P3HT with LiTFSI.

A cyclic voltammetery experiment on the electrochemical cell depicted in Figure 5.1
indicates an onset oxidation of P3HT is at 3.1 V and an oxidation peak 3.6 V. The initial
open circuit voltage (OCV), measured in all of our cells the type in Figure 5.1 is 2.95+0.05.
This corresponds to the neutral state of P3HT. The oxidation levels of P3HT were controlled
galvanostatically. A current density (i) of 0.17 mA/cm? was applied to the electrochemical
cell for a specific amount of time (¢). In Figure 5.2 we show a plot of resulting cell potential
(Ewe) vs. t of a particular experiment on P3HT-PEO(6-2) where ¢ = 35 min. The oxidation
level is denoted as 7., which is the ratio of the moles of electrons (e’) removed in the
galvanostatic experiment to the moles of the 3-hexylthiophene moieties in the positive
electrode. The moles of e removed are given by, moles e" = i4AF/t, where 4 is the area of the
sample (0.118 cm?) and F is Faraday’s constant. We assume that the moles of e” removed
equal the moles of TFSI counterions in the oxidized P3HT microphases (7ox equals y/n where
v and n are defined in Figure 5.1). After reaching the desired rox value, the cell is allowed to
rest until the Ey. "stabilizes" as shown in Figure 5.2a. In principle, the rest step allows for
the dissipation of the electrode overpotentials and salt concentration gradients in the PS-PEO
electrolyte and the P3HT-PEO electrode. It also allows for relaxation of inhomogeneous
oxidation fronts that may have developed in the positive electrode. As can be seen Figure
5.2a, even after a rest step of 25 minutes a steady decrease in Ey. of 0.001 V/min is observed.
This may be result of slow diffusion ions across the electrode-electrolyte interface or
uncontrolled side reactions. The value of E\. is taken as the oxidation potential (E.x), and the
corresponding extent of oxidation (7o) is set by the galvanostatic step. Figure 5.2b shows the
results ac impedance spectroscopy measurements taken at # = 0 before oxidation and after the
rest step at 7ox = 0.01. It is evident the cell impedance decreases after a small change in 7oy
from 0 to 0.01. This is a clear sign that the P3HT chains are being oxidized. Even though
we see clear evidence of decreasing cell resistance in Figure 5.2b, the challenge lies in
extracting the electronic resistance of the P3HT domains in the positive electrode. The cell
pictured in Figure 5.1 cannot be used address this challenge as it contains several resistive
components including the PS-PEO separator, the P3HT-PEO block copolymer, with
concomitant interfacial and charge transfer resistances at each electrode.
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Figure 5.2. (a) A characteristic cell voltage (E.) versus time (¢) profile (solid curve) and current density (i)
versus t (dashed lines) for the oxidation of P3HT-PEO(6-2) block copolymer with LiTFSI at 5 = 0.085 using
the two-terminal electrochemical cell. A current density of 0.17 mA/cm” is applied to the electrochemical cell
until the desired oxidation level (roy) is reached. The cell is allowed to rest (i = 0 mA/cm?) after which the value
of E,. is taken as the oxidation potential (E,). (b) Nyquist impedance plot (-2 vs. Z’) from 1 MHz to 100
mHz of a two-terminal electrochemical cell at 90 °C for r,, = 0 (inset) and r,, =0.10. The positive electrode is
P3HT-PEO(6-2) at ry = 0.085.

In order to probe the electronic conductivity of the oxidized P3HT-PEO block
copolymer directly, we modified the two-terminal cell (Figure 5.1) to include a nickel mesh
in the P3HT-PEO positive electrode as shown in Figure 5.3. Following the procedure
described above, a constant current is applied between the negative lithium metal electrode
and the nickel foil of the positive electrode. After reaching the desired 7o« value and allowing
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the cell to rest, ac impedance spectroscopy measurements are performed between the nickel
foil and the nickel mesh both located in the P3HT-PEO electrode. This measurement
quantifies the charge transport in the oxidized P3HT-PEO block copolymer. The E value
was recorded after the rest step when stable impedance data were obtained (usually less than
30 minutes after the galvanostatic step).

Negative Electrode
Lithium Metal

PS-PEO/LITFSI

O Nickel Mesh

P3HT-PEO/LITFSI

[ Neer__—(~)
+ —/

Positive Electrode

Figure 5.3. Schematic of a three-terminal electrochemical cell that enables simultaneous conductivity
measurements and control over electrochemical doping of P3HT. The nickel mesh (third terminal) is placed at
the middle of the polymer layer of the positive electrode. The negative electrode is pure lithium metal, which
also serves as the reference electrode. By applying a current between the positive and negative electrode, we
can control the ry value of the P3HT-PEO block copolymer. After reaching the desired r,, value, an ac
impedance measurement is performed between nickel foil of the positive electrode and the nickel mesh. This
measurement allows us to directly quantifying the conductivity of the oxidized P3HT-PEO block copolymer.

In standard impedance measurements, one uses identical parallel plate electrodes to
apply potentials and measure the resulting current. If edge effects are neglected, and the field
lines are parallel to each other and perpendicular to the electrodes, the conductivity is
calculated using Equation 5.1 in the experimental methods section. In contrast, one of the
electrodes used in the three-terminal cell is a mesh with 90% open area. In order to quantify
the effect of using this mesh as an electrode, experiments were performed on a modified
three-terminal cell as shown in Figure 5.4a. The cell in Figure 5.4a is symmetric with a
P3HT-PEO/LiTFSI mixture sandwiched between two nickel foils and with a nickel mesh in
the middle. Impedance spectra were obtained in two independent experiments. In one case,
the spectra were obtained using the two nickel foils as electrodes (foil-foil). In the other
case, the spectra were obtained with one of the foils and a nickel mesh as the other electrode
(mesh-foil). In Figure 5.4b we show data obtained from a P3HT-PEO(6-2)/LiTFSI mixture.
The qualitative features seen in the foil-foil impedance data were similar to those seen in the
mesh-foil impedance data. In both cases, the spectra were analyzed by methods described in
Chapter 4 to give the electronic (o;) and ionic (o;) conductivities, using the same total
polymer cross-sectional polymer area (0.118 cm?). The validity of o and o; thus obtained
may be questioned due to the large void fraction of nickel mesh. In Figure 5.4c, we show the
values of o, and o; of the three P3HT-PEO/LiTFSI samples (Table 5.1). The values of o
and o; obtained in the foil-foil experiments reported in Figure 5.4c are within experimental
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error of those reported in Chapter 4. This is reasonable as one does not expect the presence
of the nickel mesh in the sample to have a measurable effect on ion transport in P3HT-PEO.
The values of o; obtained from the foil-foil and mesh-foil configuration are within
experimental error. The o. of P3HT-PEO(5-4) and P3HT-PEO(6-2) are also within
experimental error. Only o. of P3HT-PEO(9-2) from the mesh-foil experiment is
significantly different from the foil-foil experiment. With exception of o, of P3HT-PEO(5-
4), which is near the lower limit of the instrumental resolution, values of o g 0. Obtained
from mesh-foil are lower than the foil-foil experiments. One may thus consider o, obtained
from mesh-foil experiments to be lower limits of the actual electronic conductivity. It is
evident from Figure 5.4c, that one cannot account for the mesh electrode using a
multiplicative correction factor that applies to all samples. For consistency, we report
conductivity values with the mesh-polymer-foil configuration without any corrections.
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Figure 5.4. (a) Schematic of a three-terminal conductivity cell used to quantify the effects of a nickel mesh
electrode. (b) Representative Nyquist impedance plots (-Z” vs. Z’) for P3HT-PEO(6-2) at o, = 0.085 for a
frequency range from 1 MHz to 10 mHz. Measurements are taken between the two nickel foil electrodes and
between nickel foil and nickel mesh electrodes. (c¢) Electronic and ionic conductivity at 90 °C of the P3HT-
PEO block copolymers at r, = 0.085 when measured between foil/foil electrodes and between foil/mesh
electrodes.
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In Figure 5.5 we show Nyquist impedance plots of P3HT-PEO(6-2) obtained using
the three-terminal electrochemical cell at 7o values 0, 0.01, and 0.10. At rox = 0, the Nyquist
plot contains three semicircles. A small increase in 7o to 0.01 results in a Nyquist plot with
two semicircles. At rox 0.10, the Nyquist plot only contains one semicircle. The
methodology to obtain the electronic and ionic conductivities of P3HT-PEO/LiTFSI mixtures
from Nyquist plots is discussed in length in Chapter 4. Regardless the number of Nyquist
semicircles, the electronic resistance, R., is given by the intersection of lowest frequency
semicircle with the real axis. The curves through the data in Figure 5.5 are fits using the
equivalents circuits in the insets of each figure. The method used to obtain the fit is
described in Chapter 4. The electronic conductivities of the oxidized polymers (oeox) Were
calculated from R. values thus obtained using Equation 5.1 described in the experimental
methods section.
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Figure 5.5. (a) Characteristic Nyquist impedance plot (-2 vs. Z°) at 90 °C for P3HT-PEO(6-2) at r,, = 0.01
with frequency range of 1 MHz to 1 mHz. Fit parameters: Qpu = 2.1 X 10" F-s*", apu = 1.0, O = 1.60 x 107
Fs*', a;, = 0.81, and Ry = 473 Q-cm’, Ry = 2.4 x 10° Q-em’, R = 2.4 x 10° Q-cm”. (b) Characteristic
Nyquist impedance plot (-Z”” vs. Z”) at 90 °C for P3HT-PEO(6-2) at r,, = 0.01 with frequency range of 1 MHz
to 100 Hz. Fit parameters: Quu = 1.51 x 107 F-s*", ap = 0.97, Qi = 1.60 x 107 F-s*", a;,, = 0.81, and Ry 5 =
130 Q-cnm’, R.s = 310 Q-cm’. (c) Characteristic Nyquist impedance plot (-Z’* vs. Z°) at 90 °C for P3HT-
PEO(6-2) at 7, = 0. 10 with frequency range of 1 MHz to 55 Hz. Fit parameters: Qu = 1.7 X 107 F-sa'l, Aputk =
0.96, and Ry = 1.14 Q-cmz, Req = 1.40 Q-cm®.  These measurements are taken between the nickel foil and

nickel mesh of the three-terminal electrochemical cell. The open circles represent experimental data while the
solid curve corresponds to the fit using the equivalent circuit shown in the inset.

In Figure 5.6, we present o.ox of electrochemically oxidized P3HT-PEO block
copolymers at 7ox = 0, 0.01, and 0.10. At rox = 0, 0c0x 1S between 107 and 10 S/em for all
three polymers. Also shown in Figure 5.6 is the electronic conductivity (o) of unoxidized
P3HT-PEO obtained using a two-terminal conductivity cell with nickel foil electrodes. Note
that both experiments probe unoxidized P3HT-PEO block copolymers at 7o = 0.085. In spite
of this, it is evident in Figure 5.6 that o o« at rox = 0 is about three orders of magnitude lower
than o for both P3HT-PEO(9-2) and P3HT-PEO(6-2). It was shown in Chapter 4, that the
high values of o, in P3HT-PEO(9-2) and P3HT-PEO(6-2) is due to partitioning of salt into
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the P3HT microphase. In contrast, the salt is located exclusively in the PEO microphase in
the case of P3HT-PEO(5-4). It thus appears that the chemical potential of LiTFSI in PEO is
a function of the PEO block molecular weight. We propose that the higher chemical
potential of LiTFSI for P3HT-PEO block copolymers with PEO molecular weight of 2
kg/mol drives the LiTFSI into the P3HT rich microphase. In the two-terminal conductivity
cell, the LiTFSI chemical potential can only be decreased by partitioning into the P3HT
microphase.  In the three-terminal electrochemical cell, however, the LiTFSI chemical
potential can be decreased by partitioning into the PS-PEO electrolyte layer where the PEO
molecular weight is 67.6 kg/mol. We thus conclude that the electronic conductivities of all
three P3HT-PEO block copolymer measured in the three-terminal electrochemical cell and
that of P3HT-PEO(5-4) measured in the cell with two-terminal conductivity cell correspond
to a pure P3HT microphase with no added LiTFSI. All of the results obtained from
unoxidized P3HT-PEO block copolymers is consistent with the notion that LiTFSI chemical
potential increases with decreasing PEO block molecular weight. The interfacial area per
unit volume between ionically conducting and non-ionically conducting microdomains
(either P3HT or PS) increases with decreasing PEO block molecular weight. This is one
potential reason for the dependence of LiTFSI chemical potential on PEO block molecular
weight.  Lastly, it is evident in Figure 5.6 that the electronic conductivities of
electrochemically oxidized of P3HT-PEO block copolymers are weak functions of P3HT
volume fraction (@yr) where increasing 7o« from 0 to 0.01 results a 1000 fold in o ox. Further
increase in 7o from 0.01 to 0.10 results in 100 fold increase in o ox.
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Figure 5.6. Electronic conductivity of the oxidized P3HT-PEO block copolymers (o, at 90 °C as a
function the P3HT volume fraction, (@yr) for r, values of 0, 0.01, and 0.10. The ¢yt values for the three block
copolymer are given in Table 5.1. The diamond markers correspond to the electronic conductivity of the P3HT-
PEO block copolymers when only considering the chemical mixing of LiTFSI at r, = 0.085 and determined
using a two-terminal conductivity cell. The dashed lines are guides for the eye.
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Figure 5.7 shows conductivity data obtained in the three-terminal cells as the P3HT-
PEO block copolymers are cycled between oxidized and reduced states. A cycle consisted of
oxidation in two steps, from 7, = 0 to rox = 0.01 and from rox = 0.01 to rox = 0.10, using the
galvanostatic oxidation protocol described above. Each step took about one hour to execute.
In the reduction step, the electrons were added to the P3HT-containing electrode until the
voltage cutoff of 2.5 V was reached and the cell was allowed rest until a stable value of
conductivity was obtained. Full reduction of the P3HT chains back to the neutral state took
several such steps and typically required three days. In the oxidation step, the TFSI anion
diffuses through the PEO microphase into the P3HT microphase. In the reduction step, the
TFSI anion diffuses through the P3HT microphase into the PEO microphase. Our
experiments suggest that the diffusion of TFSI anion through P3HT is much slower than
through PEO. It is evident in Figure 5.7 that the dependence of o ox of P3HT-PEO(9-2) and
P3HT-PEO(6-2) on 7 is independent of cycle number. In the case of P3HT-PEO(5-4), o ox
increases with each cycle at both 7, values of 0.01 and 0.10. The largest increase occurs
between cycle 2 and 3. The data obtained in cycles 4 and 5 are almost within experimental
error but shows signs of stabilizing after subsequent cycling. Even though o o« at 7ox = 0.01
and 0.10 generally increases with cycle number, the baseline conductivity obtained at 7ox = 0
is within experimental error in all cases.
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Figure 5.7. Electronic conductivity of the oxidized (a) PBHT-PEO(9-2), (b) P3HT-PEO(6-2), and (c) P3HT-
PEO(5-4) block copolymers at 90 °C for r,, values of 0. 0.01, and 0.10 for five oxidation/reduction cycles. A
cycle consisted of oxidation from r,, = 0 to rox = 0.10 and then reduction back to neutral state of r,, = 0, which
corresponds to the start of the next cycle.

Small angle X-ray scattering (SAXS) experiments were performed on the oxidized
samples at 7,x = 0.10 after the fifth cycle. Figure 5.8a shows the SAXS intensity, /, versus
magnitude of the scattering vector, g, of P3HT-PEO(5-4) at rox = 0 and 0.10. The SAXS
profile of P3HT-PEO(5-4) at rox = 0 shows a primary peak at ¢ = ¢* = 0.31 nm™ and a higher
order peak at 2¢*, indicating the presence of a lamellar structure with a domain spacing, d =
20.3 nm (d = 2n/g*). At rox = 0.10, the SAXS profile of P3HT-PEO(5-4) shows only a
primary peak at ¢* = 0.28 nm™' corresponding to a domain of d = 22.4 nm. It is clear from
the scattering profile that oxidation of P3HT results in the reduction of long range order as
indicated by the loss of the second order peak. The transformation of P3HT-PEO(5-4) to a
poorly ordered morphology may be one of the reasons why o increases with cycle
number. It has been shown in PS-PEO block copolymer electrolytes that decreasing long
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range order increases ionic conductivity in bulk samples.'® The SAXS profile of P3HT-
PEO(9-2) at rox = 0 shows a broad peak at ¢* = 0.31 nm™ corresponding d = 20.3 nm
(Figure 5.8b). Subtle shoulders are seen at higher values of q. These are signatures of the
nanofibrillar morphology typically seen with P3HT-containing block copolymers. At rox =
0.10, the SAXS profile of P3HT-PEO(9-2) also shows the nanofibrillar morphology with a
broad peak at ¢* = 0.29 nm™' corresponding to d = 22 nm. Unlike P3HT-PEO(5-4), no
significant change in morphology is seen upon oxidation of P3HT-PEO(9-2). This may be
the reason for the lack of dependence of oo« on cycle number. In both Figures 5.8a and
5.8b, we see that d increases with oxidation [d increases 10% in P3HT-PEO(5-4) and 6% for
P3HT-PEO(9-2)]. The transformation of the P3HT backbone from the benzenoid structure to
the quinoid structure results in an increase the persistence length of the polymer.'® We
propose the observed increase in d upon oxidation is due to this effect.
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Figure 5.8. (a) SAXS profile of P3HT-PEO(5-4) at 90 °C for r,x = 0 and 0.01 indicating the presence of
microphase separation. A lamellar morphology is seen at 7, = 0, while the there is a decrease in long-range
order after oxidation to ., = 0.10. (b) SAXS profile of P3HT-PEO(9-2) at 90 °C for r,, = 0 and 0.01 indicates a
microphase separated structure.
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The important parameters that described the effects of electrochemical oxidation on
electronic conductivity of P3HT-PEO block copolymers are oOcox, #ox, and Eo. The
relationships between these parameters are shown in Figure 5.9. Figure 5.9a shows o o as
function of 7o for the three P3BHT-PEO block copolymers. The dependence of o ox On 7ox 1S
similar for all three block copolymers. The data appear to fall into two regimes. The first
regime encompasses low oxidation levels and it is found that o o« increase by approximately
three orders of magnitude when 7. increases from 0 to 0.005. In the second regime, further
increase of rox from 0.005 to about 0.10 results in a more modest increase in o ox With some
evidence of saturation at o ox Of 10 S/cm at high 7o values. The trends seen in Figure 5.9a
are consistent with previously reported behavior of chemically oxidized conjugated
polymers." The highest 7. values attainable, 0.10, 0.125, and 0.150 for P3HT-PEO(9-2),
P3HT-PEO(6-2), and P3HT-PEO(5-4), respectively, increase with decreasing molecular
weight of the P3HT block. Chen et al. report rox values as high as 0.30 for poly(3-
butylthiophene) immersed in LiPFs-containing liquid electrolyte and corresponding bulk
electronic conductivities as high as 0.1 S/cm. However, Ciprelli et al. found considerably
lower values of r,x when poly(3-octylthiophene) was chemically doped with a salt containing
the TFSI anion.!” In Figure 5.9b, we show the relationship between 7 and Ex, which has a
power law relationship (the solid curves are power law fits to the data points). Even though
each block copolymer has a different highest attainable r., the corresponding highest
attainable Ey is about 3.6 V in all cases. In Figure 5.9c, we show the relationship between
Eox and o ox. It 1s clear that log( o ox) increases linearly with Eo in the potential range of the
measurements.
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Figure 5.9. (a) Electronic conductivity (o) of the oxidized P3HT-PEO block copolymers as function of
oxidation level (r.,). The solid line correspond to a line fit between r = 0 and 0.005. The solid curve
corresponds to a fit using log(o. o) = a — b(10™Y) from ry = 0.005 to 0.125, where a =-1.32, b =3.24, ¢ =
1120, and d = 86.2. Fit is only given for P3HT-PEO(6-2) for clarity. (b) The relationship between r,, and E,
for the P3HT-PEO block copolymers. Open circles are the experimental data and the solids curves are power
law fits. Fit parameters using the equation ro, = a +b(Ey): a = -4.97 x107, b = 8.08 x 10™°, and ¢ = 20.6 for
P3HT-PEO(6-2), a=2.28 x 10°, b =3.25x 10%', and ¢ = 35.2 for P3HT-PEO(9-2), and a = -7.54 x 10*, b =
1.31 x 107!, and ¢ = 36.1 for P3HT-PEO(5-4). (c) Electronic conductivity of the oxidized P3HT-PEO block
copolymers as function of cell potential (E,, vs Li/Li'). Open circles are the experimental data and the solids
lines are linear (log-scale) fits. Fit parameters using the equation log(c.ox) = a tb(Eyx): a=-30.4 and b =7.99
for P3BHT-PEO(6-2), a = -33.1 and b = 8.63 for P3HT-PEO(9-2), and a = -34.7 and b = 9.11 for P3HT-PEO(5-
4). All conductivity data are at 90 °C.
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Figure 5.10 shows the hole mobility (4,x) of electrochemically oxidized P3HT-PEO
block copolymer as a function of 7. The mobilities were calculated from the relation z4x =
Oeox/Ne, where n is the charge carrier density, and e is the elementary charge. The value of n
is calculated from ro; n = roxNayppsur/Mo, where N,, is Avogrado’s number, ppsyr is the
density of P3HT, and M, is molar mass of 3-hexylthiophene repeat unit. Note that both o ox
and n are function of electrochemical potential of the polymer (Figure 5.9). The tix VS 7ox
data in Figure 5.10 appear to fall two regimes. For 7o values less than 0.02, 4y is a weak
function of 7ox. Above rox = 0.02, 1y increases linearly, nearly one order of magnitude, as 7o
is increased to about 0.10. In this regime, hole mobility is independent of block copolymer
composition or the chain length of P3HT block. The data in Figure 5.10 are qualitatively
similar to those obtained from electrochemically doped P3HT homopolymer in presence of a
liquid electrolyte.” "= 1"2 Arkhipov et al. explained the observed trend in mobility assuming
a transport model that account for coulombic interactions between the holes and counterions.
An important parameter in the model is the reciprocal localization radius () which was
varied to obtain agreement between theory and experiment. At low 7. values, the holes
generated are trapped by the attractive Coulomb potentials of the TFSI anion (Coulomb
traps). As a result, the mobility of holes is suppressed. The several orders of magnitude
increase in o ox (Figure 5.9a) at low 7y is entirely from the increase in charge carrier density.
As rox increases, the distance between the holes (and TFSI anions) decreases, which results in
the overlap of the Coulomb trap potential energy wells. This reduces the activation barrier for
hole transport and enhances mobility. Remarkably, the data in Figure 5.10 are in quantitative
agreement Arkhipov et al. with =3 nm™ i.e. 1o, increases from 107 to 10 cm*V™'s™ as roy
is increased by a factor of 10 (Figure 4 in ref. 172). The only difference between our data
and the model is that in the model the linear regime starts at rox = 0.1 while in our
experiments this regime at rox = 0.01.
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Figure 5.10. Hole mobility (z,) of electrochemically oxidized P3HT-PEO block copolymers as function of
oxidation level (r,). The mobilities were calculated from the relation ti,x = 0 ox/ne, where n (related to 7o) is
the charge carrier density (cm™), and e is the elementary charge. The dashed lines are guides for the eye.
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Figure 5.11a shows the schematic of a battery with a lithium metal negative electrode
and a LiFePO, positive electrode. The LiFePO, particles are dispersed in a P3HT-PEO(6-
2)/LiTFSI mixture. Separating the two electrodes is a PS-PEO block copolymer electrolyte
layer with LiTFSI at o = 0.085. Figure 5.11b shows an SEM image of the film obtained
from the LiFePO4/P3HT-PEO(6-2)/LiTFSI mixture. LiFePO, particles appear as bright spots
and the polymer/salt mixture appears as a dark matrix. This film is remarkably simple when
compared to a traditional lithium ion positive electrode, which contains pores for ionic
conduction, conductive carbon additives for electronic conduction, and an inert polymer
binder to hold the structure in place, in addition to the active material. In our system, the
active material is dispersed in a single polymer that functions simultaneously as the
conductor of lithium ions and electronic charge, as well as the binder material in the
electrode. The average specific capacities of ten batteries obtained during the first ten cycles
are shown in Figure 5.11c. The batteries show a specific capacity that approaches the
theoretical value of LiFePO,4 (170 mAh/g) with relatively little capacity fade. This provides
further evidence that the P3HT-PEO block copolymer delivers both ions and electronic
charge to the active centers, thus allowing the batteries to cycle efficiently. It is important to
note that P3HT is also redox-active and can contribute to the capacity of the battery where
the theoretical specific capacity for P3HT is 161 mAh/g. However, as we will show later,
P3HT only contributes a very small fraction to the overall capacity of the battery.
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Figure 5.11. (a) Schematic of a battery cell with a positive electrode comprising of LiFePO,, LiTFSI, and
P3HT-PEO binder. The negative electrode is pure lithium metal, which also serves as the reference electrode.
In between the positive and negative electrode is a PS-PEO/LiTFSI electrolyte layer. (b) SEM image of the
positive electrode composed of P3HT-PEO(6-2)/LiTFSI and LiFePO,. (¢) Average specific capacity (mAh/g)
for 10 cells as a function of cycle number of LiFePO,. The dashed line corresponds to the theoretical specific
capacity of LiFePO,4 (170 mAh/g).
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We focus on a single charge/discharge cycle to elucidate the changes in the electronic
conductivity and oxidation level of P3HT during a battery cycle as shown in Figure 5.12a.
The voltage of the battery (Ey. vs. Li/Li") is initially at its equilibrium OCV of 3.41 V. The
battery is then charged at a constant i of 0.02 mA/cm? until E,.reaches 3.8 V. E,. is held at
3.8 V until i decreased to 10% of the original value, which completes the charging step.
After a rest step of 60 minutes, the battery is discharged at a constant i of -0.02 mA/cm” until
E. reaches 2.5 V. After another rest step, Ey. increases until it returns to the equilibrium
OCV value of 3.41 V. This completes the charge/discharge cycle. Note that the Ey,. values
found in the battery (Figure 5.12a) overlap with the range of E. values given in Figure 5.9c.
Interestingly, the voltage window where P3HT is electrochemically active is within the
voltage range of the battery charge/discharge cycle. The reversible redox reactions occurring
in the battery are

. charge "
xLiFePO,qg—— " xFePO,+ Xxe +XLi

aischarge ( 5 2)

PIHT e P3HT* +
—_— e
Y aischarge y y ( 5 3)

charge
+nLiT + (Xt ——————— +ALi
Ty T (e scharge Ty)H (54)

The forward reaction corresponds to the charging step while the reverse reaction corresponds
to discharging step. Reactions 5.2 and 5.3 occur in the positive electrode while reaction 5.4
occurs in the negative electrode. In Figure 5.12b, we show the time dependence of 7, during
the charge/discharge cycle. This curve was calculated from the power law fit through P3HT-
PEO(6-2) data in Figure 5.9b. During the charging step, r,x was assumed to follow the
power law until the maximum 7, value was reached. During this time, we assumed that both
LiFePO,4 and P3HT are oxidized. In the remainder of the charging the step, we assume that
all of the oxidation occurs in the LiFePO, particles. We assume the 7, remains constant
during the rest step and that follows the power law in the subsequent discharging and rest
steps. At a maximum 7o of 0.125, P3HT is only contributes about 7% to the total capacity of
the battery.

In Figure 5.12c, we show the time dependence of oo« during the charge/discharge
cycle obtained using the fit through the P3HT-PEO(6-2) data shown in Figure 5.9c. It is
evident that the conductivity of our binder is relatively high, in the 10~ to 10 S/cm range
during charging. This value is significantly higher than the ionic conductivity of the P3HT-
PEO(6-2)/LiTFSI mixture (10 S/cm) reported in Chapter 4. This is important for enabling
the redox reactions 1 to 3 because they involve equal moles of lithium ions and electronic
charges. It is, perhaps, not surprising that high electronic conductivity is obtained during
charging because the P3HT chains are being oxidized during this step. During most of the
discharge step, electronic conductivity is above 10” S/cm. This may seem surprising
because P3HT is being reduced during this step. Electronic conductivity during the
discharge step is enabled entirely due to the potential of 3.3 V imposed on the positive
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electrode by the FePOy particles. As the discharge step approaches completion and Eye
decreases to 2.5 V (Figure 5.12b), o ox plummets to below 107 S/cm. In other words, our
“conductive” binder is essentially an electronic insulator towards the end of the discharge
cycle. This provides a unique route for overdischarge protection as the battery has been
essentially “shutoff” to further discharge. After the discharge cycle, the battery returns back
to equilibrium OCV value of 3.41 V where o¢ox =1 x 107 S/cm indicating the binder returns
to the electronically conducting state.

0.02 =

3
0.00 §
-0.02<>

'81||1|||1||||||

0 100 200 300
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Figure 5.12. (a) Cell potential (E,. vs Li/Li") vs. time (f) curve corresponding to a characteristic
charge/discharge profile for a battery cell composed of a lithium anode, solid polymer electrolyte, and a
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LiFePO, positive electrode with P3HT-PEO(6-2) conductive binder. (b) Predicted oxidization level (7,y) for the
charge/discharge profile using the relationship between E,, and 7 given Figure 5.9b. (c) Predicted oxidized
electronic conductivity (o ) for the charge/discharge profile using the relationship between E,, and o ,x given
Figure 5.9c¢.

It is important to have overdischarge and overcharge protection in a battery in order
to improve the safety and cycle life of the battery. In a conventional battery, overdischarge
and overcharge protection is accomplished using external circuitry. Unfortunately, the use of
external circuitry adds significant weight, adds to the cost, and complicates battery pack
design. Therefore, it is advantageous to incorporate the overdischarge or overcharge
protection capabilities within the chemistry of the battery cell, thus simplifying the battery
pack design and reducing the cost. In some experimental battery cells, redox shuttles are
used to enable overcharge and overdischarge protection within a battery cell.'”” 1In an
interesting experiment, Chen et al. lined the pores of a conventional battery separator with
P3BT. Under the conditions where the cells were fully charged, the P3BT lining became
electronically conducting and the additional electrons were directly shuttled from the
negative to the positive electrode.'® '  The charging process is thus interrupted.
Alternatively, incorporating a semiconducting binder in one of the electrodes (as we do in
this study) provides a radically new approach for enabling and overdischarge and overcharge
protection. In principle, a semiconducting binder in the positive electrode could provide
overdischarge protection, as shown in this study, while a semiconducting binder in the
negative electrode could provide overcharge protection.

5.4 Conclusions

We have characterized the electronic charge transport properties of electrochemically
doped P3HT-PEO block copolymers used as conductive binder material for a lithium battery
positive electrode. We use a novel three-terminal electrochemical cell that enables
simultaneous conductivity measurements and control over electrochemical doping of P3HT.
The electronic conductivity (oeox) of the P3HT-PEO block copolymers are measured as a
function of oxidation level, 7., and oxidation voltage, Eox. At low rox values below 0.01,
Oeox INCreases from 10 S/cm to nearly 10 S/em. At rox Values near the highest attainable
oxidation levels, o.ox approaches 10% S/cm. We further extend our analysis to a
charge/discharge cycle of a lithium battery that contains a positive electrode with LiFePO4
active material and P3HT-PEO(6-2) conductive binder. Importantly, P3HT is electroactive
in the potential window of a charge/discharge cycle, which means we have two redox
reactions occurring in the positive electrode involving P3HT and LiFePO, (reactions 5.2 and
5.3). We assume that the LiFePOy4 redox reaction controls the cell potential of the battery,
which in turn dictates the o cx of the P3BHT-PEO block copolymer. At OCV of the battery,
the binder is at an electronically conducting state (¢ ox = 107 S/cm), and o ox increases to 10°
? S/cm during the charging step. This range is significantly higher than the ionic conductivity
of the P3HT-PEO block copolymer binder (10 S/cm). This is important for enabling the
redox reactions as they involve equal moles of lithium ions and electronic charges (reactions
52 and 5.3). Guox is above 10 S/cm for majority of the discharge cycle allowing for
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successful extraction of discharge capacity from the battery. However, at the tail end of the
discharge cycle, o..x decreases sharply to 107 S/cm; in this state the P3HT-PEO block
copolymer binder is essentially an electronic insulator. This observation shows that the use
of semiconducting polymer like P3HT as a conductive binder in a positive electrode provides
an unprecedented route for overdischarge protection in batteries.
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Chapter 6 - Summary

The goal of this project was to synthesize and characterize the structural and charge
transport properties of poly(3-alkylthiophene)-b-poly(ethylene oxide) P3AT-H-PEO
copolymers. These block copolymers are used as conductive binder material for a lithium
battery electrode where it provides charge transport pathways for both electronic charges
(P3HT) and Li" ions (PEO) on the nanometer length scale. This electrode design is
remarkably simple when compared to a traditional lithium ion positive electrode, which
contains pores for ionic conduction, conductive carbon additives for electronic conduction,
and an inert polymer binder to hold the structure in place, in addition to the active material
(e.g. LiFePQy,).

Poly(3-hexylthiophene)-b-poly(ethylene  oxide) (P3HT-PEO) and  poly(3-
ethylhexylthiophene)-b-poly(ethylene oxide) (P3EHT-PEO) copolymers were synthesized
using a combination of Grignard metathesis (GRIM) polymerization and 1,3-dipolar
cycloaddition “click” reaction. To obtain basic characteristics, the synthesized polymer were
characterized using gel permeation chromatography (GPC), 'H-NMR spectroscopy, matrix
assisted laser desorption ionization — time of flight (MALDT-TOF), differential scanning
calorimetery (DSC), and UV-VIS spectroscopy.

The morphology of P3HT-h-PEO copolymers, where the P3HT block is the major
component, is dominated by nanofibrils. In contrast, the nearly symmetric P3HT-b-PEO
copolymers self-assemble into a lamellar phase. In addition, we show that P3EHT-b-PEO
chains self-assemble to produce traditional nanoscale morphologies such as lamellae and
gyroid in the melt-state. The segregation strength between the two blocks is controlled
through the addition of lithium bis(trifluromethanesulfonyl) imide (LiTFSI). Our approach
enables estimation of the "effective" Flory-Huggins interaction parameter, yes, using the
random phase approximation (RPA). The ye trends with salt concentration suggest that the
TFSI anion preferentially segregates into the P3EHT phase while Li" remains in the PEO
phase. For the salt-free sample, the gyroid morphology, obtained in the melt-state, is
transformed into lamellae when the P3EHT block is crystallized. This is due to the “breaking
out” of the crystalline phase. At high salt concentrations, P3EHT-b-PEO has a lamellar
morphology in both melt and crystalline states (confined crystallization).

We presented the first reported attempt to study the relationship between morphology
and electronic/ionic charge transport of P3HT-b-PEO/LiTFSI mixtures. Using ac impedance
spectroscopy, we show that P3HT-5-PEO/LiTFSI mixtures can conduct electronic and ionic
charges simultaneously. At 90 °C, the electronic conductivity of P3HT-b-PEO/LiTFSI
mixtures ranged from 10 to 10” S/cm depending on the volume fraction of P3HT. The
decoupled ionic conductivity is around ~10” S/cm. It was shown that LiTFSI partitions
between P3HT and PEO microphases. In particular, LiTFSI only partitions between the
microphases when the PEO block molecular weight is 2 kg/mol while we observe no
partitioning when the PEO block molecular weight of 4.2 kg/mol. It thus appears that the
chemical potential of LiTFSI in PEO is a function of the PEO block molecular weight. We
propose that the higher chemical potential of LiTFSI for P3HT-6-PEO copolymers with PEO
molecular weight of 2 kg/mol drives the LiTFSI into the P3HT rich microphase.

The electronic conductivity can be further increased by electrochemically chemically
doping the P3HT chains with LiTFSI. Electrochemical doping provides a unique avenue for
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designing the next generation of electrodes because it enables the possibility of turning redox
reactions on and off reversibly through the control of applied potentials. This is in stark
contrast to the traditional carbon additives used to conduct electrons in current battery and
fuel cell electrodes which have a fixed electronic conductivity. Therefore, we quantified the
electronic conductivity P3HT-b-PEO copolymers electrochemically oxidized with LiTFSL
We use a novel solid-state three-terminal electrochemical cell that enables simultaneous
conductivity measurements and control over electrochemical doping of P3HT. At low
oxidation levels, the electronic conductivity increases from 10® S/cm to 10 S/cm. At high
oxidation levels, the electronic conductivity approaches 102 S/cm. These values match or
exceed the ionic conductivity, which is important for enabling redox reactions in a battery as
they involve equal moles of lithium ions and electronic charges.

A lithium metal battery was assembled where the positive electrode consisted of
P3HT-b-PEO conductive binder and LiFePO, active material. We were able to cycle
batteries and obtain capacities approaching the theoretical limit of LiFePO,. Importantly,
P3HT is electroactive within the voltage window of a charge/discharge cycle. The electronic
conductivity of the P3HT-5-PEO copolymer binder is in the 10 to 10” S/cm range over
most of the potential window of the charge/discharge cycle. This allows for efficient
electronic conduction needed for the successful cycling of the batteries. However, at the end
of the discharge cycle, the electronic conductivity decreases sharply to 107 S/cm, which
means the “conductive” binder is now electronically insulating. The ability of our
conductive binder to switch between electronically conducting and insulating states in the
positive electrode provides an unprecedented route for automatic overdischarge protection in
batteries.

The results of my PhD research clearly show that choosing the correct conjugated
polymer and inorganic active material combination is very important in successful battery
cycling. Our results suggest that the inorganic active material dominates the cell voltage.
Therefore, the conjugated polymer must be electrochemically active in the voltage window
of the inorganic active material in order to have sufficient electronic conductivity. Meaning,
electronic conductivity needs to match or exceed the ionic conductivity. This is particularly
important during the discharge cycle. The above analysis provides a new framework for
substantial future work on characterizing electronic and ionic conduction of block
copolymers and its application to battery electrodes.
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Chapter 8 - Appendix

8.1 List of Symbols

GREEK

Aeff
Put
Po
Hox
PP3HT
PP3EHT
PPEO

area (sz)

domain spacing

oxidation voltage versus Li/Li" (V)
electrochemical cell voltage versus Li/Li" (V)
absolute scattering intensity (cm™)

current density (mA/cm?)

thickness (cm)

P3EHT statistical segment length (nm)

PEO statistical segment length (nm)
number-average molecular weight of a polymer
weight-average molecular weight of a polymer
degree of polymerization

scattering vector

constant phase element for geometric capacitance
constant phase element for interfacial capacitance
constant phase element for ionic grain boundary capacitance
total LiTFSI salt concentration

LiTFSI salt concentration in PEO phase

LiTFSI salt concentration in P3HT phase

lead resistance for impedance data

higher frequency semicircle real impedance intercept
middle frequency semicircle real impedance intercept
low frequency semicircle real impedance intercept
dc resistance

grain boundary resistance

ionic resistance

electronic resistance

oxidation level

time

real impedance

imaginary impedance

Flory-Huggins interaction parameter
effective Flory-Huggins interaction parameter
P3HT volume fraction
PEO volume fraction
hole charge carrier mobility (cm*V's™)
P3HT density (g/cm’)
P3EHT density (g/cm’)
PEO density (g/cm’)
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Oe
Ge,N
Ue,ox
Oi
OiN

neutral electronic conductivity (S/cm)
normalized neutral electronic conductivity (S/cm)
oxidized electronic conductivity (S/cm)

ionic conductivity (S/cm)

normalized ionic conductivity (S/cm)
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8.2 Absolute Molecular Weight Measurement via GPC

8.2.1 Theory

The light scattering detector in a GPC allows for the direct measurement of the
absolute molecular weight of a polymer. Low angle light scattering (LALS) measurement
provides the weight-average molecular weight of the polymer (My,). The concentration of the
polymer solution running through the GPC is measured by the refractive index (RI) detector.
This detector is crucial in accurately measuring the refractive index increment of the polymer
solution. By combining the results from the LALS and RI measurements, one can easily
obtain My, of any given polymer.

The fundamental light scattering equation for polymer solutions is given by the Zimm
equation,

KC 1

R49 M w%

+24,C, (7.1)

where C is the sample concentration, 4, is the second virial coefficient of the solution, Ryis
the excess Rayleigh scattering ratio of the solution above that of the pure solvent, measured
at an angle @ with respect to the incident beam.

I,  LALS
R, =kt = f="2are (7.2)
IO IO

where k is an instrument constant related to the scattered light collection efficient, /yis the
excess intensity of the scattered light above that of the pure solvent, which is related to the
low angle light scattering signal peak area (LALSa.a). Pois the particle scattering factor, but
can be ignored at the limit of low angles (equals unity when 6 = zero and is 0.98 when 6 = 7
°C). K in Equation 7.1 is a composite of optical and fundamental constants.

2
2p(7m0 Z’nj
K =—c, (7.3)

N, 2

where ny is the refractive index of the solvent, dn/dc is the refractive index increment of the
polymer solution, N is Avogrado’s number, 4y is wavelength of the incident light, and p is
an interger value of 1 for un-polarized light and 2 for vertically polarized light. Na, Ao, and p
are instrument constant, which can be combined with detector constant k£ and /; given in the
Equation 7.2. This forms a new constant ko1 s. Rearranging Equation 7.1 yields
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o)
1 °\ de

M, C - (kLALS )(LALSw.ea)

w

~24,. (7.4)

A, can be generally ignored as it is typically much smaller than the other terms in the
equation, which yields
)
1 "\ de

M,C (ko NLALS, )| (7:3)

w

The next step is to find a relationship for dn/dc, which can be obtained from the RI detector.
Knowing the RI detector peak area (Rl.,), one obtains the following equation:

R[area = ﬁ Careu (%j 2 (76)
0

where kg 1s the RI detector calibration constant and Ca., 1S the concentration area, which is
the total mass of polymer injected,

C,. =CV

area nj 2

(7.7)

where Vi, is the injected volume. Combining equation 7.6 and 7.7 and solving for dn/dc
yields the following equation:

dn _ nyRI
— = 7.8
de  kyV,C (7-8)

inj

Substituting equation 7.8 into equation 7.5 yields

3

o (RL,, )
C (kR[ )2 Vinj o

M B (k LALS )(LALS area )

w

(7.9)

To further simplify the equation, no and Vi, are combined with the detector calibration
constants (kg; and kpars) to obtain an overall calibration constant kc,. Solving equation 7.9
for My, yields

LALS
Mw:kcal(RI—ar)ezac' (710)
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Equation 7.10 allows for the determination of M,, from the LALS and RI peaks areas of the
GPC chromatograms.

8.2.2 Example of M,, Calculations

A polystyrene (PS) standard with C = 1.078 mg/mL (M, = 80.7 kg/mol, PDI = 1.01)
was run through the GPC (THF as the eluent). The area of the RI and LALS peaks were
21.199 and 20.022, respectively. All parameters are known for equation 7.10, thus allowing
for the calculation of k.., which is equal to 1.6803 x 10°. Now that we have a calibration
constant, we can determine the molecular weight of any other polymer of choice. To confirm
that the calibration works, I determined the M, of a poly(isobutylene) (PIB) previously
synthesized and characterized in the lab. The M,, of the PIB used should be 56,800 g/mol. A
PIB solution with C = 1.19 mg/mL was run through the GPC. The area of the RI and LALS
peaks were 14.289 and 5.7941, respectively. Using equation 7.10, the M,, is calculated to be
56,700 g/mol, which is in very good agreement with the expected M.

Alternatively, we can determine M, by applying equation 7.5 and 7.8. We first
calculate &y ars and kg; using the PS standard (knowing that the dn/dc of PS in THF is 0.185).
Next, using equation 7.8, we can calculate the dn/dc of PIB in THF. Finally, we can calculate
the M,, of PIB using equation 7.5 using the calculated value of dn/dc. With this method, you
can determine the dn/dc of the polymer that you are trying to characterize. This is a good
check to see if your molecular weight measurements are accurate.

8.2.3 Preparing GPC Sample Solutions

Amber Bottles
e Buy at least three amber bottles from the stockroom.
Remove any sticker or label that may be on the bottle.
Place the bottles in the base bath overnight or about a day.
After removing from base bath, wash thoroughly with methanol and THF.
Allow the bottle to dry at least overnight to make sure it is completely dry.

PS Solution Preparation

e Remove the bottle from the oven and let it cool to room temperature and tighten the
cap onto the bottle.

Wipe the outsides of the whole bottle with a kimwipe to remove any debris.

Label the top of the cap with a marker (i.e. PS3-20).

Place the capped bottle onto the balance, let the mass stabilize, and record the mass.
Remove the bottle from the balance, but don’t tare the balance.

Add 50 mg of PS into the bottle. Make sure you are adding the polymer outside the
balance.
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Weigh the bottle again to see how much polymer was added to the bottle.

You may need to add or remove polymer multiple times to reach the correct mass of
polymer.

After getting about 50 mg of PS, measure out 50 mL of HPLC grade (Burdick and
Jackson) Toluene into a graduated cylinder.

It may be easier to add the last few drops with a pipette so you don’t overshoot the
volume measurements.

Add the Toluene into the bottle and let it dissolve for about an hour before using the
solution.

Weigh the bottle, which will be needed to calculate the actual concentration of the
polymer. The density of toluene is 0.948 g/mL.

Record the concentration
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