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ABSTRACT

Organic polymers can be used as the active component of sensors, smart materials,
chemical-delivery systems and the active layer of solar cells. The rational design and
modification of the chemical structure of polymers has enabled control over their properties and
morphology, leading to the advancement of nanotechnology. A deeper understanding of
structure-property relationships, as described in this thesis, affords control over the nanostructure
of devices made from these macromolecular materials, which is crucial to the optimization of
their performance.

In Chapter 1, a new sensor for ionizing radiation based on composites of electron beam
lithography resists, poly (olefin sulfone)s (POSs), and multiwalled carbon nanotubes is
presented. The polymeric active component is radiation labile and its degradation after a sensing
event leads to morphological and electrical changes in the composite at the nanoscale. As a
result, a signal can be detected. Systematic sensitivity improvements can be accomplished by
rational modifications of the chemical structure of the polymer side-chains. Orthogonal post-
polymerization modifications performed using "click" chemistry, incorporate functional groups
capable of increasing either the homogeneity of the composite, or its opacity towards radiation.

In Chapter 2, a smart hybrid polymer composed of a POS and a silicone linked by "click"
chemistry is described. By tuning the chemical structure of these two components and varying
their ratio, composites with different mechanical properties and hardness can be achieved. This
elastomeric smart material exhibits switchable mechanical properties: exposure to mild bases
triggers disassembly into its monomers and individual constituents.

In Chapter 3, the design, synthesis and properties of new polymer surfactant additives for
photovoltaic devices is shown. The AB alternating regioregular polythiophene copolymer
additives are obtained via a combinatorial approach, and contain functional groups in every other
repeat unit. In Chapter 4 incorporation of small amounts of these polymer additives (0.25 weight
%) is shown to result in large increases of up to 30% in the power conversion efficiency of
organic solar cells consisting primarily of the benchmark system of poly (3-hexylthiophene) and
Phenyl-C6 1-butyric acid methyl ester (PCBM) as the active layer. This effect is mainly due to the
presence of dipoles at the interface of the bulk heterojunction introduced by the additives, which
prevent charge recombination and lead to increases in the photocurrent collected across the
polymer-fullerene interface.

In Chapter 5, the synthesis of liquid crystalline polymer brushes is described, and their
supramolecular and self-assembly properties are studied. The solid-state ordering and alignment
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properties of these highly substituted polymers can be affected by chemically tuning their
mesogenic oligomeric side-chains, the length of the polymer backbone and the degree of cross-
linking. The morphologies obtained with these macromolecules are interesting from the point of
view of future photovoltaic applications.

Thesis Supervisor: Timothy M. Swager
Title: John D. MacArthur Professor of Chemistry
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Chapter 1 Ionizing Radiation Sensing

1.1 Introduction

Ionizing radiation is radiation capable of ejecting an electron from an atom upon

interaction with matter. There are several types of ionizing radiation and they differ from each

other depending on the mass or lack thereof, and on their charge or lack thereof (see Table 1.1

for a summary of the main types of ionizing radiation).' The degree of ionization, and the

mechanisms by which ionization occurs are highly dependant on the nature of the ionizing

radiation, and the composition of the matter being irradiated. For instance, charged radiation will

tend to induce a higher degree of ionization as these charges interact strongly with the electrons

to be ejected, and matter composed of heavier elements tends to interact more with high energy

photons, as each atom contains more electrons.

Radiation Type Charge Energy range Penetration Effect

alpha (a) He 2  + 3-7 MeV Low Highly Ionizing

beta (p) e + or - 0-3 MeV (continuous) Medium Medium Ionizing

X-Ray* hv No 0.12-12keV High Ionizing

gamma (y)* hv No >100keV Very High Ionizing

neutron n No 0.025 eV (thermal) - MeV (fast) High Ionizing

Table 1.1. Summary of the main kinds of ionizing radiation and their properties. (*) More

modern definitions distinguish X-Rays from y-Rays not based on the energy, but depending on

their origin: X-rays are originated from electrons, and y-Rays are originated from nuclei
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Sensing the presence of ionizing radiation2 is crucial in several fields, including energy,

national security, biological and nuclear research, and in environments where the levels of

radiation are higher than average, such as in outer space. In all these situations, it becomes

necessary not only to sense the presence of ionizing radiation, but also to quantify the cumulative

dose of radiation absorbed over time using a dosimeter.3 This is interesting from the point of

view of personal protection, as well as monitoring materials attrition.

Dosimeter design usually involves a sensing event, in which the sensor undergoes an

irreversible modification. This is the case for the most commonly used system for personal

dosimetry of gamma radiation, which is based on the development of a photographic film.

According to the Gurney-Mott model used to describe the interaction of a photographic film with

ionizing radiation (Figure 1.1),2b after exposure to radiation and ionization, the film contains

local densities of negative charge. This event is followed by migration of interstitial silver ions to

compensate these charges, followed by reduction of the silver ions. The amount of silver metal

(Ago) generated is proportional to the amount of radiation used for the exposure. In order to read

the signal from this dosimeter, it is necessary to submit these photographic films to labs located

off-site, so that the Ag 0 nuclei can be developed into larger domains in a controlled manner.

Then, the remaining developed areas can be read with the bare eye. This system of analysis has

been standardized, so that the size and number of the resulting stains remains proportional to the

initial amount of radiation. The system has been perfected over time and is highly reliable, but

has the disadvantage of the need for off-site development and reading, resulting in long waiting

times to obtain a reading. This can be problematic from the point of view of personal dosimetry.
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1. hv 2. 3. 4.

hv c Intersticial Ag+ Ag ++ e +Ag Development and
migratesAmplificationconducting migratesA m lf at n

valence

AgX (usually AgBr)

Figure 1.1. Gurney-Mott model explaining the basis of a photographic film radiation dosimeter.

Step 4 and reading of the absorbed dose is performed off-site

In general, systems used for the detection and dosimetry of ionizing radiation usually

have one or several of the following drawbacks: incapability to produce a real-time signal as is

the case with the photographic film systems just described; expensive and/or complicated

manufacturing like on CdZnTe based systems; 4 need for operation at low temperatures as most

semiconductor based systems require; 5 low sensitivity to non-charged radiation which is

particularly problematic for systems based on organic materials; 6 a voluminous size like the

Geiger counter; relatively high fragility like for the case of smaller systems based in the

ionization of a gas trapped inside a chamber. Although organic materials present the advantages

of being easily processed, synthetic versatility, and relatively low cost, deployment of organic

systems as small-size ionizing radiation sensors and dosimeters has been traditionally limited to

the detection of charged particles, owing to the low cross sections for high energy photon

absorption of the elements incorporated in these molecules.7

In this chapter, we report a new sensing scheme for gamma rays based on organic

materials, in which the signal is not generated by scintillation or charge creation in a
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semiconductor. The system herein described is based on the degradation of the radiation labile

polymeric matrix of a composite film upon radiation exposure, which leads to large resistivity

changes in a composite film. We also show how chemical design and tailoring of the side chains

of this active polymer using an orthogonal post-polymerization modification can be used for the

optimization of sensor performance, namely to influence the sensitivity of the resulting materials

towards gamma radiation.

1.2 Sensing Scheme

The proposed sensor (Figure 1.2) is an irreversible sensor that could be used for

dosimetry of high energy photons such as gamma rays, and the active component of this sensor

is a thin composite film consisting of two elements:

1. A major component, which is a non-conducting polymeric matrix capable of

degrading in the presence of radiation leading to depolymerization and generation of

volatile monomers which can in turn escape from the film

2. A minor component, which is a semiconducting element with a high aspect

ratio

In an initial state (left, Figure 1.2), the semiconducting component is dispersed in the

non-conducting polymeric matrix above the percolation threshold, which means the composite

has a high resistivity. Upon radiation exposure, the polymeric matrix degrades with unzipping

polymeric chains transforming into volatile monomers, which can escape from the film. This

leads to large changes in the morphology of the composite: the semiconducting elements that

were previously dispersed in the matrix are no longer separated by the polymeric matrix, and will

now come into contact (right, Figure 1.2). This means that new conduction pathways are
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generated within the composite, leading to an increase in the conductivity. These changes in the

film's resistivity can be detected by amperometry (measurement over time of the current

intensity, I, between two electrodes at a constant potential V).

No Signal

Semiconducting
Element4M

insulating Degradable
Polyrner Matrix ~7*i~C

Figure 1.2. Proposed sensing scheme for gamma ray sensing. Radiation exposure leads to

degradation of the polymeric matrix and to changes in the morphology of the active thin film,

modifying the film conductivity. Conduction pathways are generated in this fashion. This

irreversible modification can be detected by amperometry

- 27 -

Chapter I



Ionizing Radiation Sensing

For the aforementioned sensing scheme to work, the following requirements need to be

met:

a) The polymer must degrade rapidly upon ionization

b) The semiconducting elements must have a large aspect ratio, so that small

changes in the matrix morphology can lead to events where the semiconducting elements

connect with each other

c) The initial homogeneity of the composite must be high. The semiconducting

elements must be dispersed well in the polymeric matrix so that the initial state is above

the percolation threshold

d) The system must be radiation opaque, in order to have a high radiation

harvesting yield and to increase the probability of ionization and polymer degradation,

which in turn increases the sensitivity

1.2.1 Polymeric Matrix: Poly (Olefin Sulfone)s

We have selected poly (olefin sulfone)s (POSs; Scheme 1.1) as our polymer matrix.

POSs are sulfur dioxide (S0 2)/olefin copolymers, which have relatively low ceiling temperatures

and degrade in the presence of ionizing radiation (high energy electrons, 8 gamma rays).8'9 Due to

this fact they are used as electron beam resists in electron beam lithography. 8,10

s0 2 + t-BuOOH

R low T n R

POS

Scheme 1.1. Poly (olefin sulfone) (POS) synthesis
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POSs were first reported in 1898, when Russian chemist Solonina first mixed liquid

sulfur dioxide and an olefin in the presence of a radical initiator to obtain an unidentified white

powder." It was not until Staudinger developed his macromolecular theory that this initial white

powder was correctly identified as a polymer.

Polymerization conditions usually involve low temperatures with a radical initiator such

as tert-butyl hydroperoxide, and the solvent of choice is usually liquid sulfur dioxide." The

polymerization mechanism is that of a radical chain growth polymerization, in which the

propagating species is an alternating electrophilic or nucleophilic radical (Scheme 1.2).

Homopolymerization of sulfur dioxide is not favored, and homopolymerization of the olefin is

prevented by running the reaction in an excess of sulfur dioxide, used as the solvent. For most

olefin monomers of choice, the result is a 1:1 perfectly alternating copolymer of sulfur dioxide

and olefin repeat units, as depicted in Scheme 1.1. 1 This is true of most alkyl olefin monomers,

whereas monomers that generate less nucleophilic radicals (such as styrene based monomers)

tend to yield a lower ratio of incorporation of sulfur dioxide to olefin in the final polymer.
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t-BuOOH + 2 So 2  w t-BuO-SO 2 + HO-SO 2  initiation

R NA R

OO R' O R'
electrophilic

radical
RO 0 propagation

R I R S
S~~ -O

O O R' O O R'

nucleophilic
radical

Scheme 1.2. Poly (olefin sulfone) polymerization mechanism. The propagating species is,

alternatingly, an electrophilic radical and a nucleophilic radical

For the polymerization to take place in high yields and with a high degree of conversion,

the monomer to be copolymerized with sulfur dioxide needs to meet the following

requirements: 1Ob

a) Exhibit good solubility in SO 2, the polymerization solvent

b) The unsaturation in the olefin must be electron rich, to favor reactivity with

propagating electrophilic sulfur dioxide radicals

c) The unsaturation cannot be very sterically hindered

d) The olefin cannot bear any functional group incompatible with polymerization

conditions. For instance, the olefin cannot have basic moieties (as sulfur dioxide is a

strong Lewis acid) or any other chemical moiety capable of undergoing a side reaction

with sulfur dioxide
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POSs can be readily obtained in industrial scale and they exhibit good mechanical

properties, which are tunable depending on the olefin of choice. However, they have not been

more extensively deployed as commodity polymers due to their tendency to degrade under

certain conditions (Scheme 1.3). Chain scission in the polymer backbone can occur when these

polymers are exposed to ionizing radiation, bases or any other source of energy capable of

cleaving the relatively weak carbon-sulfur bond in the backbone. Exposure to a single stimulus

leads to a chain of events in which the whole polymer chain is decomposed, so this single

interaction is amplified to generate large changes in the whole polymer chain.

ionizing S r
radiation O O R depolymenzation

base - *

'S* S02o
-n nSO 2 + * Si @

0 0R 00 RR oo

energy O /

0 0R

depropagating
species

Scheme 1.3. Stimuli causing poly (olefin sulfone) degradation. C-S bond cleavage in the

backbone leads to unzipping of the polymer chains, going back to volatile monomers
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In the case of decomposition by ionizing radiation, irradiation induces chain-scission

leaving behind a radical and cationic depropagating species. Depolymerization via the

corresponding radical and cationic mechanisms occur,' 3 releasing sulfur dioxide (SO 2) gas and a

volatile olefin (Scheme 1.4).12 Competing repolymerization reactions can be neglected if the

depolymerization takes place in an open system. Owing to the high sensitivity to ionizing

radiation and the capability of showing amplification upon exposure, POSs are the ideal

candidates for the polymeric matrix in the proposed sensing scheme.
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n

ionizing radiation

0+

n
0

+ e-

main-chain
C-S scission 0 R

O A

R

neutralization

02R
e- SO

00

00

a o

cationic homopolymerization

7R

p/I

Scheme 1.4. Degradation of poly (olefin sulfone) by ionizing radiation. Chain-scission leads to

depolymerization into volatile monomers following a radical and cationic depropagation

mechanism
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1.2.2 Semiconductor Elements: Carbon Nanotubes

Carbon nanotubes (CNTs)" are carbon based materials that show unique mechanical and

electronic properties ranging from semiconducting to metallic depending on their molecular

structure. These materials have become readily available in the recent years, which has enabled

their modification and deposition for deployment as sensors, electrodes, supercapacitors,

catalysts, filters and for organic electronic applications. 14b

One of the main criteria used to classify CNTs is according to the number of graphitic

layers they contain: when the CNTs only contain one layer, they are called single-walled carbon

nanotubes (SWCNTs), and when they contain several layers, they are called multi-walled carbon

nanotubes (MWCNTs). SWCNTs of extremely high purity and monodispersity can be readily

obtained, and, depending on their molecular structure, their electric properties range from

semiconducting to metallic. MWCNTs are by nature more polydisperse in size and number of

layers, and they are only semiconducting. Owing to the larger degree of polydispersity,

MWCNTs are easier to disperse in organic solvents and polymeric organic matrices.

One of the most important characteristics of carbon nanotubes is their large aspect ratio,

due to which they can be considered one dimensional nanowires. It is worth noting that since

these materials are carbon based, they are also relatively cheap and light. For these reasons, they

were the material of choice as the semiconducting element in the proposed sensing scheme.

1.3 Proof of Principle: Ionizing Radiation Detection

In order to test these ideas, devices containing a thin film of a poly (1-hexene sulfone)

(P1HS) and MWCNTs (Figure 1.3) were fabricated. Thin films of these composites were drop-
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cast on an inert substrate (glass), and gold electrodes were deposited on top as described in the

sensing scheme (Figure 1.2).

00

P1HS MWCNT

Figure 1.3. Structure of Poly (1 -hexene sulfone) and schematic representation of MWCNTs

When the current measured under a constant potential of devices fabricated with different

ratios of P1HS to MWCNTs was investigated, it was evidenced that increasing loadings of

P1HS yielded lower conductivities for the composite films. This was expected, since a lower

ratio of MWCNTs to P1HS means a higher degree of separation of the MWCNTS in the blend

(Figure 1.4).
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Figure 1.4. Amperometric measurements (constant voltage 1V, average of 18 devices) for films

containing different ratios of P1HS to MWCNTs. Inset: Optical microscopy pictures of the films

(40x magnification)

When an array of devices containing such films were exposed to high doses of radiation

(5- 106 rad) emitted by the decaying elements of a nuclear reactor, an increase in the

conductivity of up to 103-fold as compared to a non-irradiated reference of the same composition

(Figure 1.5) was observed. This increase was larger for lower starting conductivities. As

expected, when the matrix degrades, carbon nanotubes come into contact creating conducting

pathways, which lead to higher overall conductivities.
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Non-Irradiated device Irradiated device
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time (s) tine (s)

Figure 1.5. Amperometric measurements over time for devices of equal composition

(P1HS/MWCNTs) that were not exposed to radiaiton (left), and that were exposed to radiation

(right). An increase in conductivity is observed for devices that were exposed to radiation

Degradation of the polymeric matrix (P1HS) can be seen both by optical microscopy

(Figure 1.6) and by scanning electron microscopy (SEM) (Figure 1.7). After irradiation, bubbles

(pores) appear in the films, created by the volatile monomers generated after ionization and

unzipping of the polymer chains.
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Figure 1.6. Optical Microscopy (40x, bright field mode, scale bar 20 jim) images of films

composed of P1HS/MWCNT before (A), and after (B) irradiation with a high dose of radiation.

The formation of pores in the film from gas development after polymer degradation is evident
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Figure 1.7. SEM (23000x, 15kV, SEI detector, no tilt, scale bar 1 gm) images of films

composed of P1HS/MWCNT before (A), and after (B) irradiation with a high dose of radiation.

The pictures show detail of the pores formed after irradiation
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When organic matrices other than P1HS are used, the results are different. These results

are summarized in Figure 1.8. Only when radiation labile polymers, traditionally used as electron

beam resists such as POSs and poly (methyl methacrylate) (PMMA) are used, an increase in the

conductivity can be seen. When more radiation robust polymer such as poly (styrene) (PS) are

used, no change in the films and in the device signal is observed. The same can be said when

small molecule analogues of POSs, such as 3-sulfolene are used as the matrix. Even though 3-

sulfolene has also been reported to degrade in the presence of ionizing radiation, going back to

butadiene and sulfur dioxide, this is an isolated event with no amplification. In the case of POSs,

one bond cleavage event leads to unzipping of the whole polymer chain (amplification), which in

turn leads to significant changes in the morphology.

140

x1 03

401
x26

0.

-1 n 1,S n 10 n

ot. o & b

Figure 1.8. Increase in conductivity after irradiation (radiation dose: 5- 106 rad) for devices

using different organic matrices (from left to right: PMMA, P1HS, PS and 3-sulfolene) and

MWCNTs
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It is worth noting that when comparing P1HS and PMMA as a matrix, the sensitivity of

devices is much higher for the case of P1HS. This is due to the fact that P1HS has a much higher

tendency to degrade in the presence of ionizing radiation, which leads to larger changes in the

morphology.

To test the dynamic range of the detectors, a lower dose of 5.1 03 rad was employed, and

devices also showed a detectable increase in the conductivity as compared to a non-irradiated

reference. However, the conductivity was at the lower detection limit of the amperometer used,

and devices failed to show a response when exposed to even lower doses. The lack of signal at

lower doses is mainly due to two problems:

a) The initial homogeneity of the films was very poor (Figure 1.9), owing to the

lack of favorable interactions between the POS and the CNTs. Large CNT aggregates

can be observed, and this is detrimental for sensor performance

b) The cross-sections for gamma ray absorption of the elements used in the active

film were relatively low, so few gamma rays were scattered inside the film, leading to

sensing events
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Figure 1.9. Detail of optical micrographs (40x, bright field mode, scale bar 20 pm) of films of

P1HS and MWCNT

In order to address these concerns, and to improve device sensitivity, we decided to

modify the chemical structure of the active element in the sensor. For this purpose, we embarked

on the synthesis of POSs containing functional groups on the side chains.

1.4 Synthesis and modification of Side-Chain Functionalized Poly (Olefin Sulfone)s

Even though monomers with many different functional groups have been successfully

incorporated into POSs, 5 several restrictions in the monomer choice arise from the nature and

conditions of the polymerization process. In order to attach different functional groups and test

the performance of these new POSs, a modular approach was taken, in which a parent polymer

with versatile functional groups susceptible of undergoing orthogonal chemistry was

synthesized, and then functional groups were attached in a post-polymerization modification.
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The Huisgen 1,3-dipolar cycloaddition (one of the most prominent examples of the group

of transformations commonly referred to as "click chemistry", Scheme 1.5) in which a terminal

alkynyl group and an azide react to form a triazole ring has proven to be an extremely useful tool

for the orthogonal post-polymerization functionalization of polymers.16

N~N+N Cu (I) N1 NR'

R ~--a. _R

Scheme 1.5. Cu-catalyzed Huisgen 1,3-dipolar cycloaddition

Azide-containing olefins were synthesized and successfully incorporated into POSs.

Copolymerization of 6-azido-1-hexene (obtained from 6-bromo-1-hexene) with SO 2 and 1-

hexene afforded a family of random monomodal terpolymers, azide-POSs (Scheme 1.6). The

actual loading of azide on the side chain (defined as the molar fraction of repeat unit containing

azides on the side-chain, Xb versus the molar ratio of repeat unit containing unfunctionalized

side-chains, Xa) could be traced by 'H-NMR and infrared (IR) spectroscopic techniques (Figure

1.10 and Figure 1.11 respectively).

t-BuOOH
SO2 + A N +B N -- s-

-450C, 2h O a g' b

N3  azide-POS N3

Scheme 1.6. Synthesis of azide-containing poly(olefin sulfone)s (azide-POSs)
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Ap

4 2 1 [ppm]

Figure 1.10. 'H-NMR spectra for POS with different ratios of Xa, Xb (Xa + Xb = 1). From top to

bottom: Xb (determined by 1H-NMR)=0, 0.08, 0.14, 0.44, 1

SO 2

N3 j

(A

25o
2000

cm
1

Figure 1.11. IR Spectra of POS with different ratios Of Xa, Xb (Xa + Xb = 1). From top to

bottom: Xb (determined by 1H-NMR)=0, 0.08, 0.14, 0.44, 1
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The amount of azido-olefin incorporated into the final polymer (Xb) was proportional to

the amount in the initial feed (XB) as shown in Figure 1.12. For copolymerizations, this is a

perfect example for an ideal azeotropic copolymerization. This allows for perfect control over

the loading of azide functionalities on the side chain of the polymer. Post-polymerization

Huisgen 1,3-dipolar cycloaddition with alkynyl molecules provided these azide- POSs with the

desired functionality.

T"

1.0

0.8

0.6

0.4

0.2

0.0 a
0.0 0.2 0.4 0.6 0.8 1.0

x,

Figure 1.12. Molar ratio of 6-azido-I-hexene (XB) in the feed (x axis) vs. molar ratio of repeat

unit containing azide monomer (Xb), as determined by 'H NMR spectroscopy
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1.5 Pyrene - Modified Poly (Olefin Sulfone)s: Increase in Homogeneity

To improve the dispersion capabilities of MWCNTs, pyrene was attached to the side

chains of our POSs. Pyrene binds to the surface of MWCNTs by n-n stacking, 7 improving

polymer-MWCNT interactions. This interaction was first decribed in 2001 by Dai et al. and has

since been used to tailor the surface of CNTs for functionalization purposes, leaving the

electronic structure of the tubes intact.'8 Pyrene derivative propargyl pyrenebutyl ether 1 was

synthesized from a pyrenebutanol precursor, and was incorporated into the POSs using click

chemistry (Scheme 1.7), to yield pyrene-functionalized POS 2.

OH a)NaH, dry THF 0
0*C, 0.5h

b) /50 Br r.t., 18h
(2eq)i

c)reflux, 5h
81%

R - (1)
CuBr (10 mol%)

Na Asc. (15 mol%) {
a-Pr 2NEt (10 mol%) a ' x y~

0 0 n DMF, r.t., 24h -0n

N3  NN3NN N

2

Scheme 1.7. Synthesis of propargyl pyrenebutyl ether 1 and post-polymerization click

chemistry reaction to yield pyrene-functionalized POS 2
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When films were cast using pyrene-modified POS 2 and MWCNTs, it was clear that the

initial homogeneity of the films was improved. The higher the content of pyrene molecules on

the side chain of the POS used, the better the interaction between POS and MWCNTs and the

smaller the size of the CNT aggregates observed by optical microscopy (Figure 1.13). Optical

microscopy pictures reveal how the degree of aggregation of the MWCNT decreases with

increasing content of pyrene in the side chains of the POS (from B to C, clear areas correspond

to regions with transparent POS and MWCNT dispersed in aggregates too small to absorb

visible light). SEM micrographs show that continuous films are formed when using a POS

together with the MWCNT for film deposition.

Figure 1.13. Optical Microscopy (A-C, 40x, bright field mode, scale bar 20 pm) and SEM

(Al-Cl, 23000x, 15kV, SEI detector, no tilt, scale bar 1 gm) images of films composed of bare

MWCNT (A, Al), P1HS/MWCNT (B, Bl), 2 (24 mol% pyrene)/MWCNT (C, Cl)
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When devices fabricated using pyrene-functionalized POS 2 were exposed to gamma

radiation, a more pronounced increase in conductivity was obtained as compared to devices with

the unfunctionalized equivalent poly (1 -hexene sulfone) (Figure 1.14). An increase in the initial

homogeneity of the system improved the performance of the devices. Comparing the response of

pyrene-functionalized polymers with varying ratios of pyrene on the side-chain under the same

dose of radiation (5.103 rad), the signal goes from barely detectable to an increase of about 14 %.

xO.14
Q14

CL12

Q10

ate

00. xO.03

% Pyrene on 0 14 24
the side chain (P1 HS)

Figure 1.14. Increase in conductivity (y-axis) of irradiated devices fabricated using POS with

different amounts of pyrene on the side-chain (x-axis) and MWCNTs. The sensitivity increases

with increasing pyrene content
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1.6 Bismuth - Modified Poly (Olefin Sulfone)s: Increase in Radiation Opacity

Cross-section values for ionization caused by gamma rays of different elements increase

with increasing atomic number (Z) as shown in Figure 1.15.7 Bismuth (Bi) is considered to be

the heaviest non-radioactive element in the periodic table,19 and doping polymers with Bi has

been shown to increase the opacity of the resulting polymers towards ionizing radiation.20 For

this reason, Bi containing derivatives were synthesized and incorporated in the side-chains of the

azide-POSs.

Atomic Individual Cross Sections
(600 keV)

A
A

A
A

A
A

83 A
8BiA

64Gd

0 20 40 60
Z (atomic number)

Figure 1.15. Atomic individual cross-sections (o) for gamma ray absorption (600 keV). a

increases with increasing atomic number (Z)

Bi complex (4-ethynylphenyl)diphenylbismuthine (4, Scheme 1.8) was synthesized

starting with the desproportionation of triphenylbismuth and bismuth trichloride to obtain
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chlorodiphenylbismuthine 3, which after ligand exchange with the organilithium derivative of

TMS phenylacetylene and deprotection gave compound 4. Bi complex 4 was then used for the

side-chain modification of azide-POS (Scheme 1.8). Bismuth loadings as high as 20%

(characterized by gel permeation chromatography (GPC), 1H NMR spectroscopy, and IR

spectroscopy) were achieved in this manner without any reduction in solubility. Presence of Bi in

the polymer was further confirmed by X-ray photoelectron spectroscopy (XPS, Figure 1.17).

Li ~~~ TMS

2 BiPh3  THF a) -78*C, 1.5 h
+ - o then rt, 18h

BiC 3 0*C, 4h Cl 9 b) TBAF
82% di B

3 59% 4

R-E (3)H- a ,,9' x~ y CuBr (10 mol%) -tx

. n Na Asc. (15 mo%) Ln

i-Pr2 NEt (10 mol%)_,
DMF, r.t., 24h

N N3  N N
N

LN NN
O

CosBi

5

Scheme 1.8. Synthesis of (4-ethynylphenyl)diphenylbismuthine 3 and post-polymerization

click chemistry reaction

Incorporation of Bi to increase the opacity of the system towards gamma rays proved to

be an even more effective strategy for increasing device response towards radiation. In devices

containing POSs functionalized with both pyrene and bismuth moieties in the side-chain and

MWCNTs as the active layer (5), a 5.12-fold increase in the conductivity was detected. This
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response is even higher than that obtained when using pyrene-only modified polymers (2, Figure

1.16).

I
.1

7.

6.

3*

2.

1.

0.

x5.12

1 X0.14

-K ~

N N

6s ,

0-/

Figure 1.16. Increase in conductivity (y-axis) of irradiated devices fabricated using POS with

and without bismuth on the side-chain (x-axis) and MWCNTs. The sensitivity increases when

POSs with Bi in the side chain are used

The increased sensitivity is attributed to a higher opacity towards gamma rays (Figure

1.17). When the film doped with bismuth is exposed to radiation, more gamma rays are scattered

within the film, increasing the chance of an ionization event to occur.
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Figure 1.17. Model depicting the relative sizes of gamma ray absorption cross-sections (a) as

discs of the elements in P1HS. When bismuth atoms, with much larger o, are incorporated in the

formulation, the opacity of the films towards gamma-rays (represented as yellow arrows) is

greatly increased
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1.7 Conclusions

In summary, in this chapter we have shown how a novel sensing scheme that is not based

on scintillation or charge generation in semiconductors can be deployed for the detection of

uncharged ionization radiation using small devices. Our sensing mechanism (Figure 1) makes

use of a polymer / multiwalled carbon nanotube (MWCNT) blend as the active layer of small

devices for the detection of gamma rays. This system is capable of producing a real-time signal

at room temperature, composed of relatively inexpensive starting materials, with nearly zero cost

of operation.

In our system, the conducting MWCNTs form a percolated network and are partially

isolated from each other in a non-conductive polymeric matrix. The turn-on detection

mechanism is as follows: upon irradiation of the composite, ionization induces depolymerization

of the matrix, creating a lower resistance connection between the MWCNTs. The

depolymerization creates amplification and large changes in the electrical properties of the

composite, increasing its conductivity.

Functional POSs were accessed by click chemistry methods, and several strategies were

successfully deployed to increase sensor sensitivity. We have shown that systematic

improvements in sensitivity can be accomplished by rational design, and incorporation of the

appropriate chemical components to achieve sensitivities in the 103 rad range. 2' This is a good

example of how rational design and chemical modification can lead to large changes in material

performance.
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1.8 Experimental Section

Materials: Unless otherwise noted, all reactions were performed under an oxygen-free

atmosphere of argon. Graduated flasks were used for polymerization reactions with condensed

sulfur dioxide. Anhydrous solvents were obtained using a solvent purification solvent

(Innovative Technologies). All other chemicals were of reagent grade from Sigma-Aldrich and

were used as received, except for sulfur dioxide, which was purchased from Airgas, and

triphenylbismuthine, which was purchased from Alfa. Cuprous Bromide was purified as

described somewhere else.2 2 Multi-walled carbon nanotubes were donated by Bayer, AG

(Baytubes 150 P, >95% purity).

General Notes on Organic-Azide Reactivity: Please note that organic-azides have been noted to

be explosive. Even though no incidents happened during the manipulation of any of the

chemicals described in this chapter, it is recommended to use extreme caution when working

with this kind of compounds.

NMR Spectroscopy: NMR spectra were obtained on a Bruker Avance (400 MHz). NMR

chemical shifts are given in ppm referenced to CHCl3/TMS (7.24 ppm for 'H, 77.24 ppm for

3C), or THF (3.58 ppm for 'H, 25.37 ppm for 13C), or DMF (8.03 ppm for 'H, 163.15 ppm for

"3c).

Mass Spectrometry: High-resolution mass spectra (HRMS) were obtained on a Bruker Daltonics

APEXII 3 Tesla Fourier Transform Mass Spectrometer at the MIT Department of Chemistry

Instrumentation Facility (DCIF).

Infrared (IR) Spectroscopy: Fourier Transform infrared (FT-IR) spectroscopy was performed on

a Perkin- Elmer model 2000 FT-IR spectrophotometer using the Spectrum v. 2.00 software

package.
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Molecular Weight Determination: Polymer molecular weights were determined at room

temperature on a HP series 1100 GPC system in THF at 1.0 mL/min (1 mg/mL sample

concentrations), approximate molecular weights were estimated using a polystyrene calibration

standard.

Device Fabrication: Thin-film deposition on a microscope slide was achieved by drop-casting

from a THF solution containing both the POS and commercially available purified CNTs,

dispersed by sonication. Gold electrodes were deposited by sputter- coating with a spacing of 1.5

mm between electrodes to enable amperometric measurements.

Amperometry: Amperometric measurements were performed with an AUTOLAB PGSTAT 20

potentiostat (Eco Chemie) at constant potential (1 V). Gold electrodes were deposited using a

SC7620 Sputter Coater from Quorum Technologies. Devices were measured before and after

irradiation, and its I (A) signal (variation of I normalized to the initial I) under constant voltage

was compared to non-irradiated devices with the same formulation.

Irradiation Experiments: The decaying element from the core of a nuclear reactor was used for

the high dose gamma ray source at the gamma irradiation facility from the nuclear reactor at

MIT. Devices were irradiated for 72h to achieve a radiation dose of 5-106 rad. A Gammacell

irradiator Gammacell 40 with a 137Cs source (Model C-161, Type 8) was used for the lower

radiation doses. Typically, devices were irradiated for 77 min to achieve a radiation dose of 5- 103

rad.

Optical Microscopy: Pictures were obtained using a Leica DMRXP optical microscope.

Scanning Electron Microscopy: SEM images were obtained using a JEOL JSM 6060 Scanning

Electron Microscope. Samples for SEM were coated with a Sputterer with a Au/Pd target to

prevent radiation damage.
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X-Ray Photoelectron Spectroscopy: XPS spectra were recorded on a Kratos AXIS Ultra X-ray

Photoelectron Spectrometer.

General POS Synthesis. A typical poly (olefin sulfone) (POS) synthesis was carried out

following literature procedures. 12 In general, sulfur dioxide (6ml) was condensed into a

graduated vessel at -78'C. The reaction vessel was then transferred into a -45'C bath. Olefin

monomers were added to the reaction mixture in the desired ratio, and the solution was stirred

for 5 minutes. Initiator for the polymerization (tert-Butyl hydroperoxide in decane, solution 5.0-

6.OM, 5-10 mol% relative to total amount of olefin) was added, and the mixture was stirred at -

45'C for 2h. The polymerization was stopped by pouring the reaction mixture into MeOH. The

resulting white powder was redissolved in CHCl 3 and reprecipitated from MeOH, then washed

with MeOH. The white solid obtained was dried under vacuum.

n

Poly (1-hexene sulfone) (P1HS). See general POS synthesis (98% yield). 'H-NMR (CDCl 3) 0.9

(3H, br t), 1.3-1.4 (2H, br), 1.4-1.6 (2H, br), 1.8-2.0 (1H, br), 2.0-2.2 (1H, br), 3.2-3.5 (1H, br),

3.7-4.1 (2H, br). 13C-NMR (CDCl 3) 13.92. 22.67, 28.12, 28.46, 50.26, 57.34. IR (cm'1): 2961,

2874, 1309, 1130, 715. GPC Mn 102 KDa, Mw = 367 KDa, PDI = 1.97.
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N3

6-azido-1-hexene. To a solution of 6-bromo-1-hexene (Iml, 7.5 mmol) in DMSO (20ml) under

argon was added sodium azide (1g, 15.4 mmol), and the solution was stirred for 42h at room

temperature. A 1:1 mixture of H20/diethyl ether was added to the reaction mixture, and the

aqueous phase was extracted three times with 20 ml Et20. The combined organic phases were

washed twice with 20 ml H20, 20ml brine, and dried over MgSO 4. After removal of the solvent

under reduced pressure, a colorless oil was obtained (652mg, 69%). 'H-NMR (CDCl 3) 1.4 (2H,

m), 1.6 (2H, m), 2.1 (2H, m), 3.2 (2H, t, J=6.8 Hz), 4.9 (2H, m,), 5.8 (1H, ddt, 6.7, 10.2, 16.9

Hz). "C-NMR (CDC13) 26.10, 28.44, 33.38, 51.51, 115.19, 138.35.

on

N 3

Poly (6-azido-1-hexene sulfone), (a/(a+b)=0). See general POS synthesis (96% yield). 'H-

NMR (CDCl3) 1.5-1.8 (4H, br), 1.8-2.1 (1H, br), 2.1-2.3 (1H, br), 3.3-3.6 (3H, br), 3.7-4.1 (2H,

br). "C-NMR (CDCl 3) 23.19, 28.18, 28.58, 49.78, 51.00, 57.00. IR (cm-1): 2942, 2098, 1299,

1234, 1128. GPC Mn=2.9 KDa, Mw--5.0 KDa, PDI=1.71.

Poly (1-hexene 6-azido-1-hexene sulfone), (a/(a+b)# 0). See general POS synthesis (96%

yield). 'H-NMR (CDCl 3) (Figure 1.10) mixture of signals at the same positions as for P1HS and

poly (6-azido- 1 -hexene sulfone) Xa, Xb were determined by comparison of the integration of the

signal at 0.9 ppm (3H from repeat unit a, highlighted in blue on Figure 1.10) and at 1.5-1.8 ppm
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(4H from repeat unit b, highlighted in red on Figure 1.10). Corresponding IR Spectra are shown

on Figure 1.11. For a polymer where Xa=0.56, Xb=0.44, Mn= 4.7KDa, Mw- 9.3KDa, PDI=1.99.

Propargyl pyrenebutyl ether (1). To a solution of 1-pyrenebutanol (1 g, 3.6 mmol) in

anhydrous THF (1 5ml) was added NaH (160 mg, 6.7mmol) at 00C. The solution was stirred at

00C for 30 min, and propargyl bromide (80% in toluene, 880 mg, 7.4 mmol) was added. The

reaction was stirred at 00C in the dark for 30 min, and then allowed to warm to room

temperature. After stirring for 15 h, the reaction was refluxed for 8h, after which ethyl acetate

(10 ml) and water (10 ml) were added. The aqueous phase was extracted twice with 10 ml ethyl

acetate. The combined organic phases were washed twice with 15 ml H20, and then twice with

15 ml brine, and dried over MgSO 4. After removal of the solvent under vacuum, the crude

materials was purified by column chromatography using toluene as the eluent to give 1 as a pale

yellow powder (911 mg, 81%). 1H-NMR (CDCl 3): 1.8 (2H, m), 1.9 (2H, m), 2.6 (1H, t, J=2.4

Hz), 3.4 (2H, t, J=8 Hz), 3.6 (2H, t, J=6.4 Hz), 4.2 (2H, d, J=2.4 Hz), 7.8-8.3 (9H, m). "C-NMR

(CDCl 3): 26.19, 29.49, 33.06, 58.00, 69.83, 74.35, 80.15, 123.33, 124.59, 124.71, 124.74,

124.94, 124.96, 125.68, 126.46, 127.07, 127.08, 127.45, 128.50, 129.67, 130.82, 131.34, 135.67.

IR (cm~'): 3294, 3040.51, 2933, 2860, 2116, 1102, 844 cm-1. m/z (HR-MS) found (M+H)+

313.1620, theoretical 313.16.
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Chlorodiphenylbismuthine was synthesized from triphenylbismuthine and bismuth trichloride

via a ligand redistribution reaction as described in the literature.2 3

(4-ethynylphenyl)diphenylbismuthine (4). To a solution of (4-bromophenylethynyl)

trimethylsilane (640 mg, 2.5 mmol) in anhydrous THF (26 ml) at -78'C was added butyl lithium

(1.6 ml solution in THF, 2.6 mmol) and stirred for lh. Chlorodiphenylbismuthine (1g, 2.5 mmol)

dispersed in 13 ml anhydrous THF was added to the reaction mixture, and stirred at -78'C for 1.5

h. The reaction was allowed to warm to room temperature, and stir for 14 h, after which TBAF

(3.8 ml in THF solution 1.0 M, 3.8 mmol) was added to the reaction mixture. After 4 h of stirring

at room temperature, the solvent was removed under vacuum, and the residue was purified by

column chromatography using hexanes/ethyl acetate 19:1 as the eluent. 4 was obtained as a

colorless oil (685 mg, 59%). 'H-NMR (THF-d'): 3.6 (1H, s), 7.2-7.8 (14H, m). 3 C-NMR (THF-

d8): 79.48, 84.72, 115.38, 122.70, 128.68, 131.44, 134.47, 138.46, 158.59, 158.63 (the signals for

the quaternary carbons directly bound to bismuth are very weak, as reported in previous

compounds). IR (cm'): 3288, 3058, 2924, 2106, 1570, 1474, 1428, 997, 817, 726, 695, 657, 533,

515, 446 cm-1. m/z= 386 (M+ - C6H5), 363 (M+ - C8H5), 310 (M+ - 2C6H5), 286 (M+ - C6H5,

C8H5), 209 (Bi+ = M+ - 2C6H5, C8H5).

Conditions for the Click-Chemistry post-polymerization reaction. In a typical synthesis of

polymers 2, 5, using standard Schlenk techniques, the alkynyl coupling partner (1mmol) was

dissolved in dry DMF (15 ml). Azide-containing POS (1 eq of azide-containing repeat unit)

dissolved in 5 ml of anhydrous DMF was added to the reaction mixture. CuBr (14.3 mg, 0.1

mmol) and sodium ascorbate (29.7 mg, 0.15 mmol) dispersed in 5 ml anhydrous DMF were
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added to the reaction mixture, then addition of N,N-diisopropylethylamine (17 tl, 0.1 mmol)

followed. The mixture was stirred at room temperature for 24 h, after which the solvent was

removed under vacuum. The polymer was redissolved in THF, precipitated from MeOH, and

washed with copious amounts of saturated aqueous solution of NH4Cl. After washing with H20,

MeOH, the resulting white solid was dried under vacuum.

N, N3N

- 0 _

Pyrene-functionalized POS (2, 24 mol% Pyr): See conditions for the click-chemistry post-

polymerization reaction. 'H-NMR (CDCl 3 ): 0.9 (sb), 1.0-2.1 (m), 3.0-4.5 (m), 7.8-8.2 (m). 13C-

NMR (CDCl 3): 13.96, 22.64 (2), 28.19 (3), 28.44, 28.58, 29.76, 32.95, 33.33, 33.44, 36.67, 49.75

(2), 51.00, 57.35 (2), 58.31, 64.55, 70.17, 70.77, 74.40, 123.59, 123.67, 124.86, 124.99 (4),

125.02, 125.97, 126.76, 127.49, 128.69, 129.89, 131.00, 131.12, 131.53, 136.95, 145.00. Mol%

determined by 'H-NMR, comparing the relative ratio of the broad signal between 'H-NMR

(CDCl 3): 7.8-8.2 (9H, pyrene moiety), and 0.9 (3H, methyl group of hexane repeat unit). Mn=

4.9 KDa, Mw- 7.2 KDa, PDI=1.46. IR: See Figure 1.19 for decrease in the intensity of the azide

stretching band.
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0-'/

o Bi

Pyrene / bismuth-functionalized POS (5, 24 mol% Pyr, 20 mol% Bi): See conditions for the

click-chemistry post-polymerization reaction. 'H-NMR (DMF-d 7 ): 0.9 (sb), 1.5-2.3 (m), 3.7-4.6

(m), 7.2-8.2 (m). 3 C-NMR (DMF-d 7 ): 10.43, 13.10, 13.85, 25.88, 25.94, 33.10, 33.17, 33.23,

49.76, 50.02, 64.34, 69.95, 115.69, 119.28, 122.07, 124.07, 125.23, 125.41, 125.64, 126.51,

126.97, 127.68, 127.98 (4), 128.03, 128.75, 128.91, 129.27, 129.78, 130.79, 131.83 (2), 137.86

(2), 138.83, 157.11, 158.89. Mn= 6.7 KDa, Mw-- 7.5 KDa, PDI= 1.11. IR: See Figure 1.19 for

decrease in the intensity of the azide stretching band.
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1.9 Additional Figures

soo 400 X
Binding Energy (eV)

Figure 1.18. XPS Spectrum of polymer 5
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Figure 1.19. IR Spectra of POS with different degrees of functionalization. Red blocks indicate

characteristic stretching bands for azide groups, blue blocks indicate characteristic stretching

bands for sulfone groups. From top to bottom: azide-POS, with 44 mol% of azide-containing

repeat unit (Xb =0.44); 2, with 24 mol% pyrene containing repeat unit, 20 mol% repeat unit

containing azide groups; 5, with 24 mol% pyrene containing repeat unit, 20 mol% bismuth

containing repeat unit. Mol% were determined by 'H-NMR
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CHAPTER 2

Smart Poly (Olefin Sulfone) /

Silicone Hybrid Polymers for Recyclable Composites

Adapted and reprinted in part with permission from:

Lobez, J. M.; Swager, T. M. "Disassembly of Elastomers: Poly (olefin sulfone)-Silicones with

Switchable Mechanical Properties" Macromolecules 2010, 43, 10422-10426
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2.1 Introduction

Stimulus responsive materials (often called "smart materials") are materials whose

properties can be changed at will by applying an external signal. Polymers and polymeric

composite materials can show this behavior, and there are numerous examples of polymeric

systems that exhibit piezoelectricity (generation of an electric field or potential under mechanical

stress),' shape memory,2 biodegradability,3 responses to thermal variations, mechano-

chromism,5 or self-healing behavior. 6

Smart materials that can be decomposed on demand are interesting from the point of view

of recycling of composite materials. For instance, silicones can be used to bind the different

layers of a composite, or to attach different components together in construction. This is

achieved by placing a silicone precursor in between the parts to be bound together and then

curing the silicone (Figure 2.1). However, when the two different components have to be

separated in order to recycle the different layers of a composite or to recover the initially bound

parts, silicone degradation requires extremely harsh conditions. Because cross-linked elastomeric

silicones are chemically robust and do not degrade easily with temperature, they are not

generally attractive components for recyclable composite materials. As a result, an equivalent

material with similar properties to those of silicones that could be easily transformed into its

processable precursors on command is a worthy goal. Such system could also find application

for the controlled release of chemicals.7
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licone Silicone
Silicone B degradation
curing

Figure 2.1. Composite assembly mediated by silicone as a binding agent and subsequent

composite recycling after silicone degradation

In this chapter we present a hybrid polymer formed of a poly (olefin sulfone) (POS) and

a silicone linked by "click" chemistry that exhibits switchable mechanical properties, namely it

can disassemble into its monomers and individual constituents when exposed to mild bases. This

new hybrid polymer is flexible, transparent, colorless and is also easily processed. By tuning the

chemical structure of its two components and varying their ratio, a wide range of mechanical

properties can be accessed. Additional properties such as coloring can be rapidly added to the

system by virtue of a "click chemistry" reaction.

2.2 Smart Material Design

The proposed new hybrid polymer is formed by mixing two components: a silicone

component and a poly (olefin sulfone) (POS) component (Figure 2.2).

Silicones8' 9 (Figure 2.2a) are among the most used elastomeric polymers and have found

widespread use owing to their versatility, chemical and thermal stability,' 0 and mechanical

properties.
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(a) (b) R

R R' 00 R'
Silicone POS
low Tq high Tg

Figure 2.2. Structure of (a) silicones and (b) poly (olefin sulfone)s (POSs)

One of the most widely used silicone-based elastomers is poly (dimethylsiloxane)

(PDMS, Figure 2.3), which is transparent, chemically inert and heat resistant. PDMS can be

transformed into silica by calcination, and has widely tunable mechanical properties." Linear

PDMS has a glass-transition temperature (Tg) of -123 C,12 and its cross-linked version is used as

an elastomer. The mechanical properties of PDMS elastomers can be controlled by the length of

the polymer chains, their branching, their cross-linking density, and the use of fillers.' 3 Aside of

applications that utilize its mechanical properties, PDMS has been crucial in the development of

soft lithography' 4 and in the field of microfluidics. 5 In the absence of air, PDMS starts

decomposing at about 350 'C into cyclic compounds consisting of 3-11 repeat units.'6 PDMS

also decomposes in the presence of base, but relatively harsh conditions are required to observe

weight loss and macroscopic material failure (aprox. 190 'C in the presence of KOH).17

kSi '
/ \ n

H3C CH 3

PDMS

Figure 2.3. Structure of polydimethylsiloxane (PDMS)
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From a synthetic point of view, silicone cyclic and linear oligomers are typically obtained

from the hydrolysis of chlorosilanes', 18 or hydrolysis of alkoxysilanes.16 These oligomers can be

converted into higher molecular weight silicones by any of the following procedures:

a) Equilibration with cyclic oligomers in the absence of a solvent9

b) Use of catalysts to polymerize oligomeric silanols either via condensation

(using phosphoronitrile halides19 or bases such as n-hexylamine)loa or via condensation

and cleavage (using strong acids 20 or bases)8

c) Via ring-opening polymerization of cylic oligomers, either in its anionic2 1 or

cationic form.

These polymers range from fluids to very viscous liquids and are usually cross-linked to

obtain resins, coatings, and elastomers. Cross-linking has been traditionally performed by:

a) Room temperature vulcanization processes using either acid/base catalysts, 2 3

tin catalysts, high-energy electrons, or photoinitiated reactions,26

b) Heat-activated radical curing with peroxides,2 7

c) Mixing of two different polymeric silicone components, one of which contains

a transition metal catalyst, typically Pt.2 8

The Huisgen 1,3-dipolar cycloaddition 29 ("click" reaction)30 was introduced in the first

chapter of this thesis and has been extensively used for post-polymerization modification of

many polymer systems 3' but was only recently reported as a method for the cross-linking of

silicones.3 2 In this report the thermal or Cu-catalyzed "click" reaction was described to

functionalize azide-containing silicone oligomers33 and thermal curing was used for the

formation of elastomeric silicones.3 2 This approach has the advantage that no catalysts need to be
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used in the process of cross-linking, so there is no need to remove/quench metal impurities after

the cross-linking has occurred.

Poly (olefin sulfone)s (POSs) 34 (Figure 2.2b) and their synthesis from sulfur dioxide

(SO2) and olefins have been introduced in the first chapter of this thesis. They can be used not

only as electron beam resists, but also as expanded foam insulation materials, 35 to improve the

compatibility of certain materials with polymeric hydrocarbon chains, 36 and as antistatic

additives for fuels.3 7

POSs have tunable glass-transition temperatures (Tgs) depending on the olefin moiety,

although their Tgs are usually relatively high with values ranging from 77 'C for poly (1-

hexadecene sulfone)3 4b to 177-200 0C for poly (styrene sulfone).38 However, the use of POSs has

been limited because as also described in detail in the first chapter of this thesis, POSs have low

ceiling temperatures and tend to depolymerize, with polymer chains unzipping into volatile

monomers (SO 2 and an olefin)39 when an external stimulus produces chain scission.40 Events that

lead to depolymerization are exposure to ionizing radiation, either in the form of high-energy

41 42,43 4
electrons or y rays or exposure to base.44 Their tendency to degrade has been exploited in

the creation of electron beam resists41' 4 5 and sensors (see chapter 1).43

Given that POSs degrade into their volatile monomers in the presence of base following a

mechanism similar to that of depolymerization in the presence of ionizing radiation (Scheme

2.1), an elastomeric POS could be used as a material to replace silicones capable of being

disassembled. However, POSs have high Tgs and elastomeric POSs have not been reported. The

low Tgs of silicones are usually attributed to the long silicon-oxygen (Si-0) bond and the wide

Si-O-Si angle.46 In contrast, the rigidity and high Tgs of POSs are the result of strong

electrostatic interactions between adjacent sulfone dipoles, which induces a higher degree of

- 73 -

Chapter 2



Smart Degradable Polymers

order. 47 Even POS copolymers containing 1 -hexadecane as one of the monomers, with a long

alkyl chain as a plasticizing element, are brittle powders at room temperature.

base

S 0
S

main-chain
C-S scission

O\ O O

GR 00

Scheme 2.1. Degradation mechanism of POSs in the presence of base

In chapter 1 we described the synthesis of POSs with azide functionalities in the side

chains (1, Figure 2.4).43 Copolymerization of azide-containing monomers with S02 and an olefin

afforded a family of random terpolymers with monomodal molecular weight distributions, and
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since it is an ideal azeotropic copolymerization, the ratio of azide incorporation into the polymer

can be precisely controlled by the feed ratio.

S Sa b
6.m

/\ /\ n/

2
N3

Figure 2.4. Structure of of azide-POSs (1) and alkynyl-terminated oligomeric siloxane (2)

As a result, we set to explore the possibility of using azide-POSs (1)

oligomeric silicones terminated with alkynyl moieties (2). The resulting

polymer formed using azide-alkyne cycloaddition reactions (Figure 2.5)

"smart material" capable of being decomposed upon exposure to base.

as the cross-linker of

hybrid POS-silicone

could be used as a

Silicone

A

0

0 o
base 00oe

POS-Silicone

Figure 2.5. Formation of elastomeric cross-linked POS-silicone hybrid and its decomposition

via unzipping of POS when exposed to base
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2.3 Base-Initiated Depolymerization of Poly (Olefin Sulfone)s

One of the most important choices in our smart material design was the choice of the

monomer for the POS element of the smart material, since this would have a great impact in the

degradability of this component of the hybrid polymer.

The tendency of POSs to depolymerize with base depends on several factors, including

the choice of base. Even though the pKa of the protons in the backbone of a poly (1-alkenyl

sulfone) are expected to be between the pKas of bis(methylsulfonyl)methane (15.0 in DMSO)4"

and dimethylsulfone (31.1 in DMSO) (Figure 2.6),49 POSs can be degraded into their monomers

by milder bases.

pKa 15.0 31.1
(DMSO) H H H H

H3C, C CH3 <3C CH3S S < 3 . H

Figure 2.6. Expected range for the pKa of protons in the polymer backbone of poly (1 -alkenyl

sulfone)s

This can be seen by following the depolymerization of poly(2-methyl- 1 -pentene)

(P2MPS, Figure 2.7) chains by 'H NMR (Figure 2.8). The disassembly of the polymer is

revealed by the increase of the signal for the olefmic monomer (2-methyl-1-pentane) at 4.7 ppm

over time. After 30 min at rt with 0.7 M of base a clear signal can be seen for the olefinic

monomer when using butylamine or piperidine as the base, and after 20 h even the comparatively

less basic NH40H has almost completely degraded the polymer chains.
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H3C

n
00

P2MPS

/ir n
00

P1 FHS

Figure 2.7. Structure of poly (2-methyl-pentene sulfone) (P2MPS) and poly (1-hexene sulfone)

(P1HS)

DaEse= NH- OH case- r-cutvamne base= OipIrinE

5.0 4.5 4.0 [ppm] 5.0 4.5 4.0 (ppm] 5.0 4.5 4.0 Ippm)

Figure 2.8. 'H-NMR spectra showing the decomposition of P2MPS by different bases under

different conditions
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Another factor that dictates the ease of degradation of POSs with base is the choice of

olefin comonomer. Upon comparing the degradation of poly (1-hexene sulfone), P1HS (Figure

2.7), to poly (2-methyl-1-pentene), P2MPS, at 80'C after 30 min, it is clear from the ratio of

monomer to polymer 'H NMR signals that P1HS degrades faster (Figure 2.9).

n

base

800C 0.5h

6.0 5.5 5.0 4.5 4.0 Ippm]

n

base

6.0 5.5 5.0 4.5 4.0 IppmI

Figure 2.9. 1H-NMR spectra showing the decomposition of P2MPS and P1HS after treatment

with 0.3 eq. of piperidine at 80'C (30 min)
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As expected, the degradation is even more accelerated when using a higher concentration

of base (Figure 2.10). P1HS unzips into its monomers faster than P2MPS: a larger amount of

base is needed for P2MPS to completely decompose into its olefinic monomer under the same

conditions as P1HS. The olefinic monomer reacts with the excess base when using an excess of

base for P1HS.

(b)(a)

piperidine piperidine

0.3

18 eq. base

60 ss 0 455 40 [ppm]

0 3 eq. base

18 eq base

6.0 55 5.0 4.5 4.0 [ppm]

Figure 2.10. Unzipping of (a) P1HS and (b) P2MIPS into their olefinic monomers as seen by 1H-

NMR (acetonitrile-d 6) with different amounts of piperidine at 80'C
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The extent to which depolymerization occurs also depends on the depolymerization

temperature. After 60 min of stirring with piperidine at room temperature, almost no degradation

of the polymer can be observed (Figure 2.11). However, when heated to 80'C the signal for the

olefinic monomer can be clearly seen for both POSs studied.

(a) +, n (b) t___ (b
d o +piperidine b) + piperidine

60 min r. t 60 min, r

30 mim, 80C 30 min 80-C

6.0 5.5 5.0 4.5 4.0 [ppm] 6.0 5.5 5.0 4.5 4.0 [ppm]

Figure 2.11. Unzipping of (a) P1HS and (b) P2MIPS into their olefinic monomers by action of

0.3 eq. of piperidine as seen by 'H-NMR (acetonitrile-d6 ) under different conditions (time,

temperature)

P1HS-based copolymers were chosen for composite preparation due to their superior

tendency to be degraded by base. The fact that P1HS is more prone to base degradation than

P2MPS is at first counterintuitive, since this is the opposite effect that one would expect when

comparing the ceiling temperatures (Tc) of both polymers. Specifically, P1HS with an observed

Te of 60'C should be less prone to degradation than P2MPS with an observed Te of -340C. 50 As
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a result, the slower reaction of P2MPS is attributed to higher steric hindrance that decreases

deprotonation rates.

2.4 Hybrid Polymer Synthesis and Characterization

Dialkynyldimethylsiloxane oligomers (2) of varying lengths were synthesized by first

end-capping an alcohol siloxane precursor (bis-(hydroxybutyl)tetramethyldisiloxane) via

esterification with propargylic acid to attach alkynyl moieties on both ends, yielding 2a.

Posterior equilibration with octamethyl-cyclotetrasiloxane in the presence of trifluoroacetic

acid 2 yielded compounds 2b and 2c, depending on the ratio of 2a to octamethyl-

cyclotetrasiloxane (Scheme 2.2).

THF solutions containing azide-POS and dialkynyldimethylsiloxane oligomers (1 and 2

respectively, Figure 2.4) in different ratios were thermally cured in the oven at 80*C. After 120

min, depending on the initial ratio of polymers in the mixture, composites of different hardness

ranging from elastomeric monoliths to highly viscous oils were obtained (Figure 2.12a). The

elastomeric nature of the monoliths contrasts with the brittle nature of the POS solids and the

liquid oligomeric silicones (Figure 2.12a). The polymer mixture can also be cured in different

molds, yielding flexible and transparent films (Figure 2.12b, c).

O OH DCC, DMAP OO O O
HO O , OH + DC

I DCM 2aK1
2a

(73%)

Si-O / F3C-SO 3H (cat) O

2a + I I
-si 0 r.t.

'O-si'l ||I
2b (n=12)
2c (n=28)

(57%)

Scheme 2.2. Synthesis of 2a, 2b and 2c
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Figure 2.12. POS-silicone hybrid polymers. (a) Vials containing 1 (far left), 2a (far right), and

composites of 1 and 2a (composition in wt%: A: 88%1, 12%2a; B: 78%1, 22%2a; C: 50%1,

50%2a; D: 33%1, 66% 2a). The red star indicates the position of the hybrid polymer. (b)

Flexible film of 1 + 2a. (c) Transparent films of 1 + 2a
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The mechanical properties of the final hybrid polymer depend on the weight ratio of POS

(1) to alkynyl silicone (2), the length of both polymers, the amount of functional groups for each

component, and the cross-linking density.

The degree to which cross linking takes place can be related to the amount of side-chain

azide groups reacted as determined by infrared spectroscopy (IR, Figure 2.13) and the number of

azide groups per polymer chain (for this polymer a calculated average of 5 azide groups per

polymer chain was determined considering the azide % and the length of the polymer).

By using IR, one can measure the decrease in intensity of the azide band (2120 cm-)

compared to one of the sulfone bands (1308 cm-1). The higher the content of POS 1, the more

cross linked the composites will be, which can be seen by the relative decrease in intensity of the

band at 1718 cm-I compared with the band at 2120 cm-1, and the fact that the composites flow or

form monoliths, depending on the composition (Figure 2.14).
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I-

2200 2000 1800 1600 1400 1200 1000 800

v(cM'')

Figure 2.13. IR spectra of hybrid polymers of POS 1 and silicone 2a, for POS 1 (bold) and a

hybrid polymer containing 88 wt % of POS 1 and 12 wt % of 2a (light gray)

1.7

1.6

1.5

Abs (1718 cmi)

Abs (2120 cm"') 1.4

1.3

1.2 -

1.1 -

A

A

A

A'

30 40 50 60
weight % of POS I

70 so 90

Figure 2.14. Relative intensity of the IR alkynyl band (1718 cm-) over the intensity of IR azide

band (2120 cm-) plotted versus the weight % of POS (inset: pictures of the corresponding

hybrid polymers)
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The measured hardness of the hybrid polymers can range from that of a high viscosity oil

like D, depicted in Figure 2.12a, to a monolith of a measured Shore A hardness of 90 (PDMS has

a Shore A hardness of 50). Increasing the length of 2 has the effect of decreasing the hardness of

the composite (Figure 2.15). The longer the silicone chain, the lower the measured hardness.

This has to do with the incorporation of more flexible linkers in the composite, as the length of

the silicone grows.

LI oTs sm 20 0

n= 0 2a
N 12 2b

28 2c

100

90

I
70

s0

50
0 10

n

Figure 2.15. Shore A hardness of hybrid polymers formed of equimolar mixtures of azide and

alkynyl moiety of the respective POS and silicone where the silicone has different lengths
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Figure 2.16 shows an overall picture for the range of mechanical properties that can be

achieved by varying several factors: the proportions of each component, different % of azide-

containing repeat unit in the POS backbone, and different silicone lengths (each formulation

with a different silicone chain length or azide content is denoted by a different geometrical

shape, see legend). The hardness of PDMS is given as a reference value (red line). Unfilled data

points represent formulations where the final composite was transparent and colorless; for filled

data points the composite was opaque, probably due to phase segregation and microdomain

formation.

It can be seen that the higher the content of silicone, or the longer the chain of the

silicone component, the more opaque the composite is, so more phase segregation was induced.

In general, the higher the weight content of POS, the higher the hardness, which correlates with

the Tg values. A higher hardness of composites formed of 1 (12% azide) and 2 (n=0), represented

with squares as compared to the composites formed of 1 (12% azide) and 2 (n=12) represented

with triangles, can be attributed to a higher degree of cross-linking, since the mixtures are in

general more homogenous and the click reaction will go to a higher extent. The higher hardness

of composites formed of 1 (50% azide) and 2 (n=0), represented with a star as compared to the

composites formed of 1 (12% azide) and 2 (n=O) represented with squares, can be attributed to

the higher number of azide functionalities per POS chain, which results in a higher degree of

cross-linking. The monolithic hybrid polymers were not transparent when the longest alkynyl

silicone, 2c, is used. This latter result is probably due to microprecipitation induced by phase

segregation of both polymeric components.
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Figure 2.16. Shore A hardness of hybrid polymers formed from POS 1 and silicone 2, with

varying ratios of 1/2, different % of azide-containing repeat unit in the POS backbone, and

different silicone lengths

The measured yield modulus for composites of 1 and 2a (n=0) with 80 wt % of POS was

in the 10 mPa range, which is in accordance with the incorporation of the high-Tg POS in the

polymeric network. Measured yield modulus values of commercial PDMS using the same

conditions and sample configuration were an order of magnitude lower.
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2.5 Degradation Capabilities of the Hybrid Polymers

The decomposition of these composite materials when exposed to base was studied using

a hybrid polymer labeled with a dye, Fat Brown B (FBB, Figure 2.17).

O N=N OH

Fat Brown B (FBB)

Figure 2.17. Structure of dye Fat Brown B (FBB)

To form this hybrid polymer, alkynyl-FBB (3) was synthesized by a nucleophilic

substitution reaction to attach an alkynyl moiety and then covalently tethered to the side chain of

POS 1 (Scheme 2.3) using conditions similar to those described on the first chapter of this thesis.

Then, the hybrid polymer containing both the FBB-modified POS and a silicone was formed by

reaction with compound 2a under standard hybrid polymer formation conditions.
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a) NaH, dry THF

0 N=N OH 0- N=N 0

/ b) -> Br reflux \/
(1lOeq)

3

R -= (1)
CuBr (10 mol%)

Na Asc. (15 mol%)
i-Pr2NEt (10 mol%)

DMF, r.t., 24h
a I x Y6 0 n

N N3

0 = N=N ' O

Scheme 2.3. Synthesis of alkynyl-FBB (3) and post-polymerization modification of 1

The colored cross-linked hybrid polymer was expectedly insoluble in acetonitrile (the

solution was not colored, Figure 2.18a). After addition of piperidine, the elastomer decomposed

into its monomeric counterparts, releasing the monomer-tethered dye (FBB) into the acetonitrile

solution. After only 5 min in a 0.03 M solution of piperidine in acetonitrile at 80*C, macroscopic

mechanical failure was observed, and no macroscopic pieces of elastomer could be noticed

(Figure 2.18b). As a result, the dye is completely leached into the solution.
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It" 0P b 0" C + 2a

POS-FBB N3 N N ',X

00

Figure 2.18. Hybrid polymer of FBB-tagged azide-containing POS with silicone 2a (88 wt % of

POS-FBB, 12 wt % of 2a) in acetonitrile solution (a) before base addition and (b) after base

addition

2.7 Conclusions

We have shown the synthesis of an elastomeric polymer composite that can be

disassembled into its individual components when exposed to a mild base (piperidine). The

composite is formed by curing a poly (olefin sulfone) and a silicone using "click" chemistry, and

its components can be tailored to impart different properties to the final mixture. Different ratios

of the two polymer components yield composites with varying mechanical properties/ hardness.
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Its base-triggered decomposition is advantageous from the point of view of composite recycling

and controlled release of chemicals.
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2.8 Experimental Section

Materials: Unless otherwise stated, reagents were purchased from Sigma-Aldrich and used as

received. Bis-(hydroxybutyl)tetramethyldisiloxane and octamethylcyclotetrasiloxane were

obtained from Gelest and used as received.

NMR Spectroscopy: NMR spectra were obtained on a Bruker Avance (400 MHz). NMR

chemical shifts are given in ppm referenced to referenced to either CDCl 3 (7.24 ppm for 'H and

77.24 for '3 C) or acetonitrile-d6 (1.94 ppm for 'H) for the polymer degradation studies.

Infrared (IR) Spectroscopy: Fourier Transform infrared (FT-IR) spectroscopy was performed on

a Perkin-Elmer model 2000 FT-IR spectrophotometer using the Spectrum v. 2.00 software

package.

Molecular Weight Determination: Polymer molecular weights were determined at room

temperature on a HP series 1100 GPC system in THF at 1.0 mL/min (1 mg/mL sample

concentrations), approximate molecular weights were estimated using a polystyrene calibration

standard.

Hardness Measurements: Hardness measurements were performed using a Rex 1500A

Durometer Shore A type on samples with a thickness of 6 mm.

Hybrid Polymer Fabrication: In a typical composite synthesis, POS 1 and alkynyl-silicone 2

were mixed in the desired ratio and dissolved in a minimal amount of THF (usually

homogeneous solutions can be obtained with concentrations up to 400 mg/mL). The solution was

vortexed for 15 min and poured in a Teflon mold. The composite was cured at 80'C in a vacuum

oven for 120 min, after which time the hybrid polymer could be easily removed from the mold.

- 92 -

Chapter 2



Smart Degradable Polymers

n
0 0

Poly (1-hexene sulfone) (P1HS). See Chapter 1 of this thesis for a detailed preparation.

H3C

9,n

Poly (2-methyl-1-pentene sulfone) (P2MPS). See general POS synthesis in the first chapter of

this thesis (98% yield). 'H-NMR (CDC13) 0.9 (3H, br t), 1.53 (2H, br), 1.6-1.7 (3H, br), 2.0 (2H,

br), 3.6 (2H, br). 13C-NMR (CDCl3) 14.63, 17.91, 20.21, 36.44, 36.82, 48.79, 67.96, 68.06. IR

(cm'1): 2967, 2876, 1715, 1470, 1297, 1117, 693, 460. GPC Mn = 5.3 KDa, Mw = 12.6 KDa,

PDI = 2.39.

d'o a , b

N 3

POS (1). See Chapter 1 of this thesis. In the composite formation experiments a polymer of Mn

= 6.9K, PDI=1.38 was used. The ratio of 6-azido- 1 -hexenyl repeat unit to 1 -hexenyl repeat unit

was determined by 1H NMR (Figure 2.19) from the relative integration of the peak highlighted in

red, compared to the peak highlighted in blue and found to be of 12% azide-containing repeat.

This is the azide content used for most experiments, unless otherwise specified.
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O O O OO 0 n= 0 2a
\ /\ n/\ 12 2b

28 2c

Alkynyl silicone 2a.32 In a flame-dried and Ar-purged round bottom flask, bis-

(hydroxybutyl)tetramethyldisiloxane (2.79g, 10 mmol) and propargyl alcohol (1.54 ml, 25

mmol) were dissolved at -45 C. DCC (4.13 g, 20 mmol) was added in small fractions over 20

min, during which time the reaction mixture turned turbid. DMAP (24 mg, 0.2 mmol) was added

to the mixture, and after 30 min the reaction turned orange. The reaction was stirred and let

warm-up to -10'C for 20h, after which 100 ml of anhydrous ether was added. The residual

orange solid was filtered off and discarded, and the solvent was removed in vacuo. The crude

was purified by column chromatography (hexanes:ethyl acetate, 95:5 to 75:25, TLC plates were

revealed with a KMnO 4 solution) to yield the title compound as a colorless oil (2.80 g, 73%). 1H-

NMR (CDCl3) 0.0 (12H, s), 0.5 (4H, t, J = 8.52 Hz), 1.4 (4H, in), 1.7 (4H, in), 2.9 (2H, s), 4.2

(4H, t, J= 6.62 Hz). 3C-NMR (CDCl 3) 0.53, 18.02, 19.78, 31.92, 66.31, 74.65, 74.99, 153.05.

Alkynyl silicone 2b, 2c. Different lengths were obtained using modified conditions32 for the

equilibration reaction of previously reported compound 2a. In a representative synthesis,

compound 2a (1 g, 2.6 mmol or 0.5 g, 1.3 mmol for the synthesis of 2b and 2c, respectively) and

octamethyl-cyclotetrasiloxane (3 g, 10 mmol) were mixed together and stirred at room

temperature with a magnetic stirbar at 600 rpm for 5 min in a flask connected to a drying tube.

Trifluoromethylsulfonic acid (0.4 mL, 4.6 mmol or 0.2 mL, 2.3 mmol for 2b or 2c) was added,

and the mixture was stirred for 72 h. Magnesium oxide (0.8 g for 2b and 0.4 g for 2c) and 40 mL

of hexanes were added to the reaction mixture and stirred for 1 h. The reaction mixture was

filtered through Celite, and the solvent was removed under reduced pressure. Purification by

Kugelrohr distillation at 150'C for 2 h yielded 2b (59%) or 2c (57%) as transparent, colorless
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oils. The number of dimethylsiloxane units was determined using 1H NMR, by comparison of the

integration signal of the terminal 2 alkynyl protons at 2.88 ppm to the signal of the silicon-linked

methyl groups at 0.03 ppm to make 14 Si(CH 3)2 repeat units (2b, n=12) or 30 Si(CH 3)2 repeat

units (2c, n=28) (Figure 2.20). The increase in molecular weight was also characterized by THF-

GPC, and the Mn vs polystyrene standards were 2253, 4328, and 5981 for 2a, 2b and 2c.

0 N=N O

-\ /

1-(4-ethoxyphenyl)-2-(4-(prop-2-yn-1-yloxy)naphthalen-1-yl)diazene (3). To a solution of Fat

Brown B (FBB) (100 mg, 0.34 mmol) in anhydrous THF (6ml) was added NaH (9 mg,

0.37mmol) at 00 C. The solution was stirred at 00 C for 30 min and propargyl bromide (80% in

toluene, 0.2ml, 1.8 mmol) was added. The reaction was refluxed for 6h, after which another

fraction of propargyl bromide (80% in toluene, 0.2ml, 1.8 mmol) was added. After removal of

the solvent under vacuum, the crude was purified by column chromatography using hexanes:

ethyl acetate (9:1) as the eluent to give 3 as a dark orange powder (110 mg, 98%). 1H-NMR

(CDCl 3) 1.46 (3H, t, J = 6.8 Hz), 2.56 (lH, t, J = 2.4 Hz), 4.12 (2H, q, J 6.8 Hz), 4.95 (2H, d, J

= 2.4 Hz), 7.01 (d, 2H, J = 9.2 Hz), 7.56-7.64 (4H, m), 7.82 (1H, d, J = 8.4 Hz), 7.98 (2H, d,

J=9.2 Hz), 8.31 (1H, d, J=8.4 Hz), 8.91 (1H, d, J=8.4 Hz). 13 C-NMR (CDCl 3) 15.03, 56.52,

64.05, 76.21, 77.45, 105.58, 112.28, 114.92, 115.63, 121.46, 122.29, 123.49, 124.96, 125.95,

126.15, 127.53, 132.66, 142.71, 147.85, 155.67, 161.35. IR (cm-'): 3217, 2919, 2112, 1602,

1576, 1501, 1256, 1233, 1088, 921, 833, 823, 761. m/z (HR-MS) found (M+H)* 331.26,

theoretical 331.14.

- 95 -

Chapter 2



Smart Degradable Polymers

Click-chemistry reaction to tag azide-POS with FBB. The conditions for the Cu-catalyzed

postpolymerizarion modification of azide-POS was described in the first chapter of this thesis.

For the FBB-tagged composite studies, a POS containing 12% azide on the side chain was used,

with a ratio of azide to alkynyl- FBB of 10 to 1 for the click chemistry reaction.
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2.9 Additional Figures
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Figure 2.19. Determination of azide content from the 'H-NMR (CDC13) spectrum of compound

1
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Figure 2.20. Determination of the length of compounds 2a, 2b, 2c by 'H-NMR (CDCl3 )
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CHAPTER 3

Side-Chain Functionalized Polythiophene Additives:

Design, Synthesis and Properties

Adapted and reprinted in part with permission from:

Lobez, J. M.; Andrew, T. L.; Bulovid, V.; Swager, T. M. "Improving the Performance of P3HT-

Fullerene Bulk Heterojunction Solar Cells with Side-Chain Functionalized Polythiophene

Additives: A New Paradigm for Polymer Design " A CS Nano 2012 DOI: 10.1021/nn204589u
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3.1 Introduction

The increasing world demand for energy has created a great need for the development of

cheap and efficient alternative energy sources. Solar cell technologies in which the incoming

light of the sun is transformed into electric current are among the most promising candidates,

since the amount of energy that could potentially be harnessed from the sun is much greater than

the current demand for energy. The main kinds of solar cells are silicon (Si) based solar cells,

dye-sensitized solar cells (DSSC) and organic-based solar cells

Silicon (Si) based solar cells make use of a semiconducting layer of Si as the active layer,

which absorbs the incoming photons and generates charge carriers. Si solar cells are by far the

most widespread photovoltaic systems available on the market. They can display the highest

power conversion efficiencies (PCEs), of -25% for single crystal individual cells, while

commercial cells have an average PCE of about -14%. However, they have the disadvantage of

being relatively heavy, and can only be used on rigid, flat surfaces owing to the lack of flexibility

of the Si films used as the active layer.

Dye-sensitized solar cells (DSSC, also known as Gratzel cells)' are hybrid solar cells

based on both inorganic and organic materials. In a traditional device architecture, an organic

dye is used to absorb most of the incoming photons. The generated excitons separate into the

corresponding charges, which are transported by an inorganic semiconductor (such as TiO2 )

acting as the electron conductor of the cell, and an electrolyte acting as the hole conductor in the

cell. Dye-sensitized solar cells have moderate PCEs (of about 13% for individual cells) 2 and

owing to the need to encapsulate the cells to prevent electrolyte leakage, this kind of cells are

also mostly rigid and flat.
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Organic-based solar cells show comparatively lower efficiencies than Si ones3 (of up to

about 9% for individual cells), but intensive research efforts over the past decade have made

organic-based bulk heterojunction (BHJ) 4 solar cells viable market competitors,5 and their

stabilities have also been much improved.6 Polymer-based solar cells have the advantages of any

organic-based materials and are of particular interest since they can be easily printed or cast on

both rigid and flexible surfaces. 7

3.1.1 Organic Photovoltaics

As mentioned above, organic photovoltaic systems have the advantages of most organic

systems: easy and cheap processing, chemical tunability to influence the final material

properties, and they can be used flexible devices. Even though some advances have been made in

the recent years for the development of thin film inorganic photovoltaic cells that are somewhat

flexible and lighter, organic solar cells are the main choice when solar cells need to be deployed

on non-flat surfaces, when the solar cell is going to be bent while being used or when the solar

cell needs to be incorporated in fabrics.

In general, when solar cells are exposed to light, the processes that take place are the

following: first, the photons are absorbed by the active layer of the solar cell, which leads to

exciton generation in this active layer. Then, the excitons migrate and are eventually dissociated

into two charges: a hole and an electron. Finally, charge migration and collection across the

electrodes occurs under a bias voltage.

For the case of organic solar cells, usually at least two different components are regularly

used for the active layer: a hole conducting (p-type) component or donor and an electron

conducting (n-type) component or acceptor. The need for a two-component system arises from
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the fact that the dielectric constant of organic materials is relatively low, so for exciton

dissociation to happen these two components are mixed and when excitons reach the interface,

charge separation is favored.

Owing to the fact that the exciton diffusion length is relatively short, the most successful

formulations of a p-type and an n-type component have been bulk heterojunctions (BHJ) of the

two where the amount of interface is maximal, as supposed to a layered configuration. In these

heterojunctions, the exciton dissociation occurs at the interface between the p-type and the n-type

components, which are mixed and annealed with the purpose of creating an amorphous

bicontinuous phase with the right morphology: the domain size needs to be small enough to

maximize the amount of interface, while keeping conduction pathways for charges to reach the

corresponding electrodes without yielding recombination.

For the specific case of an organic BHJ solar cell, the processes that take place after light

absorption described above are summarized graphically on Figure 3.1. It is clear that since many

of these phenomena occur at the interface of the heterojunction, this interface needs to fulfill

some requirements: high surface area, right morphology, right alignment of molecular orbitals

and appropriate environment to promote charge separation and prevent charge recombination

once dissociation has already happened.
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1. Photon absorption, exciton generation
2. Exciton migration to the interface
3. Exciton dissociation and charge separation at the interface
4. Charge migration
5. Charge collection

Figure 3.1. Summary of the processes that take place in an organic bulk heterojunction (BHJ)

solar cell from the moment light absorption occurs until the charge is collected across the

electrodes

The performance and efficiency of organic solar cells is evaluated by measuring the

current (J) vs. voltage (V) curves of the solar cell under illumination conditions (typically the

spectrum of wavelengths used and intensity are normalized to achieve 1 sun). The resulting J/V

curve is depicted on Figure 3.2a. The ideal efficiency that could be obtained from the solar cell is

determined by the area of the rectangle defined by the values of the short circuit current (Jsc) and

the open circuit voltage (Voc). In an ideal solar cell, this would be the actual efficiency and the

shape of the J/V curve would be a perfect rectangle, but in real cells the actual power conversion

efficiency (PCE) is determined by the rectangle circumscribed within the J/V curve. Therefore,

the resulting formula to define the PCE of any given cell (Figure 3.2b) needs to take into account

not only the Jsc, Voc but also the fill factor (FF). In order to improve the PCE of any solar cell,

one can either increase the Jsc, Voc and/or the fill factor (FF) in the directions indicated on
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Figure 3.2a. One of the main shortcomings of organic solar cells when compared to Si-based

ones, is their significantly lower Jsc.

(A)

0

(B)
Power Conversion JSC Voc FF

QE c Efficiency (PCE, T)

E

Fill Factor (FF) =J2 VWP
Jsc Voc

10 - Ideal efficiency -

0.00 0.25 0.50

V(V)

Figure 3.2. (A) J/V curves for a BHJ solar cell, showing the short circuit current (Jsc) and the

open circuit voltage (Voc). (B) Formula to calculate the power conversion efficiency (PCE) and

fill factor (FF) of a solar cell

A variety of device and material factors limit the performance of BHJ solar cells, but the

properties of the photoactive layer are the primary determinant of the maximum achievable PCE.

The ideal donor-acceptor mixture in a BHJ structure should exhibit a bicontinuous network with

domain widths within twice that of the exciton diffusion length and a high donor-acceptor

interfacial area to favor exciton dissociation and efficient transport of separated charges to the

respective electrodes.9 In the specific case of polymer solar cells, the miscibility between the
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donor and the acceptor, the crystallization of both phases, and the scale of the phase separation in

the BHJ thin film are all critical to the overall performance of BHJ OPVs.10 , 1 2 ,3 ,4

Much work has been dedicated in the last years to the development of new conjugated

polymers and small molecules to replace either the donor or the acceptor in BHJ solar cells, with

two main goals:15

a) Improving band gap matching and increasing the Voc

b) Increase the amount of excitons absorbed by the active layer by improving its

near infra-red absorption, which leads to an increase in the Jsc

These approaches to improve PCE present the problems of having to design a new

structure from scratch every time a new candidate is sought and having to employ lengthy multi-

step syntheses, which are time and resource consuming and lead to polymers with dubious

commercialization potential.

An alternative to improve solar cell power conversion has been the use of additives to

increase the efficiency of already-optimized donor/acceptor BHJ systems. Most of these

approaches are based on the addition of high boiling point dihaloalkanes (such as diiodooctane,

DIO), which influences the annealing process during the fabrication of the active layer and helps

reach optimized morphologies. However successful, these approaches are limited in the scope of

additive choice and further optimization.

3.1.2 P3HT/PC.BM Bulk Heterojunctions

Arguably one of the most studied organic photovoltaic systems is the donor-acceptor

BHJ formed by mixtures of regioregular poly (3-hexylthiophene) (rr-P3HT) and soluble

fullerene derivatives, such as phenyl-C61 71-cetylbutyric acid methyl ester (PC6 1BM/PC 71BM). 16
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These BHJs (Figure 3.3a) are a benchmark OPV structure, with average power conversion

efficiencies (PCEs) of around 3%, being 5% the record under AM 1.5 conditions (100

mW/cm2).17 The resulting domain size after annealing is about 10-15 nm, and direct imaging and

characterization of these domains has proven difficult, owing to the small size of the features,

their random distribution, and the lack of contrast between domains, since the elemental

composition is similar. On Figure 3.3b, the picture of a rr-P3HT/PC6 1BM BHJ is shown, for

which defocused conditions are required. This makes the exact quantification of the domain size

difficult, and affects the reproducibility of the measurement.

(A) OCH 3

0

S \ n
s \/ \ I

P3HT
(p-type)

PC61BM (B)
(n-type)

Figure 3.3. (A) Structures of regioregular poly (3-hexylthiophene) (rr-P3HT) and phenyl-C61 -

cetylbutyric acid methyl ester (PC6,BM) in a BHJ. (B) TEM images of a rr-P3HT/PC61 BM

BHJ under defocused conditions, the red line indicates the domain size (12 nm)
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The best performing P3HT/PC.BM solar cells reported to date make use of the

regioregular variety of P3HT (rr-P3HT). For the case of rr-P3HT, the connectivity between

adjacent repeat units in the polymer chain is always in a head to tail (HT) fashion (Figure 3.4).

43 R

Tail Head
5 d%2

T 5 1 H
I S H

R R R R

S S

R R

RR
HT-HT TT-HT

R R R R

S g
S S

R R
H T-H H TT-H H

Figure 3.4. Connectivity of polythiophenes substituted in the 3 position

In the solid state, rr-P3HT packs itself partially into crystalline domains, in which the

side-chains are ordered as described in Figure 3.5, with contiguous repeat units having their side-

chans in opposite directions.' 8 This prevalence of crystalline domains makes the conductivity of

rr-P3HT be higher than its non-regioregular counterparts.
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16.0 A

Interdigitated Lamellae 78 A

Figure 3.5. Interdigitation of the hexyl chains of rr-P3HT in the solid state into lamellar

structures and dimensions of the individual cell of crystalline domains

The use of additives to improve the performance of rr-P3HT/PC.BM (n = 61, 71) solar

cells by changing the morphology of the active layer has been reported in the past, but examples

have been limited to the use of high boiling point alkyl dihalides that act as cosolvents,19 or

main-chain block copolymers.'' 2 The use of P3HT with lower regioregularities as an additive

has also been reported, and moderate increases in the open circuit voltage (Voc) were observed,

though accompanied by a decrease in the short circuit current (Jsc).2 3 All of these approaches

typically require extra processing steps, or a relatively large amount of additive (at least 5 wt %)

to see an improvement in the PCE.

Both the length of the side chain on the repeat unit and the regioregularity of the

polymeric donor material in PSCs have been shown to have a marked effect on solar cell

24,25,26performance. In some cases, an optimal nanoscale morphology was achieved with random

copolymers compared to highly-ordered regioregular analogs because the random copolymers

could mix more effectively with the fullerene acceptor and form bicontinuous networks.27 In

comparison, fullerene molecules were found to intercalate between the side chains of an

analogous highly-ordered polymer and form BHJs containing nanoparticles with poor electrical
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connection to the top and bottom electrodes. 28 '29 Different substituents have also been directly

attached to a polythiophene backbone with the aim of changing its band gap,30 but this approach

has proven to be less effective than using the original P3HT/PC61BM system. Further chemical

modification of the side chains of P3HT and its resulting effect on solar cell performance is

mostly unexplored, with reported examples of side-chain functionalization mainly centered on

the exploration of solubility3 1 ,32 and sensing applications.3 3

In this chapter we present the design and synthesis of a new class of designer additives

based on side-chain functionalized polythiophene additives that can be used to greatly improve

the efficiency of organic-based solar cells by only using a minuscule amount of additive. We

hypothesized that ternary mixtures where these new polymers were used additives to the rr-

P3HT/PC.BM system would demonstrate better PCEs compared to binary rr-P3HT/PC.BM

mixtures. We designed our additives so that they would act as a surfactant locating itself at the

interface between rr-P3HT/PC.BM, firstly to improve interactions at the interface between the

polymer and fullerene phases enabled by side-chain functionalization and secondly to locate a

dipole at the interface that would prevent charge recombination. In the following chapter of this

thesis we discuss the performance of this kind of additives in a real organic solar cell, and study

the conditions for performance optimization, as well as the reasons behind the observed

improvements in the Jsc and thus in the solar cell efficiency.

3.2 Additive Design

The envisioned additive would act as a surfactant in-between the rr-P3HT/PC.BM

phases. The proposed additive would then be a polymer with two distinct sides: one bearing

aromatic functional groups that would improve interaction with the PC.BM phase and that
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would place a dipole at this interface, and the other one unfunctionalized and capable of

interacting with the P3HT phase (Figure 3.6).

Ternary System * * . * PCBM

+ .
rr-P3HT + Polymer Additive
Film MorpholOgy ,,,,,,,,,,,,,,,,,

PCBM

PolymerAddKtverrT~m T
Unfunctionalized

rr-P3HT

Figure 3.6. Polymer additive design

This could be easily achieved with a regioregular AB alternating polythiophene, in which

every other alternating repeat unit would be the bearer of an aromatic moiety (Figure 3.7). Given

the side-chain distribution of rr-P3HT in the solid state described in the previous section of this

chapter, it was postulated that this specific kind of polymer would behave as a surfactant giving

the desired effect, since functionalization in every other repeat unit (AB alternating copolymer)

for a regioregular polythiophene would mean that in the solid state one side of the polymer
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would be tailored with functional groups, while the other one could still take part in the

interdigitation of alkyl functional chains with the rr-P3HT phase.

0 0 0* * * 

Polym

Ar
0

\n

er Additive

Figure 3.7. Chemical structure of the polymer additive

Regioregular
AB-Alternating copolymer

3.3 Side-chain Functionalized Polythiophene Synthesis

3.3.1 Proposed Polymer Additives

Six different AB-alternating side-chain functionalized polythiophene additives bearing

aromatic moieties (P1-P6, Figure 3.8) are proposed as additives to the P3HT/PC.BM system.

Polythiophene P1 contains a non-conjugated phenyl moiety in its side chain in order to

elucidate the effects of introducing structural complexity at side-chain termini in a benchmark

polymeric donor material. To further elaborate on this concept, polymers P2-P6 are also

explored as additives: the effects of steric bulk or congestion can be revealed by P2, P4 and P5,

while the effects of having weak, isolated dipoles at side-chain termini can be investigated using

P3 (which contains electron-rich anisole moieties) and P6 (which contains electron-deficient

perfluorophenyl moieties). Triptycene-containing polymer P5 is also chosen because triptycene
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has been reported to be capable of interacting with fullerene analogues and forming highly-

ordered arrays in the solid state.3 4

H3CO F F

C 7 F F

0 o o a o F 0

/\ s /\ s /\ s /\ s /\ s /\ s
S S S S S S

P1 P2 P3 P4 P5 P6

Figure 3.8. Chemical structure of the polymer additives P1-P6

Furthermore, all of these additives will be having a dipole in the side chain, since these

aromatic moieties have a dipole different from zero. The calculated dipoles (B3LYP 6-31G*,

vapor phase, in the absence of any intermolecular interactions) of the six side-chain moieties

found in the repeat units of additives P1-P6, are shown on Figure 3.9. The green arrow shown in

the wireframe representation of the appropriate structure denotes the direction of the calculated

dipole.

The resulting dipole of every repeat unit was calculated in the same way, and depicted on

Figure 3.10. All of the repeat units have a resulting dipole, so the corresponding polymer will

have a resulting dipole as well, proportional to the magnitude of the dipole on the side-chain.
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1.31 Debye
2.12 DebyeY

0

Y ,CH
0 Debye 1.45 Debye

2.57 Debye
0

F 2.65 Debye

P F0
N

Figure 3.9. Calculated dipoles (B3LYP 6-31 G*) of the six side-chain moieties found in the

repeat units of additives P1-P6, respectively. The green arrow denotes the direction of the

calculated dipole
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0.52 Debye
0

S

1.53 Debye

1.58 Debye

F F

F F

F \

S
2.43 Debye

Figure 3.10. Calculated dipoles (B3LYP 6-31 G*) of six side-chain functionalized thiophene

monomers, such as those found in the repeat units of additives P1-P6, respectively. The green

arrow shown in the wireframe representation of the appropriate structure denotes the direction of

the calculated dipole
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3.3.2 Synthetic Approach

The Grignard metathesis (GRIM) polymerization 35,36,37 method described by McCullough

et al. is one of the most straightforward ways to gain access to regioregular polythiophenes

starting with the corresponding dibrominated thiophene monomer or dibrominated bithiophene

species (Scheme 3.1).38

(A)

Br

R t-BuMgCI (1 eq.) R kD) R t-BuMgCI (1 eq.) R
THF, 70*C Br S Br THF, 70 0C / \ S

Br 2) Ni(dppp)C12  S 2) Ni(dppp)C12  n \/ n
S 70*C n 70*C

Regioregular

AB Alternating
Regioregular

Scheme 3.1. The Grignard metathesis (GRIM) polymerization of (A) 2,5-dibromo-3-

alkylthiophenes and (B) 5,5'-dibromo-3-alkyl-4'-alkyl'-2,2'-bithiophenes

In this polymerization method, the dibrominated heterocycle is transformed into the

corresponding mono-Grignard reagent by virtue of a transmetalation reaction. The Grigard

reagent is mostly formed in the least hindered position of the thiophene/bisthiophene.

Subsequent cross-coupling using a nickel (Ni) catalyst yields a a regioregular polythiophene with

mostly head to tail (HT) connections (steps shown on Scheme 3.2). The polythiophenes obtained

this way usually have moderately good molecular weights (15-35 KDa) and relatively low

polydispersities (1.1-1.7).
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R H R

S Br t-BuMgCI (1 eq.) S Br Int 1 \ S
Br n THF, 70*C n Ni(dPPP)C12 n m

700C

Int 1
n = 0,1

(n=1, AB Alternating)
Regioregular

Scheme 3.2. Mechanism of the GRIM polymerization

The synthetic scheme to access the desired polythiophene additives is detailed in

Schemes 3.3 and 3.4. First, a parent monomer (MO) is synthesized (Scheme 3.3) in which the HT

connection in between the functionalized/unfunctionalized repeat units is fixed prior to

polymerization. This parent monomer can be tailored with an aromatic moiety via an SN2

reaction prior to polymerization, and then the dibrominated monomer (Ml, M3-M6) is

polymerized using GRIM polymerization methods (Scheme 3.4a). In order to attach

functionalities not compatible with the polymerization conditions, an alternative synthetic route

was used in which the parent monomer MO was first polymerized using GRIM conditions and

then functionalized via post-polymerization modification (Scheme 3.4b).

Parent monomer bithiophene derivative MO was obtained from the cross-coupling of 2-

bromo-2-bromo-3-(4-bromobutyl)thiophene (2) and 2-(4-hexylthiophen-2-yl)-5,5-dimethyl-

1,3,2-dioxaborinane (3) and dibromination using N-bromosuccinimide (NBS). Compounds 2 and

3 were accessed using modified lithiation and bromination procedures previously reported in the

literature starting with 3-bromothiophene and 3-hexylthiophene respectively (Scheme 3.3).
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Br Br

1) n-BuLi
Br hexane, -45*C NBS (1 eq.)

2) 1,4-dibromobutane CHCl 3, AcOH Br
S THF, r.t., 2h S r.t., 20 min S Br

51% 68%
1 2

S

1) DIPA, n-BuLi
THF, -780C 1h, r.t. 1h

2) B(OCH) 3
r.t. ON

3) HO OH O1 /B \
toluene, 100*C, ON 0

79% 3

Pd(PPh 3)4, DME
NaHCO3 (sat, aq)

r.t. ON S
63%

4

NBS (2 eq.)
CHC 3, AcOH

00C, 1lh
88%

-Br

MO

Scheme 3.3. Synthesis of parent monomer MO

Monomers M1 and M3-M6 are accessed in good yield by subjecting compound MO to

Williamson ether synthesis conditions with the corresponding phenol. Subsequent nickel-

catalyzed Grignard metathesis (GRIM) polymerization 35 , 36, 37 of M1 and M3-M6 yields P1 and

P3-P6 in high yields (Scheme 3.4a). Considering that an iodophenyl moiety could be

competitively metallated under standard GRIM polymerization conditions and introduce

unwanted side reactions, polymer P2 is synthesized following Route 2 (Scheme 3.4b).

Bromobutane-containing polymer P7 is synthesized by GRIM polymerization of MO, and
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subsequent post-polymerization functionalization with 4-iodophenol yields P2 in moderate yield

and with a high degree of substitution (99%) on the side-chain. .

(A) Route 1

ROH, KOH
MO EtOH, reflux 2h Br

M1,
M3,
M4,
M5,
M6,

P1,
P3,

n P4,
P5,
P6,

1) t-BuMgCI (1 eq.)
THF, 70 0C, 2h

.Br
2) Ni(dppp)C12

70*C, ON

70%
74%
65%
74%
70%

82%, Mn 14 KDa, PDI 1.3
65%, Mn 15 KDa, PDI 1.2
81%, Mn 16 KDa, PDI 1.3
85%, Mn 18 KDa, PDI 1.4
74%, Mn 15 KDa, PDI 1.2

(B) Route 2

1) t-BuMgCI (1 eq.)
MO THF, 70 0C, 2h

2) Ni(dppp)C12
700C, ON

76%

P7
Mn 14 KDa

PDI 1.2

HO ,O

EtOH, reflux 2h
90%

P2

Mn 15 KDa
PDI 1.2

Scheme 3.4. (A) Synthesis of monomers M1, M3-M6 via Williamson ether synthesis and

polymerization to obtain P1, P3-P6. (B) GRIM polymerization of MO and post-polymerization

modification to yield polymer additive P2

The polythiophene additives thus obtained have number-averaged molecular weights

(Mns) of 16 ± 2 KDa and polydispersities (PDIs) of 1.3 ± 0.1. In comparison, the commercial rr-

P3HT used as the majority donor material in BHJ OPVs has a Mn of 45 KDa and a PDI of 1.7.
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3.4 Side-chain Functionalized Polythiophene Characterization

3.4.1 Additive Regioregularity

The regioregularity of polymers P1-P7 was studied using 'H-NMR techniques. 39 The degree

of regioregularity can be traced to the relative intensity of the signal for the HT-HT triad in the

aromatic region of the 'H-NMR spectrum (6 6.98, blue protons, a, in Figure 3.11) vs. the

intensity of the TT-HT (6 7.00), HT-HH (6 7.03), and TT-HH (6 7.05).

H

H

a
HT
b

-_Jv

P1

P2

P3

flA
--- - - -

HT-HT

TT-HT

P5
P6 K*

P6

I1 9

* 7. PPM 170 2.5

Figure 3.11. 1H-NMR (CDCl 3) spectra for polymers P1-P7 showing the

polymer repeat units

connectivity of the
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For situations in which this region of the 'H-NMR spectra was masked due to

overlapping signals from the side-chain moiety, the diad signals in the alkyl region are used (red

and blue, b and c respecitvely, Figure 3.11): HT (6 2.81) and HH (6 2.61).

Of all the synthesized polymers, only P6 and P7 had no overlapping signals in the

aromatic region, and these polymers show no evidence of regioisomers other than the HT-HT

kind. In order to determine the regioregularity of the remaining polymers, the 6 2.0-3.0 region of

the spectrum was used. Here it is also confirmed that primarly HT connections were formed

through the polymerization, with only very weak signals for the HH connections present.

3.4.2 Photophysical Properties of Additives

The UV-visible and emission spectra of the polymers give information about the optical

band-gap of the polymer, the wavelengths at which the conjugated polymer absorbs light and

how the side-chains affect the structure of the conjugated polymer backbone.

The absorption and emission spectra of P 1-P6 (Figure 3.12) and their corresponding peak

maxima in dilute chloroform solutions are both similar to those of rr-P3HT (data summarized

on Table 3.1). Additionally, the solution quantum yields and excited state lifetimes of P1-P6 are

also identical to those of commercial rr-P3HT (within the error of each measurement). These

results indicate that side-chain functionalization does not alter the effective conjugation length of

the polythiophenes, and thus their optoelectronic properties. This is expected, since the

additional side-chain moiety is not directly conjugated to the polymer backbone and it is far

enough from the backbone to prevent the creation of an additional torque in the backbone due to

steric hindrance.
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Figure 3.12. Normalized absorbance (black) and emission (red) spectra for polymers P1-P6

.abs (n1M) em (CHCl3, nm) bDF T (CHC13, ns)
rr-P3HT 452 (CHCl3) 545 (film)a 573 0.20 0.58

P1 450 (CHC13) 550 (film)a 570 0.22 0.64
P2 447 (CHCl3) 545 (film)a 571 0.12 0.57
P3 455 (CHC13) 552 (film)a 573 0.22 0.62
P4 440 (CHCl3) 548 (film)a 570 0.22 0.61
P5 445 (CHCl 3) 540 (film)a 570 0.18 0.57
P6 442 (CHC13) 545 (film)a 575 0.20 0.60

Table 3.1. Photophysical properties of polymers P1-P6. a 40 ± 5 nm-thick films spun-cast from

1 ,2-dichlorobenzene. b Fluorescence quantum yields are determined against perylene in EtOH (0

0.94). The measurement error is 0.03
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Spun-cast, annealed thin films of P1-P6 (40 nm) displayed red-shifted absorption

maxima and weak luminescence at room temperature, similar to rr-P3HT. However, unlike

films of rr-P3HT, a characteristic "order peak" at 600 nm is not observed to evolve in the

absorption spectra of neat thin films of P1-P6. This optical "order peak" is assigned to interplane

interactions in highly-ordered crystalline regions of rr-P3HT;40 therefore, the lack of an "order

peak" in films of P1-P6 indicates that side-chain functionalization of polythiophenes hinders

crystallization of polymer chains.

3.4.3 Solid State Ordering of Additives

In order to study the ordering in the solid state, we conducted X-Ray Diffraction (XRD)

measurements. For rr-P3HT, which has both crystalline lamellar regions as well as amorphous

regions in the solid state, the characteristic XRD spectrum shows three characteristic peaks,

which correspond to the three dimensions of the unit cell of the lamellae present in the crystalline

regions of rr-P3HT (see figure 3.5).

X-Ray diffractograms of spun-cast and annealed films of P1-P6 do not contain sharp

diffraction signals and indicate that these neat polymer films are amorphous (Figure 3.13A). This

observation is consistent with the aforementioned absence of an "order peak" in the absorption

spectra of thin films of P1-P6. However, diffractograms of rr-P3HT/PC61 BM thin films

containing up to 10 wt% of P1-P6 reveal that the presence of up to 10 wt% of the additives does

not hinder lamella formation within the rr-P3HT phase of the bulk film (Figure 3.13B). Thus,

we infer that the lower molecular-weight additives do not disturb crystalline domain formation in

the rr-P3HT phase, and predominantly localize in amorphous regions within the rr-
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P3HT/PC6 1BM

P3HT/PC6 1BM

BHJ, which is also the region where interpenetration between the rr-

phases occur.

(A)I I(B) I

P3HT

P6 JL , (a) + 10 wt%. P6

S 1'0 2' 3O o 0 10 20 30 40
20 20

Figure 3.13. XRD spectra of (A) 40 nm-thick neat films of rr-P3HT and P1-P6 and (B) 75 nm-

thick films containing ternary mixtures of rr-P3HT, PC61BM and 10 wt% P1-P6. The films

shown in both (A) and (B) were annealed at 150 *C for one hour
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3.4.4 Quenching Studies

In order to study the variations in the interaction among the polythiophene additives and

PC6 1BM, Stern-Volmer fluorescence quenching studies were carried out.

The fluorescence quenching properties were investigated by measuring the fluorescence

intensity changes of the polymer solutions with the addition of PC6 1BM. PC6 1BM was dissolved

in a polymer solution with the same concentration as the initial solution, so that the polymer

concentration remained constant throughout the experiment. No new emission bands were

observed during the quenching studies. There is competitive absorption of PC6 1BM at the

excitation and emission wavelengths of the studied polythiophenes. To account for this effect,

the measured fluorescence was corrected by the equation shown on Figure 3.14.

F=F 1 - e-1'" E C / + E2 2_/ 32
em x e(E1C+E1Cx) e -E3 2/

Figure 3.14. Formula for the corrected fluorescence for polymers P1-P6 in Stern-Volmer

quenching studies

In this equation, Fen denotes the experimental fluorescence intensity, F denotes the

corrected fluorescence intensity, C, is the molar concentration of polythiophene, C2 is the molar

concentration of PC61BM, c; is the molar extinction coefficient of a polythiophene at its

excitation wavelength (452 nm for P3HT), E2 is the molar extinction coefficient of PC61BM at

the excitation wavelength of the polymer (452 nm for P3HT), E3 is the molar extinction

coefficient of PC6 1BM at the emission maxima of the polymer (573 nm for P3HT), and 1 is the

optical pathlength in cm.
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Steady-state fluorescence quenching studies of P1-P6 with PC6 1BM in chloroform

solutions (Figure 3.15) reveal larger Stern-Volmer quenching constants (Ksv) for the additives

compared to rr-P3HT (Table 3.2): for example, Ks, values of 4.1 x 103 and 3.6x 103 M~1 are

measured in CHCl 3 for P1 and P4, respectively, compared to 2.4x 103 M-1 for rr-P3HT. Lifetime

Stern-Volmer measurements reveal that the excited state lifetimes of the polymers do not change

significantly with increasing fullerene concentration, indicating the dominance of a static

quenching mechanism. In this case, a higher value of K, can be correlated with a larger binding

affinity between the fluorophore and quencher, thus indicating that the side-chain functionalized

polythiophene additives P1-P6 have a higher binding affinity for PC6 1BM than rr-P3HT. We

note that a slight increase in the excited state lifetime of P5 was observed in the presence of

PC6 1BM, which we ascribe to conformational changes in the polymer backbone induced by a

triptycene-fullerene binding interaction.

rr-P3HT P1 P2 P3 P4 P5 P6

K s (M-1)/103 2.4 4.1 3.3 2.4 3.6 3.0 2.8

Table 3.2. Stern-Volmer constants for polymers P1-P6 (Steady-state quenching constant for

each polymer with PC61BM in CHCl3)
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Figure 3.15. Stern-Volmer plots of the quenching response of P3HT, polymer P1 and polymer

P5 to PC6rBM in dilute CHCl 3 solutions. Blue squares depict the change in intensity of the

corresponding emission maximum (hm) with added fullerene. Fo and to correspond to the

emission intensity (at Xm) and polymer lifetime, respectively, in the absence of fullerene. Red

triangles depict the change in fluorescence lifetime with added fullerene. The solid lines are

linear fits to the data. Polymer lifetimes are not observed to change with added fullerene, thus

indicating a static quenching process
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3.5 Conclusions

In summary, in this chapter the synthesis of a new class of regioregular AB alternating

side-chain functionalized polythiophenes (P1-P6) has been described. The polymers can be

accessed using GRIM polymerization conditions on a functionalized bithiophene monomer, or

by post-polymerization modification reaction of a polymer also obtained via the GRIM

polymerization.

The polymers described are regioregular, and the presence of functional moieties in the

side-chain does not alter their optoelectronic properties. The ordering in the solid-state of these

new polythiophenes is different from that of unfunctionalized rr-P3HT, probably due to the

steric hindrance of the functional groups on the side-chain. However, addition of these new

polythiophenes on to the rr-P3HT/PC6 1PBM does not prevent formation of crystalline-domains

in the rr-P3HT phase, which means the additives locate themselves in the amorphous regions of

rr-P3HT. Stern-Volmer quenching studies in solution reveal that the binding constants between

polymer additives P1-P6 and PC61PBM is greater than that of unfunctionalized rr-P3HT and

PC6 1PBM, which is a good sign for improvement of interactions in the solid state.
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3.6 Experimental Section

Materials: Unless otherwise noted, all reactions were performed in flame-dried glassware, and

under an oxygen-free atmosphere of argon using standard Schlenk techniques. Anhydrous

solvents were obtained using a solvent purification solvent (Innovative Technologies). All other

chemicals were of reagent grade from Sigma-Aldrich and were used as received. Regioregular

P3HT for XRD and spectroscopic studies was purchased from Aldrich (electronic grade,

99.995% trace metals basis, average Mn 30,000-60,000).

NMR Spectroscopy: NMR spectra were obtained on a Bruker Avance (400 MHz). NMR

chemical shifts are given in ppm referenced to CHCl3/TMS (7.24 ppm for 'H, 77.24 ppm for 13 C)

Mass Spectrometry: High-resolution mass spectra (HRMS) were obtained on a Bruker Daltonics

APEXII 3 Tesla Fourier Transform Mass Spectrometer at the MIT Department of Chemistry

Instrumentation Facility (DCIF).

Molecular Weight Determination: Polymer molecular weights were determined at room

temperature on a HP series 1100 GPC system in THF at 1.0 mL/min (1 mg/mL sample

concentrations), approximate molecular weights were estimated using a polystyrene calibration

standard.

X-Ray Diffractometry: X-Ray data was collected using an Inel CPS 120 position sensitive

detector using an XRG 3000 generator (Cu Ka).

UV-Vis/Fluorimetry: UV-Vis spectra were recorded with an Agilent 8453 diode-array or Cary 50

UV-Vis spectrophotometer, corrected for baseline with a solvent-filled cuvette. Emission spectra

were acquired on a SPEX Fluorolog-i3 fluorimeter. The spectra were obtained at room

temperature using a quartz cuvette with a path length of lcm at right angle detection. The

absorbance of all samples used for fluorescence studies was equal or below 0.1.
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Br

S

3-(4-bromobutyl)thiophene (1).4' 3-bromothiophene (9 ml, 96 mmol) was dissolved in 120 ml

dry hexanes. The solution was cooled down to -45'C, and 60 ml n-BuLi (60 ml 1.6M, 96 mmol)

was added dropwise. The solution was stirred at -45'C for 10 min, after which the lithium salt

was precipitated by addition of 6 mL dry THF. After stirring at -45'C for lh, the solution was

warmed up to -100 C, and an excess of 1,4-dibromobutane (44 ml, 368 mmol) was added. After

stirring at room temperature for 2h, the solution was extracted with ether, washed with water,

brine, dried over magnesium sulfate, and the solvent was removed. Excess 1,4-dibromobutane

was removed under vacuum. Filtration of the residue through a silica plug (hexanes), and solvent

removal afforded product 1 (10.7 g, 51% yield) as a colorless oil. 'H-NMR (CDCl 3): 1.75-1.81

(2H, m), 1.86-1.91 (2H, m), 2.67 (2H, t, J=7.32 Hz), 3.44 (2H, t, J=7.32 Hz), 6.92-6.94 (2H, m),

7.25-7.26 (1H, m). "C-NMR (CDCl 3): 29.2, 29.5, 32.4, 33.8, 120.4, 125.6, 128.3, 142.3. m/z

(HRMS) found: 218.9843 (M+H)*, theoretical: 218.9838.

Br

S Br

2-bromo-3-(4-bromobutyl)thiophene (2).4 Compound 1 (8 g, 36.5 mmol) was dissolved in 250

ml CHCl3, and glacial acetic acid (250 ml) was added in the dark. NBS (6.5 g, 36.5 mmol) was

added, and the mixture was stirred for 20 minutes at room temperature in the dark. The reaction

mixture was washed with water, saturated NaHCO 3, dried over magnesium sulfate and the
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solvent was removed under vacuum. Purification by column chromatography afforded

compound S2 (7.4 g, 68% yield) as a light yellow oil. 'H-NMR (CDCl 3): 1.71-1.77 (2H, m),

1.85-1.89 (2H, m), 2.6 (2H, t, J=7.44 Hz), 3.43 (2H, t, J=7.32 Hz), 6.78 (1H, d, J=5.6 Hz), 7.19

(1H, d, J=5.6 Hz). "C-NMR (CDCl 3): 27.5, 29.4, 32.9, 33.9, 109.2, 125.5, 128.4, 141.8. m/z

(GC-MS) found: 295.89, calculated: 295.89.

o /I\

0

2-(4-hexylthiophen-2-yl)-5,5-dimethyl-1,3,2-dioxaborinane (3).4' Diisopropylamine (7 ml, 50

mmol) was dissolved in dry THF (200 ml). The mixture was cooled down to 00 C and n-BuLi (31

ml 1.6 M, 50 mmol) was added. After stirring at 00C for 30 min, the mixture was cooled down

to -78'C and 3-hexylthiophene (8.1 ml, 45 mmol) was added dropwise. After stirring at -78'C

for 1h the reaction was warmed up to room temperature, and the mixture was stirred for 1 h.

Then, the reaction was cooled down to -78 C, and trimethylborate (15 ml, 134 mmol) was added.

After 10 min, the reaction was warmed up to room temperature, and stirred over night.

Quenching with 10% aqueous HC1 (40 ml) followed, and the aqueous layer was extracted with

ether. The ether phase was washed with water, brine, dried over magnesium sulfate and the

solvent was removed under vacuum. 250 ml toluene was added to the remaining oil, followed by

neopentyl glycol (7.02 g, 67.4 mmol). The mixture was sparged with argon, and heated up to

1 00*C. After 24 h, the solvent was removed under reduced pressure. Hexanes were added to the

remaining residue, and the hexanes phase was purified by column chromatography (99:1 to 97:3
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hexanes:acetone). The product 3 was obtained as a colorless oil (9.9 g, 79% yield). 1H-NMR

(CDCl 3): 0.85 (3H, t, J=6.24 Hz), 1.00 (6H, s), 1.22-1.33 (6H, m), 1.59 (2H, m), 2.59 (2H, t,

J=7.76 Hz), 3.73 (4H, s), 7.13 (1H, s), 7.38 (1H, s). "C-NMR (CDCl3 ), 14.1, 21.9, 22.6, 29.0,

30.1, 30.6, 31.7, 32.0, 72.4, 122.9, 126.5, 137.0, 144.5. m/z (HRMS) found: 218.1742 (M+H)*,

calculated: 218.1753.

Br

/\ s
S

3-(4-bromobutyl)-4'-hexyl-2,2'-bithiophene (4). A mixture of a saturated solution of NaHCO3

(115 ml) and DME (230 ml) was sparged with argon for 45 minutes. Compounds 2 (10.4 g, 35

mmol) and 3 (9.9 g, 35 mmol) were added, followed by addition of Pd(PPh3)4. After warming up

to 80'C, the mixture became first bright yellow, and then dark orange. After stirring at 80*C for

18 h, a saturated solution of NH4Cl (aq, 210 ml) was added, and the mixture was extracted with

ether. The organic phase was washed with water, a saturated solution of NaHCO3 and brine.

After drying over magnesium sulfate and solvent removal, the dark orange oil was purified by

colum chromatography using hexanes as the eluent. The product (6.07 g, 45% yield) was isolated

as a pale yellow oil and used without further purification. 'H-NMR (CDCl 3): 0.87 (3H, t, J=6.96

Hz), 1.25-1.36 (6H, m), 1.61 (2H, m), 1.76 (2H, m), 1.88 (2H, m), 2.58 (2H, t, J=8.52 Hz), 2.76

(2H, t, J=7.56 Hz), 3.38 (2H, t, J=6.72 Hz), 6.86-6.93 (3H, m), 7.14 (1H, d, J=5.2 Hz). 13C-NMR
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(CDCl 3): 14.1, 21.2, 22.3, 29.0, 29.2, 30.5, 30.7, 31.0, 31.1, 31.8, 121.2, 123.6, 128.1, 129.8,

132.0, 135.5, 137.1. m/z (HRMS) found: 385.06, (M+H)*, calculated: 385.06.

Br

Br s S Br

5,5'-dibromo-3-(4-bromobutyl)-4'-hexyl-2,2'-bithiophene (MO). Compound 4 (5.4 g, 14

mmol) was dissolved in 100 ml CHCl3, and glacial acetic acid (100 ml) was added in the dark.

The mixture was cooled down to 00C, and NBS (4.94 g, 27.75 mmol) was added stepwise. The

mixture was stirred for 1 h at 00C in the dark. The reaction mixture was washed with water,

saturated NaHCO 3, brine, dried over magnesium sulfate and the solvent was removed under

vacuum. Purification by column chromatography (hexanes) afforded compound MO (6.99 g,

92% yield) as a light yellow oil. 'H-NMR (CDCl 3): 0.86 (3H, t, J=7 Hz), 1.22-1.35 (6H, m),

1.53-1.60 (2H, in), 1.67-1.76 (2H, in), 1.83-1.91 (2H, m), 2.52 (2H, t, J=7.8 Hz), 2.65 (2H, t,

J=7.72 Hz), 3.38 (2H, t, J=6.6 Hz), 6.72 (1H, s), 6.86 (1H, s). 13C-NMR (CDCl 3): 14.3, 22.8,

28.3, 29.1, 29.2, 29.7, 29.8, 32.4, 33.5, 34.9, 109.6, 111.3, 125.7, 127.8, 132.5, 134.2, 139.7,

142.9. m/z (HRMS) found: 540.8888 (M+H)*, calculated: 540.8864.
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HO

9,10[1',2']-benzene-9,10-dihydro-4-hydroxy-1-octyloxyanthracene." To a solution of

triptycene hydroquinone (35.8g, 125 mmol) in 500ml DMF under Ar was added K2 CO 3. 1-

bromooctane (25 ml, 125 mmol) was added dropwise over 1.5 hr. The solution was then heated

to 50'C for 24 hours. The solution was then cooled to room temperature and quenched by

pouring into dilute aqueous NH 4Cl. The product was extracted with Et2 0, the combined organic

layers washed with dilute aqueous NH4Cl and brine. The organic layer was then dried over

MgSO 4 , filtered and solvent removed in vacuo to yield a mixture of mono- and dialkylated

triptycenes. This mixture was added to 1 M NaOH in a 50/50 mixture of EtOH and water. The

resulting dark solution was filtered and the residual solids rinsed with additional 1 M NaOH to

yield a white powder (dialkylated, 27.7g, 43%). The filtrate was acidified with 5% HCl to

precipitate the monoalkylated product as a tan powder, which was filtered, washed with copious

amount of water and dried to yield the title compound (25.4 g, 51% yield). 'H-NMR (CDCl 3):

0.91 (3H, t, J = 6.8 Hz ), 1.54-1.30 (10H, m), 1.82 (2H, m), 3.91 (2H, t, J= 6.2 Hz), 4,44 (1H, s),

5.79(1H, s), 5.87 (1H, s), 6.37 (1H, d, J= 8.5 Hz), 6.42 (1H, d, J = 8.5 Hz ), 6.98 (4H, m), 7.40

(4H, m). 13 C-NMR (CDCl 3): 14.3, 22.9, 26.4, 29.6 (3 peaks), 32.1, 47.5, 47.8, 70.0, 111.4, 113.1,

123.8, 123.9, 124.0, 124.1, 125.1, 125.3, 133.3, 136.1, 144.6, 145.7, 145.8, 148.7. m/z (HRMS)

found: 399.2323 (M+H)*, calculated: 399.2319.

General procedure for monomer (M) synthesis. To a solution of an appropriate phenol (1.5

eq) in EtOH was added KOH (1.7 eq) and the mixture stirred for 10 minutes. Compound MO and

a spatula tip-full of Nal was added and the reaction subsequently refluxed under argon for 2 h.
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After addition of H20, the reaction was extracted with ether (3x, 50 mL), and the combined

organic phases were washed with water (2x, 50mL), brine and dried over magnesium sulfate.

After solvent removal, the resulting oil was purified by column chromatography.

IQ
0

Br S Br
Br \

Monomer M1. Synthesized with MO and phenol and purified by column chromatography

(hexanes:ethyl acetate, 99:1) to afford compound M1 as a yellow oil (70% yield). 'H-NMR

(CDCl 3): 0.89 (3H, t, J=6.8 Hz), 1.27-1.38 (6H, m), 1.53-1.62 (2H, in), 1.74-1.85 (4H, in), 2.52

(2H, t, J=6.8 Hz), 2.73 (2H, t, J=7 Hz), 3.94 (2H, t, J=6 Hz), 6.74 (11H, s), 6.84-6.97 (4H, in),

7.24-7.30 (2H, in). 13 C-NMR (CDCl3): 14.3, 27.3, 28.8, 29.0, 29.0, 29.7, 29.8, 31.8, 67.5, 109.4,

111.1, 114.6, 120.8, 125.6, 127.6, 129.6, 132.7, 134.3, 140.4, 142.8, 159.1. m/z (HRMS) found:

578.9839 (M+Na)*, calculated: 578.9829.
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H3CO,

Br

Monomer M3. Synthesized with MO and p-hydroxyanisole and purified by column

chromatography (hexanes: toluene, 3:1) to afford compound M3 as a yellow oil (74% yield). IH-

NMR (CDCl 3 ): 0.88 (3H, t, J=6.4 Hz), 1.26-1.42 (6H, m), 1.56 (2H, m), 1.77 (4H, m), 2.52 (2H,

t, J=7.6 Hz), 2.71 (2H, t, J=7.2 Hz), 3.75 (3H, s), 3.88 (2H, t, J=5.7 Hz), 6.72 (1H, s), 6.80 (4H,

d, J=1.36 Hz), 6.88 (1H, s). 13C-NMR (CDCl 3): 14.3, 22.8, 27.3, 28.8, 29.1, 29.1, 29.7, 29.8,

31.8, 55.9, 68.3, 109.4, 111.1, 114.8, 115.6, 127.6, 132.0, 132.6, 134.3, 140.1, 142.8, 153.3,

154.0. m/z (HRMS) found: 587.0129 (M+H)*, calculated: 587.0115.

- 141 -

Chapter 3



Polythiophene Additives: Synthesis and Properties

BrNs ' Br

Monomer M4. Synthesized with MO and a-naphthol and purified by column chromatography

(hexanes) to afford compound M4 as a yellow oil (65% yield). 'H-NMR (CDCl 3): 0.92 (3H, t,

J=8 Hz), 1.27-1.36 (6H, b), 1.56 (2H, m), 1.85-1.99 (4H, in), 2.51 (2H, t, J=7.6 Hz), 2.79 (2H, t,

J=7.6 Hz), 4.12 (2H, t, J=5.8 Hz), 6.76 (1H, s), 6.77 (1H, d, J=6.8 Hz), 6.93 (1H, s), 7.37 (1H, t,

J=8 Hz), 7.43 (1H, d, J=8 Hz), 7.45 (2H, m), 7.81 (lH, m), 8.28 (1H, in). "C-NMR (CDCl 3):

14.3, 22.8, 27.5, 28.9, 29.0, 29.1, 29.7, 29.8, 31.8, 67.7, 104.7, 109.5, 111.2, 120.3, 122.2, 125.4,

125.9, 126.1, 126.6, 127.7, 128.4, 132.0, 132.6, 134.3, 134.7, 140.1, 142.8, 154.9. m/z (HRMS)

found: 607.0170 (M+H)*, calculated: 601.0167.
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Br

Monomer M5. Synthesized with MO and 9,10[1',2']-benzene-9,10-dihydro-4-hydroxy-1-

octyloxyanthracene and purified by column chromatography (hexanes:toluene, 3:1 to 1:1) to

afford compound M5 as a yellow oil (65% yield). 'H-NMR (CDCl 3), 0.88-1.01 (6H, in), 1.30-

1.45 (16H, in), 1.52-1.65 (2H, in), 1.88 (6H, in), 2.54 (2H, 7, J-7.8 Hz), 2.82 (2H, t, J=6.84 Hz),

3.96 (4H, t, J=6.2 Hz), 5.88 (lH, s), 5.92 (1H, s), 6.49 (2H, in), 6.80 (1H, s), 6.92 (1H, s), 7.0

(4H, in), 7.40 (4H, in). "C-NMR (CDC13), 14.3, 14.4, 22.8, 23.0, 26.5, 27.4, 28.9, 29.1, 29.2,

29.6, 29.6, 29.7, 29.7, 29.8, 31.8, 32.1, 47.7, 47.7, 69.1, 69.8, 109.5, 110.5, 110.8, 111.1, 123.9,

125.1, 125.1, 127.6, 128.4, 129.2, 131.4, 132.1, 132.7, 134.4, 135.8, 135.9, 140.2, 142.8, 145.9,

146.0, 146.0, 148.4. m/z (HRMS) found: 883.1674 (M+Na)*, calculated: 883.1663.
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Br"' Br

Monomer M6. Synthesized with MO and pentafluorophenol and purified by column

chromatography (hexanes:acetone, 99:1) to afford compound M6 as a yellow oil (70% yield).

'H-NMR (CDCl 3): 0.86 (3H, t, J=6 Hz), 1.24-1.34 (6H, m), 1.56 (211, t, J=7.2 Hz), 1.77 (4H, m),

2.51 (2H, t, J=7.6 Hz), 2.70 (2H, t, J=6 Hz), 4.12 (2H, t, J=6 Hz), 6.72 (1H, s), 6.87 (111, s). 1C-

NMR (CDC13): 14.3, 22.8, 26.8, 28.7, 29.1, 29.6, 29.7, 29.8, 31.8, 75.4, 109.5, 111.3, 127.8,

132.1, 132.5, 134.2, 137.0, 139.4, 139.8, 140.8, 142.8, 143.2. 19F NMR (CDCl 3): -163.8, -163.5,

-157.1. m/z (HRMS) found: 646.9538 (M+H)+, calculated: 646.9539.

General procedure for Polymer Additive (P) synthesis (Route 1). To a solution of the

appropriate monomer M (1 eq) in dry THF was added t-BuMgCl (1.0 M in THF, 1 eq) at room

temperature and the reaction subsequently heated to 70'C. After stirring for 2h, NidpppCl2 (1.4

mol%) dispersed in 1ml dry THF was added via cannula. The reaction was observed to

immediately turn deep orange and fluorescent yellow. After stirring for 10 h, excess methanol

was added to the reaction mixture to precipitate the polymer. The resulting dark purple solid was

reprecipitated twice with CHCl3/MeOH, subjected to Soxhlet extraction with MeOH and acetone

and subsequently extracted with CHCl3 to isolate the desired polymer sample.
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p

Polymer Additive P1. (82% yield). MI, = 14 KDa, PDI= 1.3. 'H-NMR (CDCl 3): 0.88 (3H, b),

1.24-1.50 (6H, mb), 1.61-1.77 (2H, b), 1.77-2.09 (411, b), 2.7-2.92 (4H, b), 3.98 (2H, b), 6.81-

7.02 (5H, m), 7.20-7.25 (2H, b). 13 C-NMR (CDCl 3): 14.4, 22.9, 27.3, 29.3, 29.5, 29.7, 30.8, 31.9,

32.7, 67.7, 114.7, 120.8, 128.6, 129.1, 129.7, 130.7, 131.4, 133.8, 134.2, 139.4, 140.3, 159.2.

H3C1

Polymer Additive P3. (65% yield). M, = 15 KDa, PDI= 1.2. 'H-NMR (CDCl 3): 1.03 (3H, b),

1.28-1.63 (6H, mb), 1.63-2.10 (6H, b), 2.80-3.01 (4H, b), 3.87 (3H, b), 4.08 (2H, b), 6.95 (4H,

m), 7.40 (2H, b). 13C-NMR (CDCl 3): 14.4, 22.9, 27.3, 29.1, 29.5, 29.9, 30.8, 31.9, 55.9, 56.0,

68.5, 114.8, 115.6, 128.7, 129.0, 133.8, 134.0, 136.7, 136.9, 142.9, 143.3, 153.4, 153.9.
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Polymer Additive P4. (81% yield). M, = 16 KDa, PDI= 1.3. 'H-NMR (CDCl 3): 0.85 (3H, b),

1.14-1.44 (6H, b), 1.52-1.72 (2H, b), 1.99 (4H, b), 2.74 (2H, b), 2.92 (2H, b), 4.11 (2H, b), 6.72

(1H, db), 6.98 (2H, b), 7.26-7.47 (4H, b), 7.73 (1H, db), 8.25 (11H, db). 1 C-NMR (CDCl3): 14.4,

22.9, 27.4, 29.3, 29.3, 29.5, 29.7, 30.7, 31.9, 67.9, 104.7, 120.3, 122.3, 125.3, 125.9, 126.1,

126.5, 127.6, 128.7, 129.1, 130.8, 131.1, 133.8, 134.2, 134.7, 139.5, 140.3, 155.0.

n

Polymer Additive P5. (85% yield). M, = 18 KDa, PDI= 1.4. 'H-NMR (CDCl 3): 0.78-0.93 (6H,

m), 1.20-1.53 (16H, m), 1.57-1.72 (2H, mb), 1.72-1.95 (6H, m), 2.76 (2H, sb), 2.89 (2H, sb),

- 146 -

Chapter 3



Polythiophene Additives: Synthesis and Properties

3.80-3.93 (4H, m), 5.81 (2H, sb), 6.40 (2H, sb), 6.80-6.94 (4H, m), 6.96-7.48 (2H, m), 7.25-7.36

(4H, m). 1C-NMR (CDC13): 14.4, 14.4, 22.9, 23.0, 26.4, 27.4, 29.2, 29.3, 29.4, 29.5, 29.6, 29.6,

29.7, 30.8, 31.2, 32.1, 47.7, 47.7, 69.4, 69.8, 110.7, 110.8, 123.9, 123.9, 125.1, 128.0, 128.4,

129.0, 130.8, 131.3, 133.7, 134.3, 135.0, 135.9, 136.0, 139.0, 140.2, 145.9, 145.9, 146.0, 148.5,

148.7.

F
F

Polymer Additive P6. (74% yield). Ma = 15 KDa, PDI= 1.2. 1H-NMR (CDC13): 0.87 (3H, b),

1.08-1.48 (6H, mb), 1.48-1.96 (6H, b), 1.77-2.09 (4H, b), 2.68-2.92 (4H, b), 4.18 (2H, b), 6.98

(2H, s). 13C-NMR (CDCl 3): 14.4, 22.9, 26.7, 27.5, 29.0, 29.3, 29.7, 30.7, 31.9, 75.7, 128.5,

129.3, 130.6, 131.8, 135.4, 136.4, 139.1, 140.2. '9F-NMR (CDCl 3): -163.9, -163.6, -157.0.
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Polymer P7 (Route 2). (76% yield). M, = 14 K Da, PDI= 1.2. 'H-NMR (CDCl 3): 0.90 (3H, b),

1.24-1.47 (6H, mb), 1.61-1.76 (2H, mb), 1.79-1.91 (2H, mb), 1.91-2.03 (2H, mb), 2.71-2.88 (4H,

mb), 3.45 (2H, mb), 6.97 (2H, s). 1 3C-NMR (CDCl 3): 14.4, 22.9, 28.7, 29.2, 29.5, 29.7, 30.8,

31.9, 32.7, 33.8, 128.6, 129.1, 130.7, 131.1, 133.6, 134.2, 139.0, 140.4.

n

Polymer Additive P2 (R = p-iodophenyl). Synthesized following the general procedure for

monomer synthesis, using P7 instead of compound MO. The extent of side-chain substitution

was monitored by 'H-NMR and 1 3C-NMR spectroscopy. The resulting polymer was purified

twice by reprecipitation from methanol. The side-chain substitution reaction was found to

proceed in ca. 99% yield based on 'H-NMR signals, specifically those arising from the CH 2
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moiety alpha to the bromo or p-iodophenol functional group (90% yield of polymer after

reprecipitation). Mn = 15 KDa, PDI= 1.2. 'H-NMR (CDCl3 ): 0.88 (3H, b), 1.13-1.46 (6H, mb),

1.61-2.04 (6H, b), 2.66-2.91 (4H, b), 3.37 (2H, b), 6.98 (2H, s), 7.68 (2H, d), 7.81 (2H, d). 3C-

NMR (CDCl 3): 14.4, 22.9, 23.7, 27.0, 29.2, 29.5, 29.9, 30.7, 31.9, 33.5, 77.4, 121.2, 128.5,

129.3, 130.6, 131.3, 133.7, 134.5, 139.1, 140.3, 153.5, 167.3.
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CHAPTER 4

Side-Chain Functionalized Polythiophene Additives:
Photovoltaic Cell Performance and Optimization

Adapted and reprinted in part with permission from:

Lobez, J. M.; Andrew, T. L.; Bulovid, V.; Swager, T. M. "Improving the Performance of P3HT-

Fullerene Bulk Heterojunction Solar Cells with Side-Chain Functionalized Polythiophene

Additives: A New Paradigm for Polymer Design " A CS Nano 2012 DOI: 10.1021/nn204589u
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4.1 Introduction

In this chapter, the fabrication of solar cells containing the polymer additives introduced

in chapter 3 (Figure 4.1) is described, and their performance is evaluated. The origin of their

influence in the solar cell efficiency is also studied in this chapter.

An example of the resulting solar cells is shown in Figure 4.2. There are many factors

that have an effect in the final solar cell performance such as the exact formulation of the active

layer (ratio of donor to acceptor and additive loading) and the active layer thickness and those

aspects are explored in this chapter as well. Finally, the exact influence of the regioregularity,

alternance and degree of substitution on additive performance is also described.

I H3CO \0 F F

C) LF F

/\ s /\ s /\ s /\ s /\ s /\ s
S S S S \S/ S \S/ S

P1 P2 P3 P4 P5 P6

Figure 4.1. Polymer Additives P1-P6

Figure 4.2. Size comparison of a coupon containing 8 solar cells on it and a 5 cent coin
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4.2 Photovoltaic Cell Performance of Bulk Heterojunctions Including Polythiophene

Additives

The motivation of this study is to determine if small amounts of designer polymers placed

at the bulk heterojunction (BHJ) interface can influence the performance of an OPV device. In

order to investigate the effect of side-chain functionalization on solar cell efficiency, solar cells

containing P1-P6 in the active layer were fabricated. Considering the disordered solid-state

packing structure demonstrated by neat films of P1-P6 described in the previous chapter of this

thesis, we expected that these polymers would not perform well as majority donor materials in a

solar cell; indeed, solar cells containing binary mixtures of P1-P6 and phenyl-C6 1-cetylbutyric

acid methyl ester (PC6 1BM) displayed poor power conversion efficiencies and diode

rectification. Therefore, to test the performance of P1-P6 as designer additives, we investigated

OPVs containing ternary mixtures of regioregular poly (3-hexylthiophene) (rr-P3HT), P1-P6

and a fullerene.

4.2.1 J/V Curves under Illumination

The current density-voltage (J-V) curves under illumination (averaged over eight devices)

for solar cells fabricated with 1:1 P3HT:PC6 1BM and 0.25 wt% P1-P6 are shown in Figure 4.3.

Table 4.1 provides a summary of pertinent device metrics (short circuit current Jsc, open circuit

voltage Voc, fill factor FF, series resistance Rs and shunt resistance Rsh)-

The J-V curve for an average P3HT/PC6 1BM solar cell without an additive is provided in

black in Figure 4.3B. In our hands, these reference devices (with an active layer thickness of 75

5 nm) display open circuit voltage (Voc) values of 0.59 ± 0.01 V, short circuit current (Jsc)

values of 9.3 ± 0.2 mA/cm2 and fill factors (FFs) of 0.52 ± 0.03. As can be seen in Figure 4.3B
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and Table 4.1, the addition of small amounts of P1-P6 to the P3HT/PC61 BM BHJ leads to an

increase in the Jsc of the solar cells, while the Voc and FF remain approximately the same.

(A)
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Figure 4.3. Performance of devices containing ternary mixtures of P3HT, P1-P6 and fullerene.

(A) Composition of active layer - 1:1 ratio of total polymer (P3HT + 0.25 wt% P1-P6) to

PC61BM. (B) J-V curves (average over 8 different devices) under 1 sun for solar cells containing

the active layer shown in (A). Inset: device architecture. (C) PCE increase (purple bars, left Y-

Axis, % versus a solar cell with no additive) upon incorporation of 0.25 wt% P1-P6. The

variation of Jsc with different additives is superposed (orange, right Y-Axis)

Notably, adding a polythiophene with phenyl moieties at side-chain termini (P1) to the

P3HT/PC6 1BM BHJ increases the observed Jsc by 11% ± 3%. The comparatively bulky p-

iodophenyl analog P2 and the electron-rich analog P3 perform similar to P1. Naphthyl moieties
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(P4) lead to higher observed Jsc than phenyl moieties (P1), but significantly decrease the Voc of

the devices. If fullerene-binding triptycene moieties (P5) are introduced instead of simple phenyl

groups (P1), the Jsc increases by 23% ± 4%; however, P5 decreases the FF of the resulting

device. Pentafluorophenol-containing additive P6 leads to the highest increase in overall PCE

(28% ± 4%) by increasing the Jsc by 25% ± 3% while leaving the Voc unchanged.

Jsc) Voc FF
(mA/cm2) (M)

P3HT/PC6 1BM 9.32 0.59 0.52
+ 0.25 wt% P1 10.3 0.58 0.57
+ 0.25 wt% P2 10.7 0.60 0.53
+ 0.25 wt% P3 10.4 0.57 0.52
+ 0.25 wt% P4 11.2 0.55 0.54
+ 0.25 wt% P5 11.5 0.59 0.48
+ 0.25 wt% P6 12.2 0.60 0.53

Table 4.1. Summary of device metrics for solar cells containing ternary mixtures of P3HT, 0.25

wt% P1-P6 and PC61BM (1 sun illumination)

4.2.2 Dark J/V Curves

The series resistance (Rs) and the shunt resistance of the devices (Rsh) can be obtained

from the dark J-V curves (Figure 4.4, values tabulated on Table 4.2). In these curves, the built-in

voltage, VBI, is subtracted from the applied bias, V, to provide the corrected voltage. VBI is taken

as a compensation voltage Vo ~ Voc + 0.05 V. Rs is defined as the slope of the dark J-V curves at

0.6 V, and Rsh can be defined as dV/dJ of the dark J-V curve at V = -0.1 - 0 V.

Rs is lower in cells containing P1-P6 compared to the reference P3HT/PC6 1BM device.

This can be seen more clearly in the log-log representation of the dark J-V curves (Figure 4.4,

inset), where higher dark injection currents are observed for devices containing P1-P6 compared
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to P3HT/PC61BM. It is also evident from semilog plots of the dark J-V curves that the side-

chain functionalized additives yield higher rectifying values compared to reference cells.
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Figure 4.4. Log-Log plot of dark J-V curves for solar cells containing the active layer shown in

Figure 4.2A. The inset is a plot of the dark current density, JD, versus corrected voltage values

Rs (Qcm 2) RSh (Cm 2 )
P3HT/PC61BM 13.5 1280
+ 0.25 wt% P1 7.3 1460
+ 0.25 wt% P2 12.1 909
+ 0.25 wt% P3 7.7 1055
+ 0.25 wt% P4 5.8 1081
+ 0.25 wt% P5 12.8 1397
+ 0.25 wt% P6 10.7 1043

Table 4.2. Summary of resistance values for device containing ternary mixtures of P3HT, 0.25

wt% P1-P6 and PC6IBM
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4.2.3 External Quantum Efficiencies

The increase in the Jsc upon adding 0.25 wt% side-chain functionalized polythiophenes is

also manifested as an increase in the external quantum efficiency (EQE) of the devices

containing P1-P6 (see Figure 4.5). The increase in EQE cannot simply be attributed to an

increase in light absorption because the absorption spectra and optical densities of 75 nm-thick

films of P3HT/PC6 BM with or without 0.25 wt% P1-P6 are nearly identical (see Figure 4.6).

Therefore, this effect possibly originates from a decrease in the amount of charge recombination

at the polymer-fullerene heterointerface.
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Figure 4.5. EQEs of solar cells fabricated with 1:1 P3HT:PC61 BM and 0.25 wt% P1-P6
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0 0.2.

300 400 500 600 700

Wavelength (nm)
800

Figure 4.6. Absorption spectra (transmission mode) of the solar cell active layers from Figure

4.2 (1:1 P3HT:PC61 BM with added 0.25 wt% P1-P6). All films are 75 nm-thick and are spun-

cast on glass
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4.2.4 Photocurrent Measurements

Figure 4.7 shows the experimental photocurrent Jph as a function of effective applied

voltage (Veff = Vo - V) for solar cells containing 0.25 wt% of P1-P6. The photocurrent (Jph = JL -

JD) is the measured current under illumination (JL) corrected for the dark current (JD), whereas

the compensation voltage Vo is defined as the voltage at which the photocurrent Jph is zero. At

voltages close to the compensation voltage (Vo - V <0.1 V), the photocurrent is observed to

increase linearly with voltage.

-i-

E PS

0.1 1
Vff VO-V

Figure 4.7. Experimental photocurrent as a function of effective applied voltage, Veff= Vo - V,

for solar cells containing the active layer shown in (A). VO represents the compensation voltage

for which the photocurrent Jph = JL - JD =0. The inset zooms-in on the region where Veff > 0.1

and the photocurrent displays a square root dependence on voltage
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For Vo - V > 0. lV, the photocurrent enters a regime where a square root dependence on

the effective voltage is observed. Similar behavior has been characterized in multiple conjugated

polymer-fullerene BHJ OPVs, where the decrease in photocurrent for Vo - V > 0. 1V is attributed

to recombination effects. 1,2 Specifically, the low mobilities or short lifetimes of free carriers (due

to either recombination or trapping) are believed to limit the observed photocurrent in polymer

solar cells. As seen in Figure 4.7, polymer additives P1-P6 consistently yield higher

photocurrents in the square root regime (Vo - V > 0. 1V) compared to P3HT/PC6 1BM reference

cells, thus suggesting that these side-chain functionalized additives decrease charge

recombination.

4.3 Transient Open Circuit Voltage Measurements

To directly probe charge recombination in solar cells containing P1-P6 in the active

layer, small-perturbation transient open-circuit voltage decay measurements3 4 were performed.

In this measurement, a device is illuminated with 100 mW/cm 2 white light (1 sun) to create open

circuit conditions while, simultaneously, a low-intensity pulsed 635 nm laser is used to induce a

small perturbation to the Voc by transiently generating additional electrons and holes. The

resulting additional transient photovoltage, AV, will then decay with a lifetime that is determined

by the recombination rate constant of the electrons and holes. Bias illumination was 100

mW/cm 2 white light giving Voc values of: 0.59 V for no additive (P3HT/PC6 1BM); 0.58 V for

additive P1; 0.60 V for additive P2; 0.57 V for additive P3; 0.55 V for additive P4; 0.59 V for

additive P5; and 0.60 V for additive P6. The secondary pulse was from a 635 nm laser, length 5s.
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Figure 4.8 shows representative photovoltage transients for cells with or without P1-P6.

The transients were taken at Voc for each device with 1 sun bias light. The signals have been

normalized to the same height at time zero. The actual voltage peak of all transients was <3 mV.

0
0)

0

a

0
a.

10
Time (Rs)

20

Figure 4.8. Normalized transient photovoltage curves at Voc for solar cells containing a 1:1 ratio

of total polymer (P3HT + 0.25 wt% P1-P6) to PCIBM. The J-V curves under 1 sun for these

devices are shown in Figure 4.2

With the exception of P4, additive incorporation caused a slower decay in transient

photovoltage, which indicates an increase in charge carrier lifetime. As seen in the J-V curve in

Figure 4.3, the presence of 0.25 wto P4 leads to a significant decrease in the Voc of the resulting

solar cell and, therefore, the minimal, off-trend decrease in transient Voc lifetime observed in the

presence of P4 is expected. Blends containing additive P3, with electron-rich p-anisyl moieties at

side-chain termini, display multi-exponential decay, thus suggesting the presence of multiple

charge trapping or recombination mechanisms in this device. Blends containing P6 that have the
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highest Jsc values also demonstrate the slowest decay in transient photovoltage. This result can

be interpreted as a decrease in the recombination rate across the polymer-fullerene

heterointerface in the presence of P6.

4.4 Additive Loading Optimization

Figure 4.9 shows the J-V curves of devices containing varying amounts of P1-P6 in the

active layer. Appropriate metrics for the various devices examined in Figure 4.9 are tabulated in

Table 4.3).
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Figure 4.9. J-V curves under 1 sun for solar cells containing 50/50 total polymer/PC61BM with

varying amounts (0% black, 0.25% red, 2.5% green, 10% blue) of P1-P6. The average J-V

curves from eight different devices are shown in each case. Panels A-F correspond to additives

P1-P6, respectively. The insets show the structure of the functional group attached to the side-

chain of the corresponding additive
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In general, when additives P1-P6 are present in 0.25 wt%, higher PCEs are observed

compared to a P3HT/PC6 1BM control. However, if greater than ca. 5 wt% of P1-P6 is used, a

decrease in the PCE is observed for all additives due to increased series resistances, which

manifests as a decrease in both Jsc and FF values. Similar observations of reduced performance

have been noted for other macromolecular additives,5 and are attributed to a decrease in the

carrier mobilities caused by phase segregation and significant disruptions of the BHJ

morphology. Indeed, for higher doping concentrations an expected increase in the series

resistance can be observed, consistent with reduced carrier mobilities.
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JsC Voc FF PCE
(mA/cm2) (V)

P3HT/PC61BM 9.32 ± 0.20 0.59 ± 0.01 0.52 ± 0.03 2.9 0.2%

+P1

10 wt% 2.45 ± 0.30 0.55 ± 0.01 0.34 ± 0.02 0.42 0.2%

2.5 wt% 9.93 ± 0.20 0.59 ± 0.02 0.48 ± 0.03 2.8 0.2%

0.25 wt% 10.3 ±0.1 0.58 ±0.01 0.57 ±0.03 3.4 0.1%

+ P2

10 wt% 0.0365 ± 0.008 0.50 ± 0.01 0.17 0.02 0.003 0.001%

2.5 wt% 6.22 0.30 0.54 ± 0.01 0.43 0.02 1.4 0.2%

0.25 wt% 10.7 0.3 0.60 ± 0.01 0.53 0.05 3.4 0.4%

+ P3

10 wt% 2.38 0.20 0.55 ± 0.02 0.37 0.03 0.48 0.2%

2.5 wt% 9.07 0.30 0.60 ± 0.01 0.52 ± 0.02 2.8 0.2%

0.25 wt% 10.4 0.2 0.57 ± 0.01 0.52 ± 0.03 3.1 0.2%

+ P4

10 wt% 2.73 0.30 0.55 ± 0.01 0.29 ± 0.02 0.43 0.12%

2.5 wt% 10.8 0.30 0.59 ± 0.01 0.53 ± 0.02 3.4 0.2%

0.25 wt% 11.2 0.2 0.55 ± 0.01 0.54 ± 0.03 3.3 0.2%

+ P5

10 wt% 5.61 0.20 0.54 ± 0.04 0.43 ± 0.04 1.3 0.4%

2.5 wt% 11.4 0.2 0.58 ± 0.02 0.49 ± 0.03 3.2 0.3%

0.25 wt% 11.5 0.1 0.59± 0.01 0.48 ± 0.03 3.2 ± 0.1%

+ P6

10 wt% 3.62 0.20 0.52 ± 0.01 0.25 ± 0.03 0.47 ± 0.05%

2.5 wt% 11.3 0.30 0.56 ± 0.01 0.53 ± 0.02 3.4 ± 0.2%

0.25 wt% 12.2 0.2 0.60 ± 0.01 0.53 ± 0.02 3.8 ± 0.2%

Table 4.3. Summary of device metrics for solar cells containing 50/50 total polymer/PC6 1BM

with varying amounts (0.25 wt%, 2.5 wt%, 10 wt%) of P1-P6 (1 sun illumination)
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4.5 Photovoltaic Cell Morphology Characterization

The nanoscale morphologies of the polymer-PC 61BM films were studied using tapping-

mode atomic force microscopy (AFM)6 and the resulting measurements are depicted in Figure

4.10. Surface topography (left) and phase images (right) were taken for films containing 0 wt%,

0.25 wt% and 2.5 wt% P6. Average surface roughness values measured from the topography

images of three different 5 pm x 5 pm regions of each film are as follows: 1.51 ± 0.02 nm for 0

wt% P6; 3.00 ± 0.01 nm for 0.25 wt% P6; and 2.98 ± 0.02 nm for 2.5 wt% P6.

With P6 loadings as low as 0.25 wt%, the average surface roughness is double that of

P3HT/PC61 BM films, therefore suggesting that aromatic moieties present at side-chain termini

are capable of significantly affecting the morphology of polymer-fullerene blends. Very different

morphologies are indeed observed for the three different blends in their phase images (Figure

4.10, right panels). Bicontinuous networks of nanoscale fibrillar features are apparent in Figure

10A and 10B for films containing 0 wt% and 0.25 wt% P6, respectively. However, the phase

images of films containing 2.5 wt% P6 reveal the presence of isolated clusters with relatively

large domain widths (up to 30 nm). These observations are consistent with the loading-dependent

J-V curves shown in Figure 4.9, wherein higher P6 loadings lead to decreased Voc and Jsc

values and increased series resistances.
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Figure 4.10. Tapping-mode atomic force microscopy images of a 5 Rm x 5 tm region of three

films used in making devices shown in Figure 4.9F. (A) 1:1 P3HT : PC6 1BM. (B) 1:1 (P3HT +

0.25 wt% P6) to PC6 ,BM. (C) 1:1 (P3HT + 2.5 wt% P6) to PC6,BM. (A-C) The topography of

each film is shown in the left panels and the corresponding phase images in the right panels.

Insets show the topography and corresponding phase images for a smaller scan area (1 pm x 1

pm) of the same films
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4.6 Layered Photovoltaic Cells

In order to further characterize the effects of the side-chain functionalized additives on

device performance in the absence of morphological factors, layered solar cells were fabricated.

Specifically, devices containing discrete layers of P3HT, fullerene and a side-chain

functionalized polythiophene were studied to ascertain whether the side-chain moiety can

introduce a dipole at the polymer-fullerene interface and thus increase the observed Voc. 7 '8 The

device structure is as follows: ITO / PEDOT:PSS / P3HT / additive / C6 0 / Ca / Al (Figure 4.11).

(A) Unannealed (B) Annealed

2

E

E

C

-2

2

C)
0

-2

-3

-P1

- P5
- P8
- No Interlayer

0. 01 .. 01 02 03 04 0

0.0 0.1 0.*2 0.'3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Voltage (V) Voltage (V)

Figure 4.11. Devices containing discrete layers of P3HT, side-chain functionalized

polythiophenes and C60. A reference P3HT/C60 device lacking a layer of the side-chain

functionalized additive is shown in black. (A) J-V curves under illumination of as-deposited,

planar devices. The inset depicts the layered device architecture, with the thickness of each layer

provided. (B) J-V curves under illumination of the same devices as in (A) after annealing at

150 0C under nitrogen for 1 hour to create a planar-mixed heterojunction
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Discrete layers of P3HT and P1, P5, or P6 are obtained by first spin-casting a layer of

P3HT from 1,2-dichlorobenzene and annealing it at 150 0C, then spin-casting a layer of the

appropriate additive from dichloromethane (DCM) solutions. The procedure of using DCM as an

orthogonal solvent for high molecular rr-P3HT has been previously reported.9 The high

molecular weight rr-P3HT used in this study is insoluble in DCM; however polymer additives

P1-P6 are solubilized by DCM, thus allowing for their deposition onto rr-P3HT with minimal

layer mixing. A 50 nm-thick layer of C60, followed by layers of calcium (25 nm) and aluminum

(80 nm) are then deposited by thermal evaporation under high vacuum.

Appropriate metrics for the devices examined in Figure 4.11 are tabulated in Table 4.4.

Indeed, when a thin layer (15 ± 5 nm) of P1, P5 or P6 is introduced between layers of P3HT (40

nm) and C60 (50 nm), a 3 mV, 13 mV and 51 mV increase, respectively, in the Voc of the solar

cell is observed compared to P3HT/C60 devices lacking an interlayer (Figure 4.11). Furthermore,

this increase in Voc is preserved upon thermally annealing the layered device, which encourages

the formation of a planar-mixed heterojunction.' '" In the case of the planar-mixed

heterojunctions thus formed, higher Jsc and FF values, in addition to increased Voc values, are

observed in the presence of P5 and P6, similar to previous observations in ternary

P3HT/PC61 BM devices.

The calculated dipole moments (B3LYP 6-31 G*) of the six isolated side-chain moieties

found in P1-P6 were provided in the previous chapter of this thesis (Figure 3.9), as well as the

calculated dipole moments of the six side-chain functionalized thiophene repeat units found in

P1-P6 (Figure 3.10). The dipole moments of the side-chain functionalized repeat units contained

in P1, P5 and P6 are calculated to be 0.52, 1.58 and 2.43 Debye, respectively. Therefore, the

trend in the strength of the dipole moments within this family of additives qualitatively concurs
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with the trend in the Voc increase observed with additive interlayers. Additive P6 contains

pentafluorophenyl ether side-chain moieties that display the largest isolated dipole moments and,

correspondingly, leads to the largest observed increase in Voc in layered devices.

(mA/cm2)
Voc

(V)
FF PCE

Unannealed (Planar Heterojunction)

P3HT / C60  2.12 ± 0.10 0.202 ± 0.005 0.38 ± 0.02 0.163% ± 0.010%

P3HT/P1 (15 ± 5 nm) / C60  2.18 ± 0.20 0.205 ± 0.003 0.39 ± 0.02 0.173% ± 0.009%

P3HT/P5 (15 ± 5 nm) / C60  1.88 ± 0.20 0.215 + 0.005 0.36 ± 0.02 0.150% ± 0.008%

P3HT/P6 (15 ± 5 nm) / C60  1.52 ± 0.20 0.253 ± 0.005 0.40 ± 0.02 0.152% ± 0.009%

P3HT/P6 (25 5 nm) / C60  0.351 ± 0.050 0.268 ± 0.003 0.31 ± 0.03 0.029% ± 0.008%

P3HT/P6 (35 5 nm) / C60  0.091 ± 0.008 0.272 ± 0.002 0.25 ± 0.03 0.006% ± 0.005%

Annealed (Planar-Mixed Heterojunction)

P3HT / C60  0.255 ± 0.050 0.141 ± 0.008 0.31 ± 0.02 0.011% ± 0.005%

P3HT/P1 (15 5 nm) / C60  0.282 ± 0.050 0.134 ± 0.005 0.32 ± 0.02 0.012% ± 0.006%

P3HT/P5 (15 5 nm) / C60  0.804 ± 0.080 0.158 ± 0.005 0.37 ± 0.02 0.047% ± 0.005%

P3HT/P6 (15 5 nm) / C6 0  0.819 ± 0.080 0.301 ± 0.007 0.39 ± 0.02 0.096% ± 0.005%

Table 4.4. Summary of device metrics for layered solar cells containing discrete layers of P3HT,

side-chain functionalized polythiophenes and C60

-174-

Chapter 4



Polythiophene Additives: Performance and Optimization

4.7 Fullerene Loading Optimization

The Jsc values for solar cells containing 0.25 wt% P6 with varying ratios of polymer to

either PC61BM or PC7 1BM are shown in Figure 4.12 and the device metrics are summarized in

Figure 4.18.

Notable increases in Jsc in the presence of P6 are only obtained for polymer:fullerene

ratios of 1:1, for both PC61BM and PC 71BM. Previous studies have shown that for high

molecular-weight, regioregular P3HT, a polymer fullerene ratio of 1:1 leads to optimal PCEs 12"3

consistent with the data presented in Figure 4.11.

(A) (B)
PC 61 BM -.... No Additive PC71BM -- No Additive

14 .....-- With Additive 14-'. -.. _ *-- With Additive

-10 -

0.0 .2 050 0% .5 05

50% T %P1B

0) ...... 8

-10 .10

0.00 *0.25 0.5 0.00 02 00

30 4 0 6 030 40 50 s0 70
% PC61BM % PC71BM

Figure 4.12. Study of the influence of fullerene structure and loading. Jsc for solar cells

containing 0.25 wt/o of pentafluorophenol additive P6 with varying ratios of total

polymer/PC.BM compared to reference devices for PC61BM (A, circles) and PC71BM (B,

triangles). Jsc for solar cells of the same composition with no additive are shown in black. The

inset shows the J-V curves under 1 sun for solar cells containing 50/50 total polymer/PCBM

with (red) and without (black) P6. Average Jsc values from eight different devices are reported
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4.8 Active Layer Thickness Optimization

In order to investigate the effects of the best-performing additive, P6, on solar cells

containing a thicker active layer, devices containing a 220 nm-thick bulk heterojunction are

fabricated (see Figure 4.13). It has been demonstrated that the P3HT/PCBM bulk heterojunction

solar cells should be approximately 220 nm-thick to achieve an optimal PCE of 4.5% - 5%.2

Using an active layer compostion of 49.75 wt% P3HT, 0.25 wt% P6 and 50 wt% PC61BM

(which yields the maximal PCE increase in 75 nm-thick devices according to the aforementioned

experiments), a PCE of upto 5.3% is achieved with 220 nm-thick solar cells (30% PCE increase

over a control device lacking P6, see Table 4.5).

(A) (B)

. No Additive (dark) . -No Additive
20 - No Additive (light) ,' 8- -- 0.25w t P

+ 0.25 wt% P6 (dark)

10 - + 0.25 wt% P6 (light)

0 -------------------- -- -Y

-10 - -S

20--

-20-

0.00 0.25 0.50 0.75 300 400 500 600 700 800
Voltage (V) Wavelength (nm)

Figure 4.13. (A) J-V curves of a 220 nm-thick P3HT:PC61 BM solar cell (black) and a solar cell

fabricated with 49.75 wt% P3HT, 0.25 wt% P6 and 50 wt% PC61 BM (purple). The dark J-V

curves are shown as dotted lines and the light curve (1 sun illumination) is a bold line. (B) EQEs

of the 220 nm-thick devices from (A)
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Jsc Voc FF PCE
(mA/cm2) (V)

P3HT/PC 61 BM 13.0 ± 0.20 0.58 ± 0.02 0.52 ± 0.03 3.9 ± 0.2%

+ 0.25 wt% P6 21.0 ± 0.30 0.59 ± 0.01 0.42 ± 0.02 5.1 ± 0.2%

Table 4.5. Summary of device metrics for 220 nm-thick solar cells

4.9 Influence of Additive Regioregularity and Alternance in the Photovoltaic Cell

Performance

In the additive design introduced in the previous chapter of this thesis, the importance of

having a regioregular, AB alternating system was highlighted. In order to test the exact influence

of these parameters in additive performance, variations in the structure of the best performing

additive (P6) were carried out, both in the degree of regioregularity and alternance.

4.9.1 Synthesis

The following polymers were synthesized: a random (not AB alternating) but

regioregular copolymer, P6a; a homopolymer (functionalized on all side-chains, not just

alternating) regioregular P6b; and a random (not AB alternating), regiorandom copolymer P6c

(Figure 4.14).
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Figure 4.14. Structures of the analogues of polymer additive P6

The synthetic schemes to obtain these three polymers are summarized on Scheme 4.1. In

order to access P6a, thiophene 1 was dibrominated using bromine yielding 2,5-dibromo-3-(4-

bromohexyl)-thiophene 2 and then functionalized in the side-chain with a pentafluorophenoxy

moiety via a Williamson ether synthesis to yield 3. Copolymerization with 2,5-dibromo-3-

hexylthiophene in a one to one ratio using standard Grignard metathesis (GRIM) polymerization

conditions afforded polymer P6a. The homopolymerization of 3 using GRIM conditions yielded

polymer P6b. In order to obtain regiorandom polymer P6b, polymerization conditions in which

the positions 2 and 5 of 2 different 3-substituted thiophenes could react at random were chosen:

compound 4, obtained from the Williamson ether synthesis of 1, and 3-hexylthiophene were

polymerized using oxidative coupling conditions (FeCl3). Polymer P6c, in which not only the

alternance of the repeat units was random, but also the connectivity between contiguous

thiophene repeat units was obtained in good yields using this strategy.
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Scheme 4.1. Synthesis of polymers P6a, P6b and P6c

The 'H NMR signals of additives P6 and P6a-c in the diagnostic aromatic region are

shown in Figure 4.15: as expected, increasing disorder in the polymer backbone leads to

broadening of the aromatic signal at 6.9 ppm (HT-HT diad). 'H NMR signals of P6 and P6a-c in
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the aromatic region showing very sharp signals for the H in the 4-position of the polymer

backbone for regioregular polymers (P6, P6a, P6b). Regiorandom P6c shows an additional

shoulder at 7.0 ppm corresponding to TT-HT connectivity.

_r T-~

7.0 (ppm)

Figure 4.15. 1H-NMR spectra of polymer additives P6, P6a, P6b and P6c

4.9.2 Photovoltaic Cell Performance

Varying the regioregularity and the degree of substitution of the best-performing additive

P6 significantly diminishes its ability to yield higher Jsc values.

PVs containing the random, regioregular copolymer P6a display lower Jsc values

compared to those containing the AB-alternating regioregular polymer P6 (averaged over eight

devices, Figure 4.16). The device metrics are summarized in Table 4.6. In the case of a

regiorandom random copolymer, P6c, little effect on Jsc values is observed with ternary mixtures
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relative to a P3HT/PC61BM control. The effects of homopolymer P6b fall inbetween those of

P6a and P6c.

5 - No AddUv
-- P6

- -P6a
- P6bP~b

-- P6c

0

-10

0.00 0.25 0.50
Voltage (V)

Figure 4.16. J-V curves under 1 sun for solar cells containing a 1:1 ratio of total polymer (P3HT

+ 0.25 wt% P6a-c) to PC6,BM, and for a reference device with no additive (black). Average J-V

curves for eight different devices are shown

JsC Voc FF PCE
(mA/cm2 ) (V)

P3HT/PC 61BM 9.32 0.20 0.59 ± 0.01 0.52 ± 0.03 2.9 ± 0.2%

+ 0.25 wt% P6 12.2 0.2 0.60 ± 0.01 0.53 ± 0.02 3.8 ± 0.2%

+ 0.25 wt% P6a 10.8 0.2 0.58 ± 0.01 0.54 ± 0.03 3.4 ± 0.2%

+ 0.25 wt/o P6b 10.1 0.2 0.57 ± 0.02 0.57 ± 0.03 3.3 ± 0.2%

+ 0.25 wt% P6c 9.07 0.30 0.58 ± 0.01 0.53 ± 0.02 2.8 ± 0.2%

Table 4.6. Summary of device metrics for the solar cells of Figure 4.15
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4.9.3 Transient Open Circuit Voltage Measurements

Small-perturbation transient open-circuit voltage decay measurements of charge carrier

lifetime in the presence of these disordered additives reveal that only the AB-alternating

regioregular polymer P6 results in increased charge carrier lifetimes compared to a reference cell

(Figure 4.17).

0
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Figure 4.17. Normalized transient photovoltage decay curves at Voc for the same devices as in

(C). Bias illumination was 100 mW/cm2 white light giving Voc values of: 0.59 V for

P3HT/PC6 ,BM; 0.60 V for additive P6; 0.58 for additives P6a and P6c; and 0.57 V for additive

P6b. The secondary pulse was from a 635 nm laser, length 5 s
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4.10 Conclusions

BHJ solar cells containing ternary mixtures of rr-P3HT, PC.BM (n = 61, 71) and

varying weight ratios of additives P1-P6 were fabricated and characterized. At low loadings

(0.25 wt%), the presence of P1-P6 consistently increases the short circuit current (Jsc) and

decreases the series resistance (Rs) of the corresponding photovoltaic cells, leading to an increase

in the power conversion efficiency (PCE) compared to reference P3HT/PC61BM cells.

Given the marked difference in steady-state quenching responses and solar cell

performance metrics between polymers P1-P6, we infer that aromatic moieties present at side-

chain termini interact with fullerenes and that the exact nature and identity of the side-chain

aromatic moieties influences the degree of this interaction. Since the presence of a side-chain

functionalized polythiophene layer leads to increased Voc values in layered devices, we conclude

that aromatic moieties at side-chain termini are capable of inducing a dipole at the polymer-

fullerene interface. Moreover, we believe that this induced dipole is responsible for the increased

charge carrier lifetimes and higher photocurrents observed in bulk heterojunctions containing

side-chain functionalized polythiophenes.

Small-perturbation transient open-circuit voltage decay measurements reveal that, at 0.25

wt% incorporation, additives P1-P6 increase charge carrier lifetimes in P3HT/PC6 1BM solar

cells. Higher additive loadings (>5 wt%) lead to detrimental nanoscale phase separation within

the active layer blend and produce solar cells with high series resistances and low overall PCEs.

Perfluorophenoxy-containing polymer P6 is the most effective side-chain functionalized

additive and yields a 28% increase in PCE when incorporated into the rr-P3HT/PC61 BM BHJ at

a 0.25 wt% loading. Moreover, the regioregularity and copolymer composition of the side-chain

functionalized poly(thiophene)s is found to significantly affect their efficacy as additives in solar
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cells, with only the regioregular AB-alternating copolymer P6 yielding a large increase in PCE.

Devices with 220 nm-thick BHJs containing 0.25 wt% P6 are fabricated and display PCE values

of upto 5.3% (30% PCE increase over a control device lacking P6).

We propose that the regioregular additives P1-P6 selectively localize at the interface

between rr-P3HT and PC.BM such that the functional groups at side-chain termini interact with

the fullerene phase. We believe that these side-chain aromatic moieties introduce a dipole at the

polymer-fullerene interface, which decreases the rate of bimolecular recombination and,

therefore, improves charge collection across the active layer in a bulk heterojunction polymer

solar cell. A proposed model of the nanoscale organization within ternary blends of P1-P6, rr-

P3HT and PC.BM is depicted in Figure 3.6. Based on the combined observations that additives

P1-P6 do not disrupt the crystallinity of the P3HT phase in ternary blends and that only AB-

alternating regioregular analogs improve the performance of OPV devices, we propose that the

side-chain functionalized additives selectively localize at the rr-P3HT-fullerene interface, likely

in the amorphous region of P3HT where the P3HT domains contain approximately 20% (in

volume) of PC.BM.

Based on the results presented herein, we suggest that side-chain functionalization is an

as-of-yet under-explored strategy to design polymeric additives that improve the power

conversion efficiencies of polymer solar cells by fine-tuning charge transfer phenomena at the

polymer-fullerene interface.
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4.11 Experimental Section

Materials: Unless otherwise noted, all reactions were performed in flame-dried glassware, and

under an oxygen-free atmosphere of argon using standard Schlenk techniques. Anhydrous

solvents were obtained using a solvent purification solvent (Innovative Technologies). The

synthesis for compound 1 was described in the previous chapter of this paper. All other

chemicals were of reagent grade from Sigma-Aldrich and were used as received. Regioregular

P3HT for photovoltaic studies was purchased from Aldrich (electronic grade, 99.995% trace

metals basis, average Mn 30,000-60,000).

NMR Spectroscopy: NMR spectra were obtained on a Bruker Avance (400 MHz). NMR

chemical shifts are given in ppm referenced to CHCl3/TMS (7.24 ppm for 'H, 77.24 ppm for 13C)

or CFCl 3 (0 ppm for 19F).

Mass Spectrometry: High-resolution mass spectra (HRMS) were obtained on a Bruker Daltonics

APEXII 3 Tesla Fourier Transform Mass Spectrometer at the MIT Department of Chemistry

Instrumentation Facility (DCIF).

Molecular Weight Determination: Polymer molecular weights were determined at room

temperature on a HP series 1100 GPC system in THF at 1.0 mL/min (1 mg/mL sample

concentrations), approximate molecular weights were estimated using a polystyrene calibration

standard.

Device Fabrication: Pre-pattemed indium tin oxide (ITO)-coated glass substrates (Thin Film

Devices, Inc.) were sonicated in acetone (30 min) and isopropanol (30 min) and oxygen plasma-

cleaned (3 min) immediately prior to deposition of the PEDOT:PSS layer. PEDOT:PSS (2-5

wt% in water, Aldrich) was spin-coated in a nitrogen atmosphere at 4000 rpm and annealed at

150'C (using a hotplate) for 15 min under nitrogen. A 40 nm PEDOT layer was thus obtained.
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Film thickness was determined by ellipsometry measurements on separate films prepared on

silicon substrates. For the active layer, a 10 mg/mL solution of 1:1 total polymer:PC.BM in 1,2-

dichlorobenzene (DCB) was employed (in a representative example, 1.9 mg P3HT, 0.1 mg P1,

and 2 mg PC61BM were dissolved in 0.2 mL DCB). 60 jiL of this solution was then spin-coated

onto the PEDOT layer at 1000 rpm under nitrogen. The substrate was taken from the spin chuck

and immediately placed under an inverted Petri dish inside the glovebox for 10 minutes to

encourage solvent annealing from the small amount of residual DCB on the substrate. Next, the

solar cells were placed on a 150 'C hotplate and annealed for 45 min under nitrogen. A 75 ± 5

nm active layer was thus obtained. A 220 nm-thick active layer was obtained following the same

procedure, with the exception of using a 30 mg/mL solution of 1:1 total polymer:PC.BM in

DCB. Following this deposition procedure, the top electrode was deposited by thermal

evaporation of a 25 nm thick film of Ca followed by 80 nm thick film of Al. The device area, as

2defined by the anode-cathode overlap, is 1.21 mm2

Device Characterization: Current density-voltage (J-V) measurements were recorded by a

Keithley 6487 picoammeter both in the dark and under illumination. The devices were

illuminated through the glass substrate using an Oriel 91191 150 W full spectrum solar

simulator. The illumination intensity was calibrated to 100 mW/cm 2 using an NREL-certified

silicon photodiode. Spectral mismatch was not corrected for in these measurements. For

measurement of external quantum efficiencies, the sample was illuminated with optically-

chopped broadband light from a 1000 W Xe lamp focused into an Acton Spectrapro 300i

monochromator that underfilled the device area. A calibrated silicon photodetector was used to

measure the optical power of the output, which was subsequently focused onto the device under
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study. A SRS-830 lock-in amplifier provided with the reference signal from the optical chopper

(45 Hz) was used to extract a measurement of the AC photocurrent.

Transient Open Circuit Voltage Measurements: For the small-perturbation transient photovoltage

measurement, a Newport LQD laser diode (X 635 nm) driven by an Agilent 33220A function

generator (11 Hz, 50% duty cycle) was used as a second light source to provide square wave

modulated illumination. This illumination was filtered through a neutral density filter before

reaching the device to ensure a small (<5 %) illumination perturbation. Voc decay transients

were recorded on a Tektronix TDS 3054B digital oscilloscope with a Tektronix ADA440A high

impedance differential preamplifier.

Br

Br j Br

2,5-dibromo-3-(4-bromobutyl)thiophene (2). Compound 1 (5 g, 23 mmol) was dissolved in

100 ml CHCl3, and glacial acetic acid (100 ml) was added in the dark. The mixture was cooled

down to 00C, and Br 2 (2.36 ml, 46 mmol) was added dropwise. The mixture was warmed up to

room temperature and stirred for 2 h in the dark. The reaction mixture was washed with water,

saturated NaHCO3, brine, dried over magnesium sulfate and the solvent was removed under

vacuum. Purification by column chromatography (hexanes) afforded compound 2 (8.1 g, 93%

yield) as a light yellow oil. 'H NMR (ppm, CDCl3): 1.69 (2H, m), 1.86 (2H, m), 2.53 (2H, t,

J=7.7 Hz), 3.4 (2H, t, J=5.6 Hz), 6.76 (lH, s). "C NMR (ppm, CDCl 3): 28.2, 28.7, 32.1, 33.5,

108.6, 110.9, 130.9, 142.1. HRMS (ESI) (m/z) found: 378.7945 [M+H], calculated: 378.7932.
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F F

Br s Br

2,5-dibromo-3-(4-(perfluorophenoxy)butyl)thiophene (3). Perfluorophenol (700mg, 3.8

mmol) was dissolved in 15 ml EtOH. After addition of KOH (242 mg, 4.3 mmol) and stirring for

10 minutes, 2 (940 mg, 2.5 mmol) was added. After adding a spatula tip of Nal, the reaction was

brought to reflux, and stirred for 2 h. After addition of H20, ether, the mixture was extracted

with ether and the combined organic phases were washed with water, brine, dried over

magnesium sulfate. After solvent removal, the resulting oil was purified by column

chromatography (hexanes) to afford compound 3 as a yellow oil (888 mg, 74% yield). 'H NMR

(ppm, CDCl 3): 1.70-1.85 (4H, m), 2.58 (2H, t, 7.4 Hz), 4.14 (2H, t, J=5.3 Hz), 6.78 (1H, s). 13C

NMR (ppm, CDCl 3): 25.8, 29.1, 29.4, 75.5, 108.6, 110.9, 131.0, 134.2, 137.2, 140.9, 142.3,

143.5. 19F NMR (ppm, CDCl3): -163.7, -163.5, -157.1. HRMS (ESI) (m/z): found: 480.8719

[M+H], calculated: 480.8719.
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F
F

L - ' a \ / 'bn

Polymer Additive P6a (Random Copolymer, RegioRegular) The same general procedure for

polymer additive synthesis described in the previous chapter of this thesis (Route 1) was used for

this polymerization, with a ratio of 3 to 2,5-dibromo-3-hexylthiophene of 1:1 (85% yield). M, =

15K, PDI= 1.3. 'H NMR (ppm, CDCl3): 0.88 (3H, b), 1.20-1.49 (6H,'mb), 1.53-2.03 (6H, b),

2.72-2.92 (4H, mb), 4.17 (2H, b), 6.98 (2H, s). 13 C NMR (ppm, CDCl 3): 14.3, 22.9, 26.7, 29.1,

29.5, 29.7, 29.8, 30.7, 31.9, 75.6, 128.3, 129.3, 130.1, 130.7, 131.2, 133.8, 134.1, 135.6, 137.0,

140.1, 140.8, 143.1.19F NMR (ppm, CDCl3 ): -163.9, -163.6, -157.1.

F F

F

F F

S n

Polymer Additive P6b (Homopolymer, RegioRegular). The same general procedure for

polymer additive synthesis described above (Route 1) was used to polymerize compound S7
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(90% yield). Ma = 15K, PDI= 1.3. 'H NMR (ppm, CDCl 3): 1.88 (4H, b), 2.88 (2H, b), 4.17 (2H,

b), 6.98 (1H, s). 13C NMR (ppm, CDCl3): 26.7, 29.0, 29.7, 75.6, 129.0, 131.2, 134.0, 136.2,

136.9, 139.6, 140.1, 143.3. '9F NMR (ppm, CDCl 3): -163.8, -163.7, -157.1.

F F

F

F F

S

3-(4-(perfluorophenoxy)butyl)thiophene (4). Perfluorophenol (745mg, 4.0 mmol) was

dissolved in 15 ml EtOH. After addition of KOH (258 mg, 4.6 mmol) and stirring for 10

minutes, 1 (600mg, 2.7 mmol) was added. After adding a spatula tip of Nal, the reaction was

brought to reflux, and stirred for 2 h. After addition of H20, ether, the mixture was extracted

with ether and the combined organic phases were washed with water, brine, dried over

magnesium sulfate. After solvent removal, the resulting oil was purified by column

chromatography (hexanes:toluene, 1:0 to 3:1) to afford compound 4 as a yellow oil (610 mg,

78% yield). 'H NMR (ppm, CDCl3): 1.76-1.83 (4H, in), 2.69 (2H, t, 6.7 Hz), 4.15 (2H, t, J=6

Hz), 6.92 (2H, in), 7.24 (1H, in). 13C NMR (ppm, CDCl 3): 26.5, 29.6, 30.1, 75.3, 120.4, 125.6,

128.3, 136.4, 137.0, 141.0, 142.5, 143.3. 19F NMR (ppm, CDCl 3): -164.1, -163.7, -157.2. HRMS

(ESI) (m/z): found: 323.0529 [M+H], calculated: 323.0524.

-190-

Chapter 4



Polythiophene Additives: Performance and Optimization

F - F

Polymer Additive P6c (Random Copolymer, RegioRandom). Compound 4 (323 mg, 1 mmol)

and 3-hexylthiophene (0.18 ml, 1 mmol) were dissolved in 6 ml CHCl3. FeCl3 (1 g, 6.4 mmol)

was added, and the mixture was sonicated for 2 hours, followed by stirring at room temperature

for 24 hours. The mixture was poured into MeOH, and the precipitate was collected, redissolved

in CHCl 3, and washed with a saturated solution of ammonium chloride. The solvent was

removed under vacuum, and the resulting solid was reprecipitated from MeOH (90% yield). M,

= 15K, PDI= 1.5. 'H NMR (ppm, CDCl 3): 0.88 (3H, b), 1.20-2.01 (12H, mb), 2.52-3.02 (4H,

mb), 4.02-4.30 (2H, mb), 6.98-7.05 (2H, mb). '9F NMR (ppm, CDCl 3): -163.9, -163.6, -157.0.
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4.12 Additional Figures
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Figure 4.18. Study of the influence of fullerene structure and loading. Shown are device metrics

for BHJ solar cells fabricated with varying ratios of either PC6 1 BM or PC7 1 BM and with or

without 0.24 wt% of P6. Average values over eight devices are shown. Typical standard

deviations were <5% of the values plotted. This figure is an expansion of Figure 4.12
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CHAPTER 5

Side-Chain Functionalized Liquid-Crystalline Polymers:

3D Macroscopic Assemblies

The work described in this chapter was carried out in the labs of Prof. Takuzo Aida

at the University of Tokyo / RIKEN
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5.1 Introduction

Systems capable of displaying stable long-range 3D macroscopic ordering are interesting

not only because of their unique supramolecular properties but also for their potential application

in materials and devices.' The understanding of factors that control morphology and ordering on

the nanoscale is crucial for the rational design of nanostructures necessary for the advancement

of many different fields, such as biochemistry2 and organic photovoltaics. 3 However, the

mechanisms that govern long-range ordering are not well understood.

Liquid crystals are compounds that exhibit two distinct melting points (first-order thermal

transitions) and a mesophase in between those melting points.4 The liquid crystal is fluid in the

mesophase between these two transitions, but still retains some ordering from the solid state and

shows birefringence under illumination when using crossed polarizers in a polarized optical

microscope. Many examples of liquid crystals have been reported, including both small

molecules and polymers (main-chain,5 side-chain6 and block-copolymer),7 as well as liquid

crystals bearing metals (metallomesogens).8 In recent years liquid crystals have found

application in optoelectronic devices, displays, semiconductors, laser writeable devices, non-

linear optics devices, sensors and actuators.9 Variations in the structure of polymer liquid crystals

have been reported to attain different nanomorphologies.' 0 However, it is hard to preserve the

ordering obtained in the mesophase to achieve self-standing and processable solid-state films

with controlled nanomorphologies. Were this level of design achievable, it would have

implications for the fabrication of organic active layers in solar cells where the morphology at

the nanoscale is paramount. 3

Previously, there have been numerous reports on both liquid crystalline polymers and the

use of azobenzene units for photoactive stimuli-responsive materials," and how cross-linked
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elastomeric liquid crystals can show actuation.12 However, it was not until recently that the first

example was reported on a method to process liquid crystalline polymer brushes to yield films

that were macroscopically ordered and capable of displaying macroscopic actuation without the

need for cross-linking the liquid crystalline polymer into an elastomer. 3 These polymer brushes

were highly substituted polymers containing several azobenzene mesogenic units in the side

chain (Figure 5.1). The polymer brushes were processed by hot pressing a powder sample of

liquid crystalline polymer at the mesophase temperature of the liquid crystalline polymer brush

using Teflon sheets containing alignment grooves. The self-standing films obtained this way

were extremely ordered and aligned. Additionally, the films displayed a macroscopic and

reversible actuation, originated due to a photomechanical response triggered by irradiation at the

appropriate wavelength.

The specific system used in this study was a polymer brush that could self-assemble into

nanoscopic cylindrical structures in a bimorph state (Figure 5.1 c). In this bimorph state, the

polymer backbone was aligned homeotropically, while the bulky side chains were directed

perpendicular to the polymer backbone (Figure 5.1d). The length of the functional side chains

was crucial in order to observe supramolecular ordering. Another prerequisite for ordering and

macroscopic actuation in the thin film was that the polymer brush had to exhibit a liquid

crystalline behavior. The processing conditions (alignment films used, processing temperature,

and orientation grooves of the Teflon films) also played a pivotal role in obtaining the desired

architecture for a photomechanic response.
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a) N ,N d)

Mesogenic Unit

b)

c) Processing
(Hot Pressing)

b4W 1474)

Figure 5.1. Previously reported polymer brushes a) Azobenzene mesogenic unit b) Chemical

structure of the polymer brushes c) Homeotropic arrangement of cylindrical structures obtained

after hot pressing using Teflon films d) Distribution of the long mesogenic side-chains in the

solid state after hot-pressing

If these side-chain functionalized polymer brushes can be used to obtain other long range

macroscopically-ordered structures, a system such as this could find use as a supramolecular

scaffold in photovoltaic applications, where control of the morphology at the nanoscale is crucial

for performance. 3 Liquid crystalline organic molecules with conducting properties and potential

for use in photovoltaic devices have been reported in the literature, but no self-standing thin

films with useful morphologies have been demonstrated.14
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For application in organic photovoltaics, a different kind of photoactive aromatic

moieties would have to be incorporated into the side chain. One could imagine that if both donor

and acceptor photoactive mesogenic aromatic groups are used, an ideal structure with concentric

cylinders of donor and acceptor molecules could be obtained (Figure 5.2). If a perfectly ordered

array of such cylinders is obtained after processing, or any other kind of morphology with a very

high degree of ordering, the resulting film would have the ideal morphology for hole and

electron transport after light absorption, exciton generation, diffusion and charge separation has

ocurred. This would be of great interest, since rational control of the nanomorphology in organic

solar cells is still an unresolved problem, and most research discoveries on the factors affecting

assembly are still empirical or merely fortuitous at best, with no rational molecular design

involved.

~ y, ~ ,, ~ Acceptor

06 Donor A

Donor Acceptor

Figure 5.2. Diagram showing the structure of an ideal polymer brush to be used for organic

photovoltaic applications
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However, the generality of using polymer brushes to obtain very ordered supramolecular

assemblies under the right processing conditions has not yet been shown. Furthermore, the

influence of the nature of the aromatic mesogenic unit in the side-chains is still mostly

unexplored. For this reason, before synthesizing these ideal target polymers, there is a need to

study the many factors potentially influencing the mesophase formation, ordering, alignment and

morphology. Namely, one could think of changing the end-group, nature and number of the

mesogenic units, alkyl spacer, nature and length of the polymer backbone, and polydispersity and

use of copolymers (Figure 5.3).

nature of the mesogenic unit
end-group number of mesogenic units alkyl spacer

nature of the backbone

polymer chain length

polydispersity

copolymerization

Figure 5.3. Some of the factors potentially affecting mesophase formation, ordering, alignment

and morphology of polymer brush thin films

The purpose of the study described in this chapter is to understand how some of the

aforementioned factors affect liquid crystalline behavior, ordering and alignment and

nanomorphology in the thin film. We propose the substitution of the azobenzene units by shorter,

less sterically demanding biphenyl units (Figure 5.4a), to study how this variation affects the

- 201 -



Polymer Liquid Crystals

supramolecular assembly properties of the film. We will also study how varying the number of

functional mesogenic units on the side-chain and thus the monomer length can affect the

properties exhibited by these systems (Figure 5.4b), and how polymer processing conditions

translate into different properties for films made out of these polymers.

a) 0P1

b) c)

.6.A

-67 A

-94 A 
'-4.3 A

~94 A 
~7.4 A

Figure 5.4. a) Target polymers b) Corresponding monomers with varying length and number of

mesogenic units c) Dimensions of the mesogenic unit

To fulfill this goal, polymers P1, P2, P3 were synthesized from the corresponding

monomers (Figure 5.4). The structure of the obtained polymers, monomers and monomer

precursors was characterized in detail. The liquid crystalline properties of these polymers, and

supramolecular assembly under processing conditions using a hot press was investigated by

DSC, POM and XRD techniques. Once a suitable polymer was identified for assembly into
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polymer films, the effect of the polymer molecular weight on the mesophase and thin film

alignment was also studied.

This study also illustrates the difference between monomer and polymer properties, and

how modification of the functional side-chain of polymers can be used to influence the properties

exhibited by these polymers.

5.2 Monomer Synthesis and Characterization

5.2.1 Monomer Synthesis

The synthesis of monomers 1, 2, 3 is detailed in Schemes 5.1, 5.2 and 5.3 respectively,

and it makes use of standard protection/deprotection and saponification/esterification chemistry.

Commercially available 10-bromodecan-l-ol was protected with TBDMS and then subjected to

nucleophilic substitution with ethyl 4'-hydroxy-[1,1'-biphenyl]-4-carboxylate to obtain monomer

precursor 6. Saponification followed by re-esterification to attach a hexadecyl end-group yielded

compound 8, using 4-(dimethylamino)pyridinium-4-Toluenesulfonate (DPTS) as an

esterification agent.' 5 Compound 8 was then deprotected and end-capped with the polymerizable

acrylate moiety by via reaction with acrylic acid chloride to yield monomer 1.

Starting from compound 7 and using a different alcohol (9) for the esterification step, the

precursor to monomer 2, compound 10, was obtained. After deprotection with TBAF and

esterification with acrylic acid chloride, monomer 2 was obtained. Monomer 3 was obtained

following a similar strategy as used with monomer 2 but starting from compound 7 and alcohol

11.
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Scheme 5.1. Synthetic pathway for monomer 1
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Scheme 5.2. Synthetic pathway for monomer 2
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11
H_______ O__ _ _ OTBDMS

7(66%) DIPC (1.3 eq), DPTS (2 mol %)
DCM, r.t., 12h

^,o OTBDMS

12(65%)

DC

13(99%)

TBAF (2 eq)

THF, r.t., 14h

0 (6.5 eq)

NEt3 (6.5 eq)
M, O*C to r.t., 14h

3(67%)

Scheme 5.3. Synthetic pathway for monomer 3

5.2.2 DSC/POM Characterization

In comparing the differential scanning calorimetry (DSC) traces (second heating curves)

of monomers 1, 2 and 3 (Figure 5.5) it is clear that by increasing the number of mesogenic units

(and thus the chain length), the melting point in the series also increases, as expected: from

9.09*C for 1, to 49.720 C for 2 and 90.77'C for 3. The variation in the series is very regular, and

it corresponds to an increase of about 40'C for every incorporated mesogenic unit and decyl

alkyl spacer.

Another important piece of information that can be inferred from the DSC data is the fact

that when we compare the shorter 1, which is a liquid at room temperature, to its longer versions

2 and 3 an additional phase transition of first order appears in the DSC signal, as evidenced by

the presence of a very small peak. This second melting point may indicate the presence of a

mesophase.
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Figure 5.5. Second heating DSC traces (50C/min) of monomers 1 (top), 2 (middle), 3 (bottom)
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It should be noted that from a more rigorous and purist point of view the compounds

described in Figure 5.5 should not be considered as liquid crystals, but plastic crystals. This is

owing to the relative size of the melting points, which should have inverted relative intensities in

the case of a true liquid crystal. For the sake of clarity and consistency with the previously

reported data by Hosono et al. these compounds will be designated as liquid crystals throughout

the rest of this thesis chapter.

To confirm the presence of a mesophase, samples of these compounds were sandwiched

between a microscope slide and a microscope slide cover and heated/cooled across a wide range

of temperatures, while analyzing changes in the morphology with a Polarized Optical

Microscope (POM) under crossed polarizers. It is clear from the pictures shown in Figure 5.6

that when going from an isotropic state (liquid, 60'C for 2 and 1 000 C for 3) to a second state an

ordered mesophase can be observed, which can be seen from the colored textures exhibited by 2

and 3 at 30'C and 66'C, respectively.
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a) 60*C 30*C

b) 100*C 66*C

Figure 5.6. POM micrographs for compounds a) 2 and b) 3 at an isotropic liquid state (left) and

after cooling to below the first phase transition observed in the DSC (right)

In order to study whether the end-capping moiety has an effect on the mesophase

properties exhibited by these kind of oligomeric liquid crystals, the precursors to monomers 2

and 3 (alcohols 11 and 13 respectively) where studied using DSC and POM.

The DSC traces for 11 and 13 are shown in Figure 5.7 and, as expected, the melting point

increases from 67.39'C for 11 (2 mesogenic units) to 101.25'C for 13 (3 mesogenic units).

These values are higher than those corresponding to monomers 2 and 3 (49.72*C and 90.770 C,

respectively). The increase in melting point can be attributed to the stronger interactions induced

by the polar alcohol end groups in 11 and 13. It is also interesting to observe that the alcohol

precursors show a comparable range of temperatures for their mesophase (a range spanning
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45.35'C and 31.8*C for 11 and 13 compared to a range spanning 49.49*C and 48.26*C for 2 and

3 for the second heating), but with a more pronounced second melting point when comparing 3

(0.58 J/g) and its alcohol precursor, 13 (6.64 J/g), while 2 and its alcohol precursor 11 are within

the same order of magnitude (0.90 J/g and 0.75 J/g, respectively).

I mW

58,89 C

-7,29 *

22.04 *C 6739 *C

-40 .20 0 20 0 60 80 1 1 0 1

2mW

6452 'C
" tV

90.37 ~C

-40 -20 0 20 40 60 80 100 120 140

Figure 5.7. Second heating DSC traces (50C/min) of monomer precursors 11 (top) and 13

(bottom)
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The textures observed with the POM for compounds 11 and 13 are also notably different

from those of monomers 2 and 3 (Figure 5.8). While compound 13 showed similar features to

those of monomer 3, the domain size of the features was notably smaller. The color and shapes

observed in the texture of monomer precursor 11 were completely different from those observed

for monomer 2, and were closer to the texture observed for compound 13.

70'*Ca)

b)

500C

110*C 870C

Figure 5.8. POM micrographs for monomer precursors a) 11 and b) 13 at an isotropic liquid

state (left) and after cooling to below the first phase transition observed in the DSC (right).

5.2.3 XRD Studies

In order to elucidate the structures in the mesophase and solid state of the compounds

mentioned above, the variable temperature X-Ray diffraction spectra of powder samples of
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compounds 2 and 3 were measured using a synchrotron as the irradiation source (SPring-8

synchrotron) using both Small Angle (SAXS) and Wide Angle (WAXS) detectors, and they were

compared to the spectra of compounds 11 and 13 obtained under analogous conditions.

When cooling monomer 2 (2 mesogenic units, Figure 5.9, top) from an isotropic liquid

state, the reflections characteristic of a lamellar structure (Figure 5.10, top) could be observed in

the SAXS spectrum, with interlayer spacing on the order of magnitude of the monomer length.

Signals corresponding to pi-pi stacking interactions were evident from the WAXS spectrum. The

distance measured in this X-Ray experiment was slightly shorter than that of the monomer

length, which can likely be explained by a slightly interdigitated lamella. On the other hand,

monomer 3 (3 mesogenic units, Figure 5.9, bottom) similarly showed signals corresponding to

pi-pi stacking interactions in the WAXS spectrum. However, the main signal from the SAXS

spectrum was much broader, and there was only one reflection detected, which may be an

indication of lamellar packing in which the lamellae are irregularly distributed (Figure 5.10,

bottom).
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Figure 5.9. Small Angle X-Ray Scattering (SAXS, left) and Wide Angle X-Ray Scattering

(WAXS, right) for monomer 2 (upper) and monomer 3 (lower), cooling from an isotropic liquid

state (top) to a mesophase state (bottom)
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Figure 5.10. Model of a lamellar assembly of 2 (upper) and irregular lamellae of 3 (lower)

For the case of monomer precursors 11 and 13 (Figure 5.11), a lamellar structure was

also observed, albeit with some differences. For the case of compound 11, some unidentified

extra peaks were observed when cooling down from an isotropic state, and the spacing of the

lamellae was twice the length of compound 11. This is probably due to the very different nature

of each end of the molecule. While one end is terminated in an alcohol and is, thus, hydrophilic,

the other end is terminated in a long, branched alkyl chain and is very hydrophobic. When the

molecules are cooled down to the mesophase, they probably order themselves so that the

hydrophilic ends interact with each other and hydrophobic ends interact with each other, thus

generating a double lamellae ordering (Figure 5.12, top). For the case of compound 13, the

molecule is longer and this hydrophobic/hydrophilic effect has less significance, yielding the

regular lamellae structure that was also observed for monomers 2 and 3.
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Figure 5.11. Small Angle X-Ray Scattering (SAXS, left) and Wide Angle X-Ray Scattering

(WAXS, right) for monomer precursor 11 (upper) and monomer precursor 13 (lower) cooling

from an isotropic liquid state (top) to a mesophase state (bottom)
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Figure 5.12. Model of a double lamellar assembly of 2 (top) and irregular lamellae of 3 (bottom)

From the DSC, POM and XRD data of monomers 2, 3 and their precursors, it is clear that

the end group in these kind of liquid crystals affects the melting point, liquid crystalline behavior

and morphology obtained, as has been reported for other families of liquid crystalline

compounds.

5.3 Polymer Synthesis and Characterization

5.3.1 Polymer Synthesis

The polymers of monomers 1, 2 and 3 were obtained via free radical polymerization

under inert atmosphere in benzene, using AIBN as the initiator. The exact polymerization

conditions are detailed in Table 5.1. The polymerizations proceeded in reasonably good yields to

give P1 as a sticky oil, and P2 and P3 as white powders. The degree of polymerization

corresponded relatively well with the initial mix ratio of monomer to initiator.
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Polymer [M] M / I T time Mn DP
P1 iM 50/1 70 0C 36h 33K 57
P2 0.6M 50 / 1 70 0C 48h 55K 55
P3 0.45M 50 / 1 70 0C 36h 69K 48

Table 5.1. Polymerization conditions for polymers P1, P2, P3

5.3.2 DSC/POM Characterization

The DSC curves of polymers P1, P2, and P3 (Figure 5.13) show the polymer melting

points increase after the polymerization, when comparing them to the corresponding monomer

melting points (for the second heating curves: 9.09'C to 20.12 0C from monomer 1 to polymer

P1, 49.72 0C to 61.700 C from monomer 2 to polymer P2, 90.770 C to 93.25'C from monomer 3 to

polymer P3). The melting point for polymer P1 is below room temperature, and its physical

appearance is that of a sticky oil. While monomer 2 displayed a mesophase on its DSC curve, the

second melting point is not present in the DSC for the corresponding polymer, which does not

show any liquid crystalline behavior. While monomer 3 also displayed a very clear mesophase in

the DSC on a range of temperatures spanning over 40'C, the two peaks presumably

corresponding to the phase transitions liquid (isotropic) to mesophase and mesophase to solid are

practically overlapping in this case.

When analyzing P2 and P3 under the POM using crossed polarizers, we can observe

birefringence for both cases when cooling down from an isotropic melt (Figure 5.14). While only

for the case of P3 this can be attributed to a liquid crystalline phase (P2 only displayed a melting

point in the DSC), it is clear that for both cases there is some degree of ordering when the

polymer is cooled. Since only polymer P3 displays a mesophase, we decided to explore the

dependence of mesophase ordering, thin film ordering, alignment and morphology of P3 on

molecular weight.
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Figure 5.13. Second heating DSC traces (50C/min) of polymers P1, P2, P3

-217-

Chapter 5

1mW

.

hc'mriq - --*



Polymer Liquid Crystals

a) 100*C 40'C

b) 100C 460C

Figure 5.14. POM micrographs for polymers a) P2 and b) P3 at an isotropic liquid state (left)

and after cooling down below the first phase transition observed in the DSC (right)

5.4 Influence of Polymer Molecular Weight in Polymer Properties (P3)

5.4.1 Polymer Synthesis

The free radical polymerization of monomer 3 was performed under different conditions in order

to vary the molecular weight. The goal of this study was to gain a better understanding of the

influence of the length of the polymer backbone on the solid state ordering of this family of

polymer brushes. The polymerization conditions are described in Table 5.2. When a low ratio of

initiator was used (100/1 of monomer/initiator ratio), long chain polymers were only obtained

when the concentration of monomer was high enough (compare entries for polymers P3a and
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P3b). When a very high concentration of 3 was used in combination with a low loading of

initiator (as for the case of polymer P3c) a monolithic insoluble sample was obtained as a result

of the polymerization. One could argue that this insolubility is due to the fact that the polymer

chains are extremely long. However, the fact that the polymer melts only partially (see next

section for detailed discussion) seems to indicate that thermal cross-linking of some sort

occurred in the solid state. When a larger amount of initiator was used together with a lower

monomer concentration (as for the case of P3b), a polymer of intermediate molecular weight

was obtained.

Polymer [M] M / I T time Mn
P3a 0.3M 100 / 1 70 0C 36h 29K
P3b 0.45M 50 / 1 70 0C 36h 69K
P3c 0.6M 100 / 1 70 0C 72h cross-linked

Table 5.2. Polymerization conditions for polymers P3a, P3b, P3c

5.4.2 DSC/POM Characterization

Only P3b displayed a homotropic liquid crystalline phase in its DSC curve. Its shorter

version P3a, and crosslinked analogue P3c only showed a single melting point on the DSC

(Figure 5.15). The shorter polymer P3a did not show any birefringence in the POM either,

whereas both P3b and cross-linked P3e showed birefringence when cooling down from an

isotropic state (Figure 5.16)

It has been shown that the molecular weight of the polymer backbone has an effect in

mesophase stability, and that the range of temperatures at which the mesophase occurs can be

influenced both by the nature of the polymer backbone and its length. 16 Given the experimental
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results for the system under study, one could postulate that when the backbone of the polymer is

too short (as in the case of P3a), no ordering of the polymer brushes occurrs upon cooling (the

polymer is just amorphous in the solid state). In this case, the polymer backbone prevents the

mesogenic units from arranging themselves in a more close-packed arrangement. When the

polymer is crosslinked (P3c), even though the melting and subsequent packing of the side chains

gives rise to an ordered phase (and thus a texture in the POM), since the backbones are cross-

linked there is not enough freedom for the polymer chains to reptate and adopt an ordered

mesophase, thus explaining the lack of a second first order phase change peak. It is only when

the polymer backbone is long enough that several adjacent side-chain mesogenic units can

interact with each other that a mesophase can occur, albeit in a very short range of temperatures

for this case.

- 220 -

Chapter 5



Chapter 5 Polymer Liquid Crystals

a) 84.14 * C Mn 29K

1mW

92.77 *C

-40 -20 0 20 40 60 80 100 120 140

83.31 *C 87.56 *C Mn = 69K

b)

0.5mW

82.78 " C

-40 -20 0 20 40 60 80 100 120 140

Mn very hign tnsoubei

()86.71 *C OP.> 1000

1mW 0

95 71 ea og

-40 -20 0 20 40 60 80 100 120 140

Figure 5.15. Second heating DSC traces (50C/min) of polymers P3a (top, Mn=29K), P3b

(middle, Mn=69K), P3c (bottom, cross-linked)
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a) 100*C 30*C

b) 100C 46*C

c) 120C 30

Figure 5.16. POM micrographs for polymers a) P3a b) P3b and c) P3c at an isotropic liquid

state (left) and after cooling down below the first phase transition observed in the DSC (right)
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5.4.3 XRD Studies

In order to investigate the structures of P3a, P3b and P3c when cooling from an isotropic

(liquid) state the variable temperature X-Ray diffraction spectra of powder samples of polymers

P3a, P3b and P3c were measured using both Small Angle (SAXS) and Wide Angle (WAXS)

detectors (Figure 5.17). All 3 polymers showed signals corresponding to pi-pi stacking

interactions in the WAXS spectrum. As for the spectrum in the small-angle region, a single

broad signal was observed. This is an indication of ordering which is not so regular. This single

reflection is on the order of magnitude of the length of monomer 3, which as for the case of

monomer 3, can be an indication of a lamellar packing were the lamellae are irregularly

distributed.

This result contrasts with the observations of Hosono et al. for similar systems in which

the mesogenic unit was an azobenzene moiety, and the polymer backbone was a poly

(methylmethacrylate) instead of a poly (acrylate). For the system in this study, the morphology is

that of an irregular lamella, instead of a homeotropic arrangement of cylinders, and the degree of

ordering is much lower. Intrigued by this new morphology, we decided to study the alignment

capabilities of these polymers (P3a, P3b and P3c) in the thin film under hot pressing processing

conditions.
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Figure 5.17. Small Angle X-Ray Scattering (SAXS, left) and Wide Angle X-Ray Scattering

(WAXS, right) for polymer P3a (top), polymer P3b (middle) and polymer P3c (bottom) cooling

from an isotropic state
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5.5 Influence of Polymer Molecular Weight in Film Ordering and Alignment

5.5.1 Hot Pressing of Polymers

Conditions similar to those reported by Hosono et al. were used for the processing of

polymer thin films by hot pressing (Figure 5.18). A powder sample of the corresponding polymer

was placed in between two sheets of Teflon with alignment grooves oriented in a parallel

fashion. The sandwiched polymer sample was hot pressed above the melting temperature of the

polymer for 5 minutes and then cooled to a temperature within the mesophase range of the

polymer and annealed for one hour. After annealing, the system was slowly brought back to

room temperature. By performing this operation on a liquid crystalline polymer, the polymer

chains can be organized in a 3D macroscopically ordered morphology, with alignment induced

by the action of the Teflon sheets.

Press

a b c d e

Figure 5.18. Polymer brush thin film processing by hot pressing a) Polymer brush b) Polymer

brush sandwiched between Teflon sheets c) Pressure and heat are applied to the polymer d)

Hometotropic alignment of the polymer brushes e) Aligning Teflon sheets removal

For this particular case, the polymer sample was heated to an isotropic state, and then

cooled down and annealed at the polymer melting temperature for polymers P3a and P3c, and to

a temperature in between the two almost overlapping melting points for the case of polymer P3b.
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Self-standing films of P3b, P3c were prepared this way. Films of P3a were not self-standing,

probably owing to the low molecular weight of the polymer. Thin film measurements for

polymer P3a were performed over one of the Teflon alignment sheets.

5.5.2 Thin Film Characterization (SAXS, POM) and Alignment Evaluation

If there is ordering in the solid state, the polymer thin films processed by the hot pressing

method described above would show a signal in the SAXS. Additionally, if the alignment has

been successful then a preferred orientation should be shown by a directional increase in

brightness in the two-dimensional (2D) SAXS. This preferred alignment can also be seen with a

POM using crossed polarizers, where a contrast would be seen every 450 on rotation, with a dark

image when the azimuthal angles between the polarizing direction of the incident light and

drawing direction of the Teflon sheets is 0' and 900.

Thin films of short polymer P3a showed no preferential alignment on its 2D SAXS

signal, whereas longer polymer P3b did show a preferential alignment, indicated by the stronger

signals on the drawing direction (highlighted by white circles in Figure 5.19). Cross-linked

polymer P3c showed some alignment, but it was weaker than that of P3b.
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P3a P3b P3c

Figure 5.19. 2D Small Angle X-Ray Scattering (SAXS) for hot pressed thin film samples of

polymers P3a, P3b and P3c

POM analysis of thin films of polymer P3 with varying molecular weights (Figure 5.20)

showed that for the case of the shortest polymer P3a, only dark images were obtained, as

expected, since bulk samples of the same polymer did not show any birefringence. On the other

hand, the longer polymer P3b did show an angle dependence on its analysis by POM, an

indication of good alignment, in accordance with the data obtained from 2D SAXS

measurements. For the case of polymer P3c, the Teflon films succeeded in aligning the

mesogenic units, since the brightness of the textures varied with the angle of the sample, being

the brightest at 45'C. However, the texture did not become completely dark at 00C and 90'C,

indicating that the alignment is not perfectly homogeneous across the surface of the sample, and

that different domains are present in the sample. This multi-domain morphology probably

originates from the fact that this cross-linked sample did not melt completely under the film

processing conditions, making it impossible for the side-chains of the polymer brushes to

efficiently align with the action of the Teflon sheets.
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P3a

P3b

P3c

Figure 5.20. POM for hot pressed thin film samples of (A) polymer P3a, (B) polymer P3b and

(C) polymer P3c. The blue and green arrows indicate the direction of orientation of the grooves

in the Teflon films, whereas the red arrows indicate the directions of alignment of the crossed

polarizers in the microscope. A change in the texture brightness indicates a preferred orientation

of the mesogenic units

These results stress the importance of the polymer molecular weight on the alignment

capabilities, and how only when polymers with the right molecular weight are obtained, a good

alignment can be achieved.
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5.6 Conclusions

As described in the study carried out by Hosono et al., changing the number of

mesogenic units in both the monomeric and polymeric molecules greatly influenced the physical

properties. When both monomers and polymers contained more mesogenic units, an increase in

the melting point as measured by DSC was observed. By increasing the number of mesogenic

units, molecules were also more prone to exhibit liquid crystalline behavior. In fact, none of the

studied molecules containing only one mesogenic unit displayed a mesophase.

The end group in monomers also had a great effect on the melting point, mesophase

formation, and texture observed in the POM. While the molecules end-capped with an alcohol

moiety displayed clear mesophases in the DSC, the acrylate-capped analogues had a much less

pronounced additional melting point. The phases displayed were also different, as evidenced by

the XRD studies.

Polymers had higher melting points than the monomeric analogues, as has been described

many times in the literature. By changing the number of mesogenic units in the side chain of

these polymer brushes, one can tune their physical properties. For instance, only the polymer

containing three mesogenic units in the side chain showed a liquid crystalline phase.

The morphology of biphenyl-containing polymer brushes was that of an irregular lamella,

very different from the cylindrical arrangements observed by Hosono et al. This can be

explained partly by the fact that biphenyl mesogenic units are less sterically demanding than the

analogous azobenzene. Consequently, the steric repulsion that drove the side chains of the

polymer brush to the axial direction perpendicular to the polymer backbone is diminished. The

range of temperatures in which biphenyl-containing polymers displayed a mesophase was much

shorter, a fact that can be attributed to the lower-melting point backbone used in this study. A
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deeper analysis as to the exact role the backbone plays in assembly is necessary, to which

purpose more rigid, higher melting point polymer backbones should be used

It was also evidenced that the molecular weight of the polymers can influence liquid

crystalline behavior. Only when the polymer brushes are of sufficient length can a mesophase be

observed. However, when cross-linking of the polymer chains occurs, no mesophase is detected

in the DSC. The length of the polymer chains is also important from the point of view of

alignment in the thin film, with only sufficiently long polymers showing alignment from hot

pressing conditions. Cross-linking proved to be detrimental for alignment by hot pressing, as

smaller domains of oriented polymer brushes were obtained in this case.

In summary, this study shows a new kind of polymer brush with functionalized side-

chains composed of oligomeric liquid crystals, and illustrates how the properties of these

polymers can be affected by chemical tuning of these side-chains, specifically the nature and

number of mesogenic units. The polymer properties were also greatly affected by changing the

length of the polymer backbone. Both the structure of the side-chains and the polymer length

affect the solid-state morphology of thin films, as well as the ordering and alignment properties

of these polymer brushes. It was also shown that cross-linking of the polymer brushes was

detrimental for alignment to obtain large-area ordered domains in the thin film. It was also

described how the nature of the end group for certain kinds of oligomeric liquid crystals has a

huge effect on the physical properties displayed by this type of liquid crystals.

The lamellar assemblies described here are different from those obtained when using

azobenzene units in the side-chain, but 3D macroscopic alignment can also be induced under the

right processing conditions. This particular morphology is also interesting from the point of view

of future photovoltaic applications, since lamellae can provide optimal hole and electron
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conducting pathways. A broader variety of mesogenic units should be explored to find out what

other structures can be obtained. To this effect, useful photoactive mesogenic units could be

employed that would provide a photovoltaic response. The use of a conducting polymer as the

polymer backbone could also be advantageous for this purpose. Conjugated polymers with a

degree of polymerization similar to the those of polymer brushes reported here should be easily

accessible with current conjugated polymer synthesis techniques.
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5.7 Experimental Section

Materials: Unless otherwise noted, all reactions were performed in flame-dried glassware, and

under an oxygen-free atmosphere of argon using standard Schlenk techniques. Reagents were

used as received from Aldrich Chemical [2-hexyl-1-decanol (97%) and acrylic acid chloride],

Tokyo Chemical Industry (TCI) [tert-butyldimethylchlorosilane (TBDMSC, 98%), and

tetrabutylammonium fluoride (TBAF, 1 M in tetrahydrofuran (THF))], and Wako Pure Chemical

Industries [N,N'-diisopropylcarbodiimide (DIPC, 99%), triethylamine (99%), 2,2'-

azobisisobutyronitrile (AIBN, 98%), NaHCO 3 (> 99%), Cs2CO 3 (> 95%), and KOH (85%)]. 4-

(dimethylamino)pyridinium 4-toluenesulfonate (DPTS), compounds 4 and 5 were prepared

following previous reports from the literature.17 Dry THF was obtained from a solvent

purification system. Other dehydrated solvents were used as received from Wako Pure Chemical

Industries or Kanto Chemicals. Uniaxially stretched polytetrafluoroethylene (PTFE, TeflonTM)

sheets (300 mm x 10 m x 0.1 mm) were purchased from Flon Industry and cut into a proper size

before use. Column chromatography was carried out with Wakogel silica C-200 (particle size:

75-150 pm).

NMR Spectroscopy: 'H and 13C NMR spectra were recorded at 25 'C on a 500 MHz JEOL model

JNM-ECA500 spectrometer, and chemical shifts (6 in ppm) are given relative to CHCl3 (7.24

ppm and 77.24 ppm for 'H and 13C) unless otherwise noted.

Mass Spectrometry: Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)

mass spectrometry was performed on an Applied Biosystems model MDS SCIEX 4800 Plus

MALDI TOF/TOFTM Analyzer using dithranol as a matrix.

Molecular Weight Determination: Analytical GPC was performed at 40 'C on a TOSOH model

HLC-8220 GPC system equipped with a refractive index (RI) detector, using CHC13 as an eluent
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at a flow rate of 0.35 mL/min. The estimated molecular weights were obtained using a

calibration curve of polystyrene standards.

Differential scanning calorimetry: DSC was performed on a Mettler-Toledo model DSC 1

differential scanning calorimeter, where temperature and enthalpy were calibrated with In (430

K, 3.3 J/mol) and Zn (692.7 K, 12 J/mol) standard samples using sealed Al sample pans. Cooling

and heating profiles were recorded and analyzed using the Mettler-Toledo STARe software

system.

Polarized optical microscopy: POM was performed on a Nikon model Eclipse LV1OOPOL

optical polarizing microscope equipped with a Mettler-Toledo model FP90 controller attached to

a FP82HT hot stage.

Thin Film Fabrication: Hot press was performed on an Imoto Machinery model IMC- 1 80C

compact press. Film thicknesses were measured using a Mitutoyo model MDQ-30M micrometer.

XRD Measurements: Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering

(WAXS) experiments were carried out at BL45XU in SPring-8 (Hyogo, Japan) with an imaging

plate area detector, a R-AXIS IV++ (Rigaku). The scattering vector, q = 42sin0/X, and the

position of incident X-ray on the detector were calibrated using several orders of layer reflections

from silver behenate (d = 58.380 A ), where 20 and X are scattering angle and wavelength of X-

ray (0.90 A), respectively. The sample-to-detector distances for SAXS and WAXS

measurements were 2.5 and 0.5 m, respectively. The scattering/diffraction images recorded were

integrated along the Debye-Scherrer ring, affording one-dimensional intensity data using the

FIT2D software. The cell parameters were refined using the CellCalc ver. 2.10 software. Powder

samples were measured by placing an aliquot into a 1.0 mm-p glass capillary in a temperature-

controlled heating block and once heated to melting
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Et OTBDMS

EtO - -

Ethyl 4'-((10-((tert-butyldimethylsilyl)oxy)decyl)oxy)-[1,1'-biphenyl]-4-carboxylate (6). 17.5

g of compound 4 (50 mmol) were dissolved in 40 ml DMF under argon. Compound 5 (12 g, 50

mmol) was added to the mixture, followed by addition of Cs 2CO 3 (19.5 g, 60 mmol). The

resulting mixture was heated up to 70 'C and stirred for 14h, after which the solution turned

yellow. After cooling to room temperature, the solid formed was filtered and washed thoroughly

with DCM. The filtrate was washed with a saturated solution of ammonium chloride, water, and

brine. After drying over magnesium sulfate, the solvent was removed in vacuo. The resulting

crude was washed with a minimum amount of ethanol, and dried under vacuum to yield 24.4 g of

compound 6 (96% yield) as a pale yellow powder. 'H-NMR (ppm, CDCl3): 0.00 (6H, s), 0.85

(9H, s), 1.23 - 1.31 (12H, m), 1.36 (3H, t, J=5.95 Hz), 1.39 - 1.47 (2H, in), 1.76 (2H, in), 3.55

(2H, t, J=6.75 Hz), 3.95 (2H, t, J=6.75 Hz), 4.34 (2H, q, J=5.95 Hz), 6.93 (2H, d, J=8.55 Hz),

7.51 (2H, d, J=6.70 Hz), 7.56 (2H, d, J=6.70 Hz), 8.02 (2H, d, J=8.55 Hz). 1 3C-NMR (ppm,

CDCl 3) -5.0, 14.6, 18.6, 26.0, 26.2, 26.3, 29.5, 29.6, 29.6, 29.7, 29.8, 33.1, 61.1, 63.5, 68.4,

115.1, 126.6, 128.5, 128.8, 130.4, 132.4, 145.4, 159.6, 166.8. MALDI-TOF (m/z) found: 513.35

[M+H], calculated: 513.33.

/ \ / \ OTBDMS

HO - -

4'-((10-((tert-butyldimethylsilyl)oxy)decyl)oxy)-[1,1'-biphenyl]-4-carboxylic acid (7). 15 g of

compound 6 (29 mmol) was dissolved in 400 ml of dry THF under argon atmosphere. Then 120

ml of ethanol and 60 ml of a 1 M solution of KOH (aq.) was added, and the resulting mixture was

stirred at 50 'C for 12 h. The solvent was removed in vacuo, and the crude mixture was taken up
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in ethyl acetate. Owing to the low solubility of the product, the resulting solution was separated

in several fractions to perform the necessary washing operations. These fractions were washed

with ammonium chloride, water and brine. After solvent removal and drying, the combined

fractions were collected as a white powder, which was identified as compound 7 (9.25 g, 66%

yield). 1H-NMR (ppm, DMSO-d6): 0.65 (6H, s), 0.19 (9H, s), 0.56-0.82 (12H, m), 1.06 (2H, m),

1.82 (2H, m), 2.90 (2H, t, J=6.1 Hz), 3.56 (2H, q, J=6.1 Hz), 6.36 (2H, d, J=7.9 Hz), 6.98 (2H, d,

J=8.55 Hz), 7.06 (2H, d, J=8.55 Hz), 7.30 (2H, d, J=7.9 Hz). 13C-NMR (ppm, DMSO-d6 ) -11.1,

12.2, 19.4, 19.7, 20.0, 22.8, 22.9, 22.9, 23.1, 23.1, 26.4, 56.6, 61.7, 109.2, 117.6, 120.3, 122.3,

124.1, 125.3, 149.21, 153,.2, 163.0. MALDI-TOF (m/z) found: 485.31 [M+H], calculated:

485.30.

0 O. OTBDMS

0 - -

2-hexyldecyl 4'-((10-((tert-butyldimethylsilyl)oxy)decyl)oxy)-[1,1'-biphenyl]-4-carboxylate

(8). 4 g of compound 7 (8.25 mmol) was dispersed in 50 ml of DCM, and DPTS (479 mg) and

DIPC (1.73 ml, 11.12 mmol) were added. After stirring at room temperature for 35 min, the

reaction mixture became a homogeneous solution, to which the alcohol 2-hexyldecan-1-ol (2.4

ml, 8.27 mmol) was added. After stirring at room temperature over night, the reaction mixture

was poured over water. After extracting with DCM, the combined organics were washed with

water, brine, dried over magnesium sulfate and the solvent was removed in vacuo. The residue

was purified by column chromatography using CHCl3 as the eluent to obtain compound 8 as a

colorless oil (5.7 g, 98%). 1H-NMR (ppm, CDCl 3): 0.03 (6H, s), 0.84-0.87 (15H, m), 1.10 - 1.54

(37H, m), 1.74 - 1.77 (4H, m), 3.58 (2H, t, J=6.7 Hz), 3.98 (2H, t, J=6.77 Hz), 4.22 (2H, d, J=5.5
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Hz), 6.96 (2H, d, J=8.55 Hz), 7.53 (2H, d, J=8.55 Hz), 7.59 (2H, d, J=8.55 Hz), 8.04 (2H, d,

J=8.55 Hz). "C-NMR (ppm, CDCl3) -5.0, 14.3, 18.6, 22.9, 22.9, 26.0, 26.2, 26.3, 27.0, 29.5,

29.5, 29.6, 29.7, 29.7, 29.8, 29.9, 30.2, 31.7, 32.0, 32.1, 33.1, 37,7, 63.6, 67.9, 68.4, 115.2, 126.6,

128.8, 129.3, 130.3, 132.4, 145.5, 159.6, 167.0. MALDI-TOF (m/z) found: 709.55 [M+H],

calculated: 709.55.

2-hexyldecyl 4'-((10-hydroxydecyl)oxy)-[1,1'-biphenyl]-4-carboxylate (9). Compound 8 (5.7

g, 8.1 mmol) was dissolved in 22 ml dry THF under an argon atmosphere, and 17 ml of a 1M

solution of TBAF (THF) was added. After stirring at room temperature for 15 h, the solvent was

removed and the remaining crude residue was dissolved in a mixture of DCM and a saturated

solution of ammonium chloride (aq.). The mixture was extracted with DCM, and the combined

organic phases were washed with water and brine. After drying over magnesium sulfate and

removing the solvent in vacuo, the residue was purified by column chromatography using CHCl 3

as the eluent to obtain compound 9 as a colorless oil (4.1 g, 85%). 'H-NMR (ppm, CDCl 3): 0.84-

0.86 (6H, in), 1.16 - 1.51 (38H, in), 1.74 - 1.81 (4H, in), 3.63 (2H, tb), 3.99 (2H, t, J=6.77 Hz),

4.22 (2H, d, J=5.5 Hz), 6.97 (2H, d, J=8.55 Hz), 7.53 (2H, d, J=8.55 Hz), 7.59 (2H, d, J=8.55

Hz), 8.04 (2H, d, J=8.55 Hz). 13C-NMR (ppm, CDCl 3) 14.3, 14.3, 22.9, 22.9, 26.0, 26.3, 27.0,

27.0, 29.5, 29.5, 29.6, 29.6, 29.7, 29.8, 29.8, 29.9, 30.2, 31.7, 32.1, 32.1, 33.0, 37,7, 63.3, 67.9,

68.4, 115.2, 126.6, 128.5, 130.1, 130.3, 132.5, 145.5, 159.6, 167.3. MALDI-TOF (m/z) found:

595.47 [M+H], calculated: 595.46.
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Monomer 1. Compound 9 (1 g, 1.7 mmol) was dissolved in 70 ml DCM and cooled down to 0

'C. 2.5 equivalents of triethylamine (0.6 ml, 4.3 mmol) was added in one fraction, after which

acrylic acid chloride (0.35 ml, 4.3 mmol) dissolved in 10 ml of DCM was added dropwise over a

period of 30 minutes via an addition funnel. After the addition was complete, the mixture was

warmed to room temperature, and stirred for 20 h. The solvent was removed and the crude

residue was dissolved in a mixture of DCM and a saturated solution of ammonium chloride (aq.).

The mixture was extracted with DCM, and the combined organic phases were washed with water

and brine. After drying over magnesium sulfate and removing the solvent in vacuo, the residue

was purified by column chromatography using CHC13 as the eluent to obtain monomer 1 as a

colorless oil (860 mg, 78%). 'H-NMR (ppm, CDCl 3): 0.81-0.89 (6H, m), 1.19 - 1.49 (37H, m),

1.61 - 1.68 (2H, m), 1.74 - 1.82 (2H, m), 3.98 (2H, t, J=6.3 Hz), 4.13 (2H, t, J=6.9 Hz), 4.22

(2H, d, J=5.7 Hz), 5.79 (1H, dd, J=1.75, 10.9 Hz), 6.11 (1H, dd, J=10.9, 17.75 Hz), 6.37 (1H, dd,

J=1.75, 17.75 Hz), 6.96 (2H, d, J=8.55 Hz), 7.53 (2H, d, J=8.55 Hz), 7.59 (2H, d, J=8.55 Hz),

8.04 (2H, d, J=8.55 Hz). 13C-NMR (ppm, CDCl 3) 14.3, 22.9, 22.9, 26.1, 26.3, 27.0, 27.0, 28.8,

29.5, 29.5, 29.5, 29.6, 29.6, 29.7, 29.8, 29.9, 30.2, 31.7, 32.0, 32.1, 37.7, 64.9, 67.9, 68.4, 115.2,

126.6, 128.5, 128.9, 128.9, 130.3, 130.7, 132.5, 145.4, 159.3, 166.6, 166.7. MALDI-TOF (m/z)

found: 649.49 [M+H], calculated: 649.48.
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_____________ OTBDMS

0 K-KD-*

2-hexyldecyl 4'-((10-((4'-((10-((tert-butyldimethylsilyl)oxy)decyl)oxy)- [1,1'-biphenyl]-4-

carbonyl)oxy)decyl)oxy)-[1,1'-biphenyl]-4-carboxylate (10). Compound 7 (2.28 g, 4.7 mmol)

was dispersed in 30 ml DCM. DPTS (275 mg), and DIPC (0.93 ml, 6.1 mmol) were added. After

stirring at room temperature for 35 min, the reaction mixture became a homogeneous solution, to

which compound 9 (2.8 g, 4.7 mmol) was added. After stirring at room temperature for 14 h, the

reaction mixture was poured over water, DCM and extracted with DCM. The combined organics

were washed with water, brine, dried over magnesium sulfate and the solvent was removed in

vacuo. The residue was purified by column chromatography using CHCl 3 as the eluent to obtain

compound 10 as a colorless oil (3.6 g, 72%). 'H-NMR (ppm, CDCl 3): 0.02 (6H, s), 0.83-0.89

(15H, m), 1.20 - 1.77 (57H, m), 3.58 (2H, t, J= 6.9 Hz), 3.98 (4H, m), 4.22 (2H, d, J=5.7 Hz),

4.31 (2H, t, J=6.9 Hz), 6.96 (4H, d, J=8.55 Hz), 7.53 (4H, d, J=8.55 Hz), 7.59 (4H, d, J=8.55

Hz), 8.04 (4H, d, J=8.55 Hz). 13C-NMR (ppm, CDC13) -5.0, 14.3, 18.6, 22.9, 22.9, 26.0, 26.2,

26.3, 27.0, 27.0, 29.0, 29.5, 29.5, 29.6, 29.6, 29.6, 29.7, 29.8, 29.8, 29.9, 30.2, 31.7, 32.0, 32.1,

33.1, 37.7, 63.6, 65.2, 67.9, 68.4, 115.2, 126.7, 128.5, 128.5, 129.0, 130.3, 132.5, 145.4, 159.7,

166.9, 167.0. MALDI-TOF (m/z) found: 1061.77 [M+H], calculated: 1061.76.

OH
0 /

2-hexyldecyl 4'-((10-((4'-((10-hydroxydecyl)oxy)-[1,1'-biphenyl]-4-carbonyl)oxy)decyl)oxy)-

[1,1'-biphenyl]-4-carboxylate (11). Compound 10 (3.6 g, 3.4 mmol) was dissolved in 10 ml dry

THF under an argon atmosphere, and 7.13 ml of a 1 M solution of TBAF (THF) was added. After
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stirring at room temperature for 12 h, the solvent was removed and the remaining crude residue

was dissolved in a mixture of DCM and a saturated solution of ammonium chloride (aq.). The

mixture was extracted with DCM, and the combined organic phases were washed with water and

brine. After drying over magnesium sulfate and removing the solvent in vacuo, the residue was

purified by column chromatography using CHCl3 as the eluent to obtain compound 9 as a white

solid (2.7 g, 87%). 'H-NMR (ppm, CDCl3): 0.83-0.89 (6H, m), 1.20 - 1.77 (57H, m), 3.63 (2H, t,

J= 6.9 Hz), 3.98 (4H, in), 4.22 (2H, d, J=5.7 Hz), 4.31 (2H, t, J=6.9 Hz), 6.96 (4H, d, J=8.55 Hz),

7.53 (4H, d, J=8.55 Hz), 7.60 (4H, d, J=8.55 Hz), 8.05 (4H, d, J=8.55 Hz). 13C-NMR (ppm,

CDCl 3) 14.3, 22.9, 22.9, 25.9, 26.0, 26.3, 27.0, 27.0, 29.0, 29.5, 29.6, 29.6, 29.6, 29.7, 29.7,

29.7, 29.8, 29.8, 29.9, 30.2, 31.7, 32.0, 32.1, 33.0, 37.7, 63.3, 65.3, 67.9, 68.4, 115.2, 126.6,

126.7, 128.5, 128.8, 130.3, 132.5, 145.4, 159.7, 166.5, 167.0. MALDI-TOF (m/z) found: 947.68

[M+H], calculated: 947.67.

o0
__ _ __0.~- 0

0 - -

Monomer 2. Compound 11 (500 mg, 0.53 mmol) was dissolved in 20 ml DCM and cooled down

to 0 0C. Triethylamine (0.33 ml, 2.4 mmol) was added in one fraction, after which acrylic acid

chloride (0.19 ml, 2.4 mmol) dissolved in 10 ml of DCM was added dropwise over a period of

30 minutes via an addition funnel. After the addition was complete, the mixture was warmed to

room temperature, and stirred for 20 h. The solvent was removed and the remaining crude

residue was dissolved in a mixture of DCM and a saturated solution of ammonium chloride (aq.).

The mixture was extracted with DCM, and the combined organic phases were washed with water

and brine. After drying over magnesium sulfate and removing the solvent in vacuo, the residue
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was purified by column chromatography using CHCl3 as the eluent to obtain monomer 2 as

white solid (397 mg, 75%). 'H-NMR (ppm, CDCl 3): 0.83-0.89 (6H, m), 1.20 - 1.77 (56H, m),

3.97 (4H, in), 4.13 (2H, t, J= 6.9 Hz), 4.22 (2H, d, J=5.7 Hz), 4.31 (2H, t, J=5.7 Hz), 5.79 (1lH,

dd, J=1.75, 10.9 Hz), 6.11 (1H, dd, J=10.9, 17.75 Hz), 6.37 (lH, dd, J=1.75, 17.75 Hz), 6.96

(4H, d, J=8.55 Hz), 7.53 (4H, d, J=8.55 Hz), 7.60 (4H, d, J=8.55 Hz), 8.05 (4H, d, J=8.55 Hz).

"C-NMR (ppm, CDCl 3) 14.3, 22.9, 22.9, 26.1, 26.3, 27.0, 28.8, 29.5, 29.5, 29.5, 29.6, 29.7,

29.7, 29.7, 29.8, 29.9, 30.2, 31.7, 32.0, 32.1, 37.7, 64.9, 66.0, 67.9, 68.4, 115.2, 126.6, 126.7,

128.5, 128.9, 130.3, 130.6, 132.0, 138.1, 145.4, 159.6, 166.2, 167.0. MALDI-TOF (m/z) found:

1001.68 [M+H], calculated: 1001.68.

_ TOTBDMS

2-hexyldecyl 4'-((10-((4'-((10-((4'-((10-((tert-butyldimethylsilyl)oxy)decyl)oxy)- [1,1'-

biphenyl]-4-carbonyl)oxy)decyl)oxy)- [1,1'-biphenyl]-4-carbonyl)oxy)decyl)oxy)- [1,1'-

biphenyl]-4-carboxylate (12). Compound 7 (870 g, 1.8 mmol) was dispersed in 12 ml DCM.

DPTS (112 mg), and DIPC (0.37 ml, 2.4 mmol) were added. After stirring at room temperature

for 35 min, the reaction mixture became a homogeneous solution, to which compound 11 (1.7 g,

1.8 mmol) was added. After stirring at room temperature for 14 h, the reaction mixture was

poured over water, DCM and extracted with DCM. The combined organics were washed with

water, brine, dried over magnesium sulfate and the solvent was removed in vacuo. The residue

was purified by column chromatography using CHCl3 as the eluent to obtain compound 12 as a

white solid (1.65 g, 65%). 'H-NMR (ppm, CDCl 3): 0.02 (6H, s), 0.83-0.89 (15H, m), 1.20 - 1.53

(63H, m), 1.72 - 1.82 (10H, m) 3.58 (2H, t, J=6.3 Hz), 3.97 (6H, m), 4.22 (2H, d, J=5.7 Hz),
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4.31 (4H, t, J=5.7 Hz), 6.96 (6H, d, J=8.55 Hz), 7.53 (6H, d, J=8.55 Hz), 7.60 (6H, d, J=8.55

Hz), 8.05 (6H, d, J=8.55 Hz). 3 C-NMR (ppm, CDCl 3) -5.0, 14.3, 18.6, 22.9, 22.9, 26.0, 26.2,

26.3, 27.0, 29.0, 29.5, 29.5, 29.5, 29.6, 29.6, 29.7, 29.7, 29.7, 29.8, 29.9, 30.2, 31.7, 32.0, 33.1,

37.7, 63.5, 65.3, 67.9, 68.4, 115.2, 126.6, 126.7, 128.5, 128.8, 130.3, 132.4, 145.4, 159.6, 166.9,

167.0. MALDI-TOF (m/z) found: 1413.96 [M+H], calculated: 1413.96.

_______________OH

2-hexyldecyl 4'-((10-((4'-((10-((4'-((10-hydroxydecyl)oxy)- [1,1'-biphenyl]-4-

carbonyl)oxy)decyl)oxy)- [1,1'-biphenyl]-4-carbonyl)oxy)decyl)oxy)- [1,1'-biphenyl]-4-

carboxylate (13). Compound 12 (2.2 g, 1.6 mmol) was dissolved in 6 ml dry THF under an

argon atmosphere, and 3.27 ml of a 1M solution of TBAF (THF) was added. After stirring at

room temperature for 14 h, the solvent was removed and the remaining crude residue was

dissolved in a mixture of DCM and a saturated solution of ammonium chloride (aq.). The

mixture was extracted with DCM, and the combined organic phases were washed with water and

brine. After drying over magnesium sulfate and removing the solvent in vacuo, the residue was

purified by column chromatography using CHCl3 as the eluent to obtain compound 13 as a white

solid (2.0 g, 99%). 'H-NMR (ppm, CDCl3 ): 0.83-0.89 (6H, m), 1.25 - 1.53 (64H, m), 1.72 - 1.82

(1OH, m), 3.62 (2H, t, J=6.3 Hz), 3.97 (6H, m), 4.22 (2H, d, J=5.7 Hz), 4.31 (4H, t, J=5.7 Hz),

6.96 (6H, d, J=8.55 Hz), 7.53 (6H, d, J=8.55 Hz), 7.60 (6H, d, J=8.55 Hz), 8.05 (6H, d, J=8.55

Hz). "C-NMR (ppm, CDCl3) 14.3, 22.9, 22.9, 25.9, 26.3, 27.0, 27.0, 29.0, 29.5, 29.5, 29.5, 29.6,

29.7, 29.7, 29.7, 29.8, 29.8, 29.9, 30.2, 31.7, 32.0, 32.1, 33.0, 37.7, 63.3, 65.3, 67.9, 68.3, 115.2,
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126.6, 126.6, 128.5, 128.8, 130.3, 132.4, 145.4, 159.6, 166.9, 167.0. MALDI-TOF (m/z) found:

1321.80 [M+Na], calculated: 1321.86.

00

Monomer 3. Compound 13 (1 g, 0.77 mmol) was dissolved in 30 ml DCM and cooled down to 0

*C. Triethylamine (0.64 ml, 4.6 mmol) was added in one fraction, after which acrylic acid

chloride (0.38 ml, 4.6 mmol) dissolved in 10 ml of DCM was added dropwise over a period of

30 minutes via an addition funnel. After the addition was complete, the mixture was warmed up

to room temperature, and stirred for 14 h. The solvent was removed and the remaining crude

residue was dissolved in a mixture of DCM and a saturated solution of ammonium chloride (aq.).

The mixture was extracted with DCM, and the combined organic phases were washed with water

and brine. After drying over magnesium sulfate and removing the solvent in vacuo, the residue

was purified by column chromatography using CHCl3 as the eluent to obtain monomer 3 as

white solid (698 mg, 67%). 'H-NMR (ppm, CDCl 3): 0.81-0.85 (6H, m), 1.25 - 1.53 (63H, in),

1.74 - 1.78 (10H, m), 3.94 (6H, in), 4.10 (2H, t, J=6.8 Hz), 4.19 (2H, d, J=5.7 Hz), 4.28 (4H, t,

J=5.7 Hz), 5.75 (1H, dd, J=1.75, 10.9 Hz), 6.07 (1H, dd, J=10.9, 17.75 Hz), 6.34 (1H, dd, J=1.75,

17.75 Hz), 6.92 (6H, d, J=8.55 Hz), 7.53 (6H, d, J=8.55 Hz), 7.60 (6H, d, J=8.55 Hz), 8.05 (6H,

d, J=8.55 Hz). 13 C-NMR (ppm, CDCl 3) 14.3, 22.9, 22.9, 26.1, 26.3, 27.0, 27.0, 28.9, 29.0, 29.5,

29.5, 29.5, 29.6, 29.7, 29.7, 29.8, 29.9, 31.7, 32.0, 32.1, 37.7, 64.9, 65.3, 67.9, 68.4, 115.2, 126.3,

126.6, 128.5, 128.9, 130.3, 130.6, 132.0, 138.1, 145.4, 159.6, 166.9, 166.9. MALDI-TOF (m/z)

found: 1375.82 [M+Na], calculated: 1375.87.
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Polymerization conditions. In a standard polymerization, the monomer was placed in a

previously flame-dried and argon purged Schlenk flask. A stock solution of recrystallized AIBN

in anhydrous benzene was degassed by freeze-pump-thaw cycles of 30 minutes (five times). The

desired amount of this stock solution was transferred into the reaction flask via syringe, and the

mixture was warmed to 70'C and stirred at this temperature. The reaction mixture was then

poured into MeOH and the polymer precipitate formed was collected by filtration and

reprecipitated twice from MeOH.

Polymer 1. 'H-NMR (ppm, CDCl3): 0.81-0.89 (6H, bm), 1.19 - 1.49 (39H, bm), 1.61 - 1.82

(4H, bm), 3.47 (1H, b), 3.72 (2H, b), 3.80-3.90 (2H, bm), 4.17 (2H, b), 6.86 (2H, b), 7.47-7.51

(4H, bm), 7.99 (2H, b).

Polymer 2. 'H-NMR (ppm, CDCl 3): 0.86 (6H, b), 1.20 - 1.77 (58H, m), 3.97 (5H, in), 4.13 (2H,

b), 4.22 (2H, b), 4.31 (2H, b), 6.96 (4H, b), 7.53 (4H, b), 7.60 (4H, b), 8.03 (4H, b).

Polymer 3. 'H-NMR (ppm, CDCl3): 0.86 (6H, b), 1.25 - 1.53 (65H, bm), 1.74 - 1.78 (1OH, bm),

3.94 (7H, bm), 4.10-4.20 (4H, b), 4.28 (4H, b), 6.94 (6H, b), 7.51-7.59 (12H, b), 8.03 (6H, b).
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