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Abstract

The research presented in this thesis focuses on the preparation of functional-

ized polymers using olefin metathesis polymerization methods. A portion of this

research is also devoted to the development of applications for metathesis-derived

polymers.

Three distinct types of olefin metathesis polymerizations can be recognized

within this work. Ring-opening metathesis polymerization (ROMP) is the most

prevalent type, followed by acyclic diene metathesis (ADMET) polymerization

and a hybrid of the ROMP and ADMET mechanisms known as ring-opening-

insertion metathesis polymerization (ROIMP).

Many of the concepts that appear throughout this thesis are introduced in

Chapter 1. Olefin metathesis occupies a central role in each of the subsequent

chapters; detailed descriptions of the mechanism and important olefin metathesis

catalysts are provided. The chapter also includes background information regard-

ing polymers, polymer properties and the application of ROMP in the construction

of electronic devices.

Although the utility of ADMET does not yet seem to match that of ROMP,

valuable information can be obtained from ADMET polymerizations. In an effort

to elucidate catalytic activity, Chapter 2 details a comparison of the ADMET

polymerizations of terminal and non-terminal dienes.

Experimental investigations involving ROIMP, a novel method for the produc-

tion of A,B-alternating copolymers, is presented in Appendix A. The mechanism of

ROIMP is conceptually very different from the mechanisms of either step growth
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or chain growth polymerizations. Efforts toward understanding the mechanism of

ROIMP using a mathematical model are discussed in Chapter 3.

Polymeric chain transfer agents (PCTAs) suitable for ROMP reactions are poly-

mers that contain a single, metathesis-active olefin. These polymers are the focus

of Chapter 4 and can be used in the preparation of novel block copolymers. As an

example, Appendix B presents the preparation of block copolymers consisting of

polyacetylene and various commodity polymers.

Finally, the development of applications for surface-initiated ROMP (SI-ROMP)

is discussed in Chapter 5 and Appendix C. Polymer films prepared using SI-

ROMP are shown to be viable dielectric layers in thin-film transistors, and research

is presented involving microcontact printing and dip pen nanolithography as

methods for forming patterned SI-ROMP polymer films.
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Introduction
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1.1 Polymers and Polymer Properties

Polymer science is a field of chemistry that has had significant influence on the

development of humankind throughout the past century. Today, millions of tons of

plastic materials are produced each year, and the number of applications suitable

for polymers (and polymers suitable for applications) continues to increase at a

high rate.

The enormous investments of time and money that are made each year in

polymer materials research demonstrate the importance that is placed upon tech-

nological advancements. Emerging fields such as nanotechnology, bioengineering,

and ”green” manufacturing rely heavily on advancements in polymer science,

and there is seemingly no end to the scope of applications for which polymers

are being investigated. For example, throughout the first half of the twentieth

century, polymers were though to exist exclusively as electrical insulators. The

development of conducting polymers such as polyacetylene proved this to be

untrue, and conducting polymers are beginning to find widespread use in a variety

of electronic applications. Such is the importance of electrically active polymers

that the pioneers in the field were recently awarded a Nobel Prize for their work.1

The unique material properties of polymers accounts for the widespread inter-

est in their development and application. For structural applications, polymers are

often attractive because they are lightweight, moldable, flexible, and recyclable.

Although these characteristics can also be found individually in traditional ma-

terials such as metals and ceramics, polymers display them all in one material

that can also be relatively inexpensive. For more specialized applications, such

as drug delivery and food storage, polymers are attractive often for these same

properties, as well as being non-toxic and chemically inert. The wide diversity of

attractive properties, from the processability of thermoplastic elastomers to the

light emissivity of poly(phenylene vinylene)s, stems from an ability to control

and vary the chemical and architectural composition of polymeric materials. This

control, in turn, is the result of previously-made advances in the synthetic methods
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and materials that are used in the preparation of polymers. Further advances in

the next decades will undoubtedly carry polymeric materials into a wide range of

heretofore unimaginable applications.

1.2 Olefin Metathesis

Metal-catalyzed reactions constitute an important class of the large number

of known organic chemical transformations. Many of these reactions were

discovered within the last 50 years, and research into their development continues

apace. Olefin metathesis reactions are an example of this, and substantial progress

has been made since their first literature reports in the 1950s.2, 3 The development

and improvement of catalysts and substrates for olefin metathesis have resulted in

many new scientific and industrial applications.

CH CH R2R1 CH CH R1R1 CH CH R2R22 +

Figure 1.1: Olefin metathesis – a carbon-carbon double bond shuffling reaction.

Olefin metathesis,2 simply a rearrangement of carbon-carbon double bonds,

can be represented by Figure 1.1.3 Initially, metal catalysts for the reaction were

poorly defined metal salts often combined with alkylating agents (e.g., WCl6/Bu4Sn

or MoO3/SiO2), and the mechanisms for reactions using these catalysts were

not well understood. Furthermore, these systems often suffered from a limited

substrate scope and the necessity of harsh reaction conditions.

The development of homogeneous, well-defined catalyst systems for olefin

metathesis has been key to the popularity of the reaction. As shown in Figure 1.2,

the reactivity of the metal strongly influences the characteristics of the catalyst.

Although initial metathesis catalysts were highly active, the oxophilic, early

transition metals utilized for these catalysts were again limiting due to their

incompatibility with many chemical functionalities. Catalysts based on late tran-

sition metals, such as 1,4 are more tolerant of heteroatoms, and show substantial
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Figure 1.2: Reactivity of metals used in olefin metathesis.

promise in promoting olefin metathesis reactions in the presence of a variety of

functionalities. Unfortunately, catalyst 1 suffers from decreased reactivity relative

to early-transition metal based systems. The lower reactivity of ruthenium based

systems, however, has recently been addressed with the development of catalysts

such as 2, which utilize N-heterocyclic carbene ligands.5 In many cases, the activity

of catalyst 2 rivals or exceeds that of catalysts based on early transition metals.6

Cl

Ru

PCy3

Cl

NN

PhCl

Ru

PCy3

Cl

Ph

Cy3P

1 2

Figure 1.3: Ruthenium olefin metathesis catalysts.

Scheme 1.1: Chauvin mechanism of olefin metathesis.

M
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+
M
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M
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The generally accepted mechanism for olefin metathesis is shown in Scheme

1.1.2, 7 It is an equilibrium reaction, proceeding through a metallacyclobutane

intermediate, that results in the interconversion of an olefin and a metal alkylidene.

Through the use of different olefin geometries and reaction conditions, numerous

olefin metathesis reactions are possible (Figure 1.4).8–13 For example, at low

concentrations, α,ω-dienes can be used in ring-closing metathesis (RCM) reactions,

while use of the same substrate in higher concentrations results in acyclic diene

metathesis (ADMET) polymerization. The basis for much of the work reported in

this thesis, ring-opening metathesis polymerization (ROMP) is a widely studied,

highly versatile method of polymerization that utilizes strained, cyclic olefins.

R

R

R

n

ROMP

ROM

RCM

ADM
ET

Figure 1.4: Types of olefin metathesis reactions.

1.3 Polymerizations

According to Gibbs Law (equation 1.1, where ∆H, ∆S, and ∆G are the changes

in enthalpy, entropy, and Free Energy, respectively), a reaction will proceed only

when ∆G is negative.

∆G = ∆H − T∆S (1.1)
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Regardless of mechanism, all polymerization reactions link a large number of

small molecules into a smaller number of larger molecules. This process is

endoentropic (∆S>0), because it decreases the number of degrees of freedom that

are present in the system. Typically, the bond-forming reactions associated with

a polymerization reaction are energetically favorable (i.e., exothermic, ∆H<0),

and provide sufficient driving force to overcome the loss in entropy. Indeed,

many polymerization reactions are so exothermic that heat dissipation becomes

an important consideration upon scale-up of the reaction.

In the case of metathesis polymerizations, however, the polymerization reac-

tion is simply an equilibrium-controlled rearrangement of carbon-carbon double

bonds. The energy of the bonds that are formed in the polymerization is roughly

equivalent to the energy of the bonds that are lost. As a result, released bond

energy cannot account for the success of these polymerization. In the case of

ROMP, the release of ring strain provides the driving force necessary to overcome

the entropic barrier toward polymerization. This limits the monomer scope for

ROMP reactions, as many cycloolefins (especially five-, six-, and seven-member

rings) contain insufficient ring-strain to force the equilibrium of the reaction

toward the ring-opened product.

Since ADMET polymerizations utilize cross-metathesis reactions between ter-

minal olefins, the removal of the ethylene byproduct from the reaction vessel is

typically used to shift the equilibrium of the reaction toward polymer product.

This can be done via reduced pressure (i.e., the application of vacuum), which

often precludes the use of solvent in the reaction. High viscosity due to the absence

of solvent can be a limiting factor, as the efficiency of ethylene removal is critical

toward the success and extent of polymerization. As a result, the products from

ADMET polymerizations are typically limited to molecular weights of less than

30,000 g/mol, with corresponding limitations in their properties.

While ADMET polymerizations typically have physical limitations (e.g., vis-

cosity and efficiency of ethylene removal), the success of ROMP reactions are

more often determined by chemical limitations such as the compatibility of the
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catalyst, monomer, and reaction conditions. Advancements in catalyst design,

therefore, frequently result in corresponding advancements in the scope of ROMP

with respect to new monomers or architectures. For example, catalyst 2 combines

the functional group tolerance of other ruthenium-based metathesis catalysts with

the high level of activity that is typified by early transition metal catalysts. As

a result, the development of 2 not only allows, for example, the polymerization

of cyclooctadiene at monomer:catalyst ratios of 100,000:1, but also allows such

polymerizations to be carried out in the presence of numerous functional groups

(present either in the monomer or in additives such as chain-transfer agents).6

Since it was first reported in 1999, numerous published journal articles indicate

the wide variety of monomers and polymer architectures that can be produced

with catalyst 2.

The high activity of catalyst 2 toward propagation is unfortunately accomp-

anied by relatively slow initiation.14 This is undesirable since control over the

molecular weight distribution of the polymer product is best achieved by the

reverse situation: fast initiation of the catalyst relative to the propagation step.

Although there is little catalyst-derived control in polymerizations using 2, the

products from such reactions can be influenced by a number of other factors.

For example, the addition of chain transfer agents allows for control over the

molecular weight, as well as the endgroups of the polymer product.15 Such an

approach has been used previously with small-molecule chain transfer agents

to prepare potentially commercially important materials such as novel hydroxy-

terminated poly(butadiene)s.16 This methodology is advanced further in Chapter

4, which describes recent efforts to develop polymeric analogues of traditional

ROMP chain transfer agents, as well as in Appendix B, which describes a study

into the synthesis of end-functionalized polyacetylene.

Exploitation of the activity and stability of 2 are further discussed in Chapter

3 and Appendix A, which describes the development of a highly generalized

method for the preparation of alternating copolymers via ROMP. Unlike earlier

catalysts, catalyst 2 was shown in previous reports to be reactive toward α,β-
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unsaturated olefins. Furthermore, such olefins are able to insert into the olefins

of certain cycloalkenes. By allowing this insertion reaction to occur between an

α,ω-diene and a polyalkenamer (formed via ROMP either in situ or in a separate

reaction), ring-opening-insertion metathesis polymerization (ROIMP) generates

highly alternating copolymers in good yield. The mechanism of ROIMP is a

unique hybrid of the more traditional step growth and chain growth polymer-

ization methods. As such, it displays some of the advantages of each of these

methods, and efforts to describe the ROIMP mechanism with a mathematical

model are described in Chapter 3.

The decreased reactivity of the methylidene, relative to the benzylidene or

alkylidene form of catalyst 2, prompted a study into the ADMET polymerization

of terminal and non-terminal dienes. The results of this study are presented in

Chapter 2.

1.4 Electronic devices

Within the past 20 years, there has been rapid growth in both diversity and

functionality of portable electronic devices. This growth has been supported

by developments in the materials that are used in the electronics industry, and

reciprocates by promoting further advancements in materials science. Although

the size and material composition of electronic devices have changed considerably

over the past several decades, the underlying principles of their operation have

remained constant.

Perhaps the simplest of electronic devices, the parallel plate capacitor consists

of two conductive plates separated by an insulating dielectric layer (Figure 1.5a).

The device is used primarily for the storage of electrical charge; storage capacity

(referred to as the device’s capacitance) is determined by equation 1.2, where A

represents the surface area of the plates, t represents their separation, k represents

the dielectric constant of the dielectric material, and ǫ0 represents a constant

(permittivity of free space). When a voltage source is connected to the opposite
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Figure 1.5: (a) Schematic diagram of a capacitor. (b) Schematic diagram of a top
contact field-effect transistor.

plates of a capacitor, charges accumulate on the plates until the bias between them

is equal to the applied voltage. After removing the voltage source, the capacitor

can be discharged by placing a load across the plates. Conduction through the

dielectric layer (a process known as ”breakdown”) occurs if the voltage between

the capacitor plates exceeds the breakdown voltage of the dielectric material.

To avoid this scenario, it is important for the breakdown voltage of a dielectric

material to be higher than the working voltage of the capacitor.

Capacitance =
ǫ0 ∗ k ∗ A

t
(1.2)

Equation 1.2 implies that a larger capacitance can be obtained by increasing the

surface area of the plates, or by decreasing their separation. In cases where device

geometry is constrained, however, capacitance can be affected only by changing

the dielectric constant of the dielectric layer. This is typically done by changing the

material itself; a wide range of dielectric materials are available, including metal

oxides, organic polymers, paper, and air.

Transistors are solid-state devices that were first developed in 1947 at Bell

Laboratories. Although a number of different transistor geometries are known,

they are all primarily used to regulate or modify current flows in electronic circuits.

Field-effect transistors (FETs) accomplish this task using an electric field to modify

the conductivity of a semiconducting layer. The geometry of a top contact FET is
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shown in Figure 1.5b.∗ In the operation of an FET, a voltage is applied between the

gate and source electrodes. The dielectric layer allows transmission of the electric

field that results from this voltage, while preventing electrical conduction between

the electrodes. The electric field increases the charge density at the top and bottom

of the (doped) semiconducting layer, and it is this concentration of charges that

allows conduction between the drain and source electrodes.

In thin-film transistors (TFTs), each component layer is present as a thin layer

of material. Most commonly used in flat-panel displays, TFTs can be constructed

using a variety of conducting, semiconducting, and insulating materials. Recent

research has allowed the preparation of transparent TFTs.17

Frequently, polymers are used as the dielectric layer in electronic devices such

as capacitors and TFTs.18 Materials including polymethacrylates and polyimides

have been incorporated and characterized. Relative to inorganic materials such as

silicon dioxide, polymers are superior for their mechanical flexibility, low weight,

and low cost. The standard approach for depositing polymer dielectric layers is by

spin-coating a solution of the polymer in an organic solvent.

Chapter 5 and Appendix C are concerned mainly with the development

of ROMP reactions using surface-bound catalyst. These surface-initiated ring-

opening metathesis polymerization (SI-ROMP) reactions allow for the formation

of polymer layers that are covalently tethered to surfaces. The covalent attachment

methodology produces more robust films in comparison to film-forming processes

that rely on polymer adsorption through weaker bonding schemes. Advantages

of the SI-ROMP polymer films include stability toward temperature and solvent;

these properties will be discussed as they relate to the use of the films as

component layers in electronic devices.

∗The bottom contact FET geometry is similar except that the semiconducting layer is deposited
on top of the drain and source electrodes.
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Chapter 2

Acyclic Diene Metathesis (ADMET)
Polymerization Using a Ruthenium
Olefin Metathesis Catalyst
Coordinated with a N-Heterocyclic
Carbene Ligand
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2.1 Abstract

The use of non-terminal dienes in acyclic diene metathesis (ADMET) polymer-

izations is investigated. In terms of the maximum attainable molecular weight

and the overall rate of reaction, non-terminal dienes are found to impart no

advantages over terminal dienes. In addition, the general reactivity of the well-

defined ruthenium olefin metathesis catalyst (1,3-dimesityl-4,5-dihydroimidazol-

2-ylidene)(PCy3)Cl2Ru=CHPh (2) in ADMET polymerizations is investigated.

With catalyst 2, very low catalyst loadings (up to monomer:catalyst ratios of

10,000:1), and short reaction times (ca. 24 hours) are possible. Compared with

standard ADMET conditions for previous ruthenium catalysts (monomer:catalyst

ratios of 400:1, and reaction times of 48-72 hours), these findings demonstrate the

high level of activity of catalyst 2.

2.2 Introduction

Acyclic diene metathesis (ADMET) is a step-growth polycondensation reaction

that has attracted considerable attention in recent years.1 High molecular weight,

unsaturated polymers that contain various functional groups in the backbone are

accessible via ADMET.2 Synthesis of low molecular weight telechelic polymers3–5

as well as fully conjugated oligomers6 have further shown the versatility of the

reaction.

A variety of olefin metathesis catalysts have been shown to facilitate ADMET

polymerization. In particular, molybdenum- and tungsten-based catalysts7, 8 have

been of interest for their high levels of activity and ability to produce polymers of

high molecular weight, and the ruthenium catalyst 1 has been investigated for

its tolerance of functional groups.9–11 However, these catalysts have significant

drawbacks. Early transition metal catalysts require stringent reaction conditions,

and suffer from a lack of functional group tolerance, while late transition metal

catalysts, such as 1, are relatively inactive toward a variety of substrates such
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as disubstituted olefins12 and conjugated monomers.∗ Furthermore, ADMET

polymerizations using these catalysts typically require long reaction times (48-72

hours) and high temperatures to yield high molecular weight polymers.

Ru
Cl

PCy3

PCy3

Cl

Ph Ru
Cl

PCy3

N N
Cl

Ph

1 2 2a

Ru
Cl

PCy3

CH2

N N
Cl

Figure 2.1: Ruthenium olefin metathesis catalysts.

Recently, the development of catalyst 2 has been reported, substituting an N-

heterocyclic carbene for a phosphine ligand in 1.13 The high level of activity, as well

as functional group tolerance of 2, has been documented.14, 15 The first reported

use of catalyst 2 in ADMET polymerizations demonstrated its ability to form well-

defined graft copolymers.16 An increase in the rate of ADMET depolymerization

has also been found using catalyst 2.†18 Considering the advantages of 2 over

previous metathesis catalysts, further investigations into the use of 2 in ADMET

polymerizations are warranted, and are discussed herein.

At ambient temperature, previous investigations have shown that 2a, the

phosphine-bound, methylidene form of 2, is a poor catalytic species for olefin

metathesis.15 For ADMET polymerizations of monomers with terminal olefins,

each turnover in the catalytic cycle has the potential to form 2a.1, 15 If 2a is

unable or slow to re-enter the catalytic cycle, the amount of active catalyst would

decrease as conversion increases. ADMET has been shown to follow typical

polycondensation-type kinetics,1 yielding high molecular weight polymer only at

high conversion. This suggested to us that monomers with non-terminal olefins

may be better substrates for ADMET using catalyst 2. We report here a comparison

∗Unpublished results from this lab
†After completion of this work, Lehman and Wagener measured and reported the rate of

oligomerization of 1,9-decadiene with catalyst 2, finding it to be greater than that of catalyst 1.17
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of ADMET polymerizations between 1,9-decadiene (3) and 2,10-dodecadiene (4) to

form polyoctenylene (Scheme 2.1).

Scheme 2.1: ADMET of 3 and 4 with a ruthenium olefin metathesis catalyst.

x

x

evolution of CH2=CH2

1 or 2, ∆

evolution of

1 or 2, ∆

3

4

2.3 Experimental

Materials and characterization. 1,9-decadiene (98%) (3) was purchased from

TCI and used as received. 2,10-dodecadiene (4) was prepared by a modified

literature procedure.19 Toluene, methanol, diethyl ether, and hexane were ob-

tained from EM Science and used as received. (PCy3)2(Cl)2Ru=CHPh (1)20 was

prepared according to literature procedures. (IMesH2)(PCy3)(Cl)2Ru=CHPh (2)21

was prepared according to literature procedures, and further purified to remove

residual 1 by flash column chromatography on silica gel 60 (230–400 mesh) from

TSI Scientific, eluting with 9:1 hexane/diethyl ether.

NMR spectra were recorded on a Varian Mercury 300 (299.817 MHz for 1H

and 74.45 MHz for 13C). All NMR spectra were recorded in CDCl3 and referenced

to residual protio species. Gel permeation chromatography (GPC) was carried

out on two PLgel 5mm Mixed-C columns connected in series with a DAWN EOS

multi angle laser light scattering (MALLS) detector and an Optilab DSP differential

refractometer (both from Wyatt Technology). No calibration standards were used

and dn/dc values were obtained for each injection assuming 100% mass elution

from the columns.

Polymerizations. All manipulations were performed under argon using

standard Schlenk techniques. A typical polymerization (i.e., reaction 6, Table 2.2)
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would proceed as follows: a dry Schlenk tube, purged with argon, was charged

with 0.2184 g (1.580 mmol) monomer 3 and a magnetic stir bar. Three freeze-pump-

thaw cycles were carried out to degas the monomer. Under an argon atmosphere,

1.4 mg (0.0017 mmol) of catalyst 2 was then added. The tube was heated to 50 ◦C,

and pulsed with high vacuum (approximately 60 mTorr) every 10-15 minutes to

remove volatiles. The reaction mixture solidified after approximately one hour, at

which time dynamic vacuum was applied for the remainder of the reaction. For

reactions done at 70 or 95 ◦C, the temperature was increased from 50 ◦C upon

solidification of the reaction mixture. After the prescribed reaction time, heat was

removed and the reaction exposed to air. The product was dissolved in a minimal

amount of boiling toluene, precipitated into an excess of ice-cold methanol, filtered

and dried under high vacuum overnight.

2.4 Results and Discussion

ADMET with catalysts 1 and 2. Table 2.1 displays a comparison between

ADMET polymerizations using catalysts 1 and 2. With 1 as catalyst, monomer

3 polymerizes to much higher molecular weight than does monomer 4. This result

is expected, considering the lower reactivity of 1 for this type of disubstituted

olefin.12 However, catalyst 2 does not appear to favor 4 over 3, as had been ex-

pected. Under typical ADMET conditions (i.e., 50-70 ◦C in the bulk), 3 polymerizes

at least as well as 4. It is likely that the high concentration of monomer relative to

phosphine precludes large-scale formation of phosphine-bound 2a, or that 2a is in

fact an active catalytic species under ADMET conditions. We speculate that the

improbability of forming 2a under ADMET conditions allows the terminal olefin

monomer to polymerize to high molecular weight.

Furthermore, the cis/trans ratios for polyoctenylene obtained with 1 and

2 are comparable. Catalyst 1 is known to favor the formation of trans over

cis olefins under thermodynamic conditions.9 Similarly, polyoctenylene obtained
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rxn monomer catalyst [M]/[C] time (hrs) Mn (103) (GPC) PDI
1 3 1 480 69 11.5 2.1
2 4 1 340 69 2.6 1.5
3 3 2 400 71 14.8 2.0
4 4 2 410 71 14.4 1.7

Table 2.1: Comparison of ADMET results between catalysts 1 and 2.

from polymerizing monomer 3 with catalyst 2 was found to have a high trans

content of 80% by 13C NMR.

Activity of catalyst 2. Having shown that the reactivity of the terminal diene

monomer is comparable to that of the non-terminal diene monomer with catalyst

2, commercially available 3 was chosen to investigate the reactivity of 2 under

ADMET conditions. Table 2.2 shows that the molecular weight of the resulting

polymer is virtually independent of monomer:catalyst ratios, unlike ADMET of

monomer 3 with catalyst 1.9 In addition, lower catalyst loadings do not require

longer reaction times as is evident by rxn 9 (monomer:catalyst of 10000:1).

rxn [3]/[2] time (hrs) yield (%)a Mn (103) (GPC) PDI
5 420 26 36 11.3 1.8
6 960 23 27 14.7 1.4
7 2600 23 42 10.2 1.6
8 4700 23 47 12.9 1.6
9 10000 23 60 13.4 2.0

Table 2.2: ADMET of 3 with catalyst 2; areported yields are based on mass
of recovered product, and do not account for the lost mass of condensation
byproducts.

Previously, reaction times of 2-3 days have been standard for ADMET poly-

merizations.9, 16 Figure 2.2 shows that long reaction times are unnecessary with

catalyst 2. The maximum number average molecular weight for a given set of

conditions (i.e., temperature and monomer:catalyst ratio) is reached within 24

hours; polydispersity remains fairly constant throughout this time (Mw/Mn = 1.6-

2.1). Thus, given sufficient reaction time of approximately 24 hours, molecular

weight for bulk polymerizations seems to be most influenced by changes in

temperature. Given the high viscosity of the reaction mixture after a few hours,
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the maximum percent conversion is apparently limited by diffusion of monomer

or oligomer to the active catalyst end of a growing polymer chain. Accordingly,

Table 2.3 shows that higher temperatures allow polymerization to proceed to

higher molecular weight.

Figure 2.2: Plot of molecular weight vs. time for ADMET of 3 with catalyst 2.
Reaction conditions: [3]/[2] = 1000, 50 ◦C, 50 mTorr.

rxn [3]/[2] time (hrs) Temp (◦C) yield (%)a Mn (103) (GPC) PDI
10 960 23 50 60 2.9 1.7
11b 960 23 70 27 14.7 1.4
12 990 23 95 22 23.7 1.6
13 2500 23 50 57 4.3 1.7
14c 2600 23 70 42 10.2 1.6
15 2600 23 95 46 27.8 1.8

Table 2.3: Temperature effects in ADMET polymerizaitons of 3 with catalyst 2; asee
Table 2.2, bsame as reaction 6; csame as reaction 7.

Finally, given that backbiting22, 23 and depolymerization24 reactions are known

to occur with catalyst 2, and that monomer 4 is fairly volatile under ADMET condi-

tions, it is conceivable that “chain clipping” (i.e., depolymerization of the terminal

monomer unit from a polymer chain) is responsible for the low yields shown in
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the tables.‡ However, only 2-butene was found in the volatile materials lost during

polymerization of 4. The lack of monomer suggests both that dimerization of the

monomer (forming less volatile species) is rapid, and that chain clipping is not

occurring to any appreciable extent. The low reported yields probably result from

the small scale of the reactions, and inefficient workup procedures.

2.5 Conclusion

We have demonstrated that, with the highly-active catalyst 2, ADMET poly-

merizations produce high molecular weight polymer with shorter reaction times

relative to standard ADMET conditions. Catalyst 2 rapidly polymerizes terminal

dienes, even with very low catalyst loadings. In terms of molecular weight and

rate of polymerization, no significant advantage is gained by using non-terminal

olefins over terminal olefins. The ability of 2 to polymerize disubstituted olefins

as readily as terminal olefins suggests that high molecular weight, telechelic

polymers may be accessible using 2. Studies are currently under way to investigate

the ability of 2 to form high molecular weight telechelic polymers under ADMET

conditions.

‡For a reaction that goes to complete conversion, a recovered mass of 79% would correspond to
100% yield.
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Chapter 3

Understanding
Ring-Opening-Insertion Metathesis
Polymerization: Mathematical
Models of Insertion Polymerizations
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3.1 Abstract

Initial results toward the development of a mathematical model for ring-

opening-insertion metathesis polymerization (ROIMP) are reported. Two ap-

proaches at simplifying the mathematical description of the ROIMP mechanism

are discussed. The first approach involves the one-step insertion of monomer

units into polymer chains that contain a specified number of insertion sites. The

second approach is more representative of the ROIMP mechanism, separating the

insertion process into two steps.

3.2 Introduction

Beginning in the 1920s, statistical treatments of polymerization reactions were

developed. These mathematical models describe the progression of the reaction,

taking into account the mechanism of polymerization, and the presence of various

reacting species. Equations have been derived that describe changes in the average

degree of polymerization and molecular weight distribution, as well as the effects

of relative reaction rates and the inclusion of various additives. Theoretical

treatments have proven valuable in helping to understand and control various

polymerization systems upon scale-up and commercialization. This is particularly

true for two types of polymerizations: step growth and chain growth.1, 2

Step growth polymerizations involve repeated coupling reactions of α,ω-

difunctionalized monomers. The coupling reaction often involves the loss of a

small molecule such as H2O or HCl, and so the process is historically (and still

frequently) referred to as condensation polymerization.3 The extent of reaction

conversion is typically defined as the proportion of chain ends that remain.

Because of this definition, and since each coupling reaction forms a product species

containing two reactive chain ends, it is possible to observe complete consumption

of monomer at less than 100% conversion. In step growth polymerizations,

however, monomer typically remains the most numerous species until very high
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conversions are reached. As a result, it is statistically most likely for reactions to

occur between monomers, or at least between a monomer and a species of higher

order.

In 1936, Carothers determined that the average degree of polymerization (DP )

is an inverse function of the reaction conversion, p (equation 3.1).4

DP =
1

1 − p
(3.1)

The average degree of polymerization of the reactants increases very slowly until

the reaction has reached well over 90% conversion. This approach is therefore

only useful for polymerization reactions that are extremely high yielding, such

as condensation type reactions where the equilibrium can be driven toward the

formation of polymer by the removal of condensation byproducts.

As opposed to the geometric growth observed for step growth polymerizations,

chain growth mechanisms involve the sequential, linear addition of monomers

to a growing polymer chain. Three (and sometimes four) separate reactions can

typically be recognized in the chain growth process: initiation, propagation, chain

transfer (in some systems), and termination. The extent of conversion of the

reaction is directly related to the consumption of monomer. However, polymer

chains initiate, propagate, and are terminated throughout the reaction. Therefore,

to a first approximation, initiation, propagation, and termination occur indepen-

dently of monomer conversion. Polymer chain length is determined largely by the

relative rates of propagation and termination, and is largely unaffected by reaction

conversion.

A number of disadvantages limit the applicability of these methods. In partic-

ular, for step growth polymerizations, extremely pure reagents, high monomer

concentration, and high-yielding coupling reactions are required to form high

molecular weight polymer. Side reactions must be suppressed, and it is often

necessary to remove and dispose of condensation byproducts. In addition, control

over molecular weight and molecular weight distribution is often very difficult.
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Chain growth polymerizations suffer less from these drawbacks, although many

polymer compositions and architectures are most easily accessed by step growth

methods. Both processes, therefore, remain important for many commercial

applications.

The unique mechanism of ring-opening-insertion metathesis polymerization

(ROIMP) combines many of the aspects of step growth and chain growth poly-

merizations (see Appendix A). Ring-opening metathesis polymerization (ROMP)

of the cycloolefin, a chain growth process, is very quick and occurs almost entirely

uninterrupted. The diene subsequently inserts into the olefins in the backbone

of the polycycloolefin. Normally, terminal dienes (although not α,β-unsaturated

terminal dienes) polymerize via ADMET, a step growth polymerization process.

The insertion portion of ROIMP, however, displays marked differences from a

normal step growth mechanism. In particular, a driving force for the insertion step

is the thermodynamically favored formation of α,β-unsaturated internal olefins.

This driving force is strong, and as a result, ROIMP can be carried out in solvent

and without the need for rigorously purifying the reagents.

Another consequence of the combination of different polymerization mech-

anisms in ROIMP is that the overall reaction likely does not conform to the

mathematical models that have been developed for either step growth or chain

growth polymerizations. During the ROMP portion of the reaction, molecular

weight distribution and degree of polymerization most likely behave as for normal

ROMP reactions. However, the insertion portion of the reaction also affects these

variables. Conversion cannot be measured by monomer consumption, as there

are typically two monomers which are consumed at drastically different rates.

Average degree of polymerization most likely is not monotonically increasing, but

rather decreases in the early stages of the insertion portion of the reaction. The

relative rates of various reactions, including ring-opening and cross metathesis

between the numerous species present must certainly play a role in the molecular

weight distribution at different stages of the reaction. Experimental work involv-

ing ROIMP is presented in Appendix A. A mathematical model of the ROIMP
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reaction would be useful for understanding the influence of variables such as

monomer identity, monomer ratio and extent of reaction. Initial work toward the

development of such a model is presented here.

3.3 Results and Discussion

In a ROIMP reaction involving a cycloolefin and an α,β-unsaturated terminal

diene, nearly 30 different reactions are possible between reactants and catalyst.

This necessitates a number of simplifying assumptions. The experimental data

indicates that the ROMP portion of the reaction occurs much faster than the

insertion portion (see Appendix A). It seems reasonable, therefore, to ignore the

ROMP portion of the reaction, and assume that the insertion of the diene monomer

occurs with a pre-formed polyalkenamer.

For simplicity in the following discussion, a terminal olefin (which is defined

to be equivalent to one-half of an internal olefin) will be referred to as ”A,” so

that an internal olefin can be represented by ”AA.” In addition, a terminal α,β-

unsaturated olefin will be referred to as ”B,” and a diacrylate monomer will thus

be represented by B–B. An internal α,β-unsaturated olefin will be referred to as

”C,” although note that it is equivalent to ”AB.” See Figure 3.1 for clarification of

this nomenclature.

Each metathesis reaction must be facilitated by the ruthenium catalyst. This

adds a further level of complication, since each metathesis reaction involving

the catalyst can lead to two distinct products (depending upon the connectivity

of the metallacyclobutane). Certain connectivities are more likely than others,

depending upon the sterics and electronics of the reactants and resulting products.

In this initial treatment of the ROIMP reaction, the action of the catalyst has been

completely ignored. Coupling of A and B groups occurs without consideration of

the orientation of the reactants or the catalyst.

Although terminal acrylates are observed to dimerize during ROIMP reactions,

the extent of this unwanted side reaction is typically very small (1–2%). Reactions
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Figure 3.1: Definitions used for ROIMP model.

involving two B groups are therefore ignored in order to further simplify the

calculations.

Figure 3.2 shows M1 and M2, the different mechanisms by which an insertion

polymerization can occur. In the simplest mechanism, M1, each BB monomer is

inserted in one step into an AA group. Although this mechanism is not realistic for

ROIMP, it represents a simplified version of insertion polymerizations from which

to begin the development of a mathematical model. The end product is identical

to that of the more complicated mechanism, M2, in which each B group must react

individually with an A group. Initial calculations were therefore performed using

the simplified insertion mechanism, M1.

M1: Concerted Mechanism

M2: Step-Wise Mechanism

AA
B B

AB BA

AA
B B

AB B A AB BA+

Figure 3.2: Insertion polymerization mechanisms.
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In calculating the average degree of polymerization (DP ), it was decided to first

consider only polymer molecules present in the reaction. Given NAA (the number

of AA groups initially present) and NP (the number of initial polymer chains), the

initial DP is NAA/NP. Then, defining NBB as the number of B-B monomer units

initially present, and p as the fractional conversion of B-B monomer units at any

point in the reaction, DP is defined by

DP =
(NAA + p ∗ NBB)

NP

This indicates that, for mechanism M1, DP increases linearly with conversion

when conversion is defined as the number of reacted B-B monomers units (or,

equivalently, the number of reacted AA groups).

An alternative method for calculating DP is to consider all species present in

the reaction. Degree of polymerization is then given by equation 3.2.

DP =
(NAA + NBB)

(NP + NBB − p ∗ NBB)
(3.2)

Note that, because of the definition used for p, equation 3.2 is applicable under

conditions where NAA ≥ NBB, but not when NBB > NAA. As with traditional

step growth polymerizations, DP as defined by equation 3.2 increases very rapidly

only at high values of conversion (Figure 3.3).

p

D
P

10.50.25 0.75

40

30

20

10

50

Figure 3.3: Degree of polymerization vs. conversion for M1, considering all species
present (equation 3.2). Values of constants: NAA = NBB = 1000, NP = 50.
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Determination of molecular weight distribution as a function of conversion of

B-B units (p) for mechanism M1 requires the initial distribution of polymer chains

to be defined. Let gp(y) be a function that defines the number of polymer chains

with y repeat units (i.e., either AA groups or C groups) at p conversion. For

example, gp(10) represents the number of chains containing a total of 10 AA and/or

C groups. Then, g0(y) represents the initial distribution of chains. Although any

distribution can be chosen for g0(y), a normal distribution is used in the present

study. Therefore, by the definition of the normal distribution,

g0(y) = num ∗ (2 ∗ pi ∗ s2)(−1/2) ∗ e
(−(y−m)2

(2∗s2))

where m represents the mean, s represents the standard deviation, and num is

a scaling factor that accounts for the number of initial polymer chains. For the

calculations performed here, m = 50, s = 5, and num = 500.

The probability of a B-B unit inserting into a given polymer chain is determined

by the number of unreacted AA units that are present in that chain relative to the

total number of unreacted AA units left in the reaction. This is determined by the

chain’s initial number of AA units as well as the number of insertion reactions

that have occurred for that chain. Furthermore, the number of polymer chains of

overall length y (i.e., with the sum of the number of AA units and the number of

inserted B-B units equal to y) is equal to the sum of chains where the initial number

of AA groups and the number of insertion reactions sum to equal y. For example,

at any conversion p, gp(4) is equal to the number of chains that initially contained

two AA groups and have undergone two insertion reactions, plus the number of

chains that initially contained three AA groups and have undergone one insertion

reaction, plus the number of chains that initially contained four AA groups and

have undergone no insertion reactions. This summation can be represented by

equation 3.3, given that p is also equal to the probability that an insertion reaction

has occurred at any randomly selected AA group.
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gp(y) =
l∑

y=l/2

g0[y] ∗ p(l−y) ∗ (1 − p)(2∗y−l) (3.3)

Plots of gp(y) for various values of p < 0.5 are given in figure 3.4. Interestingly,

the original distribution is distorted as conversion nears 50%. It appears that

polyolefins with larger numbers of initial AA groups are more prone to insertion

reactions, and thereby increase their molecular weight faster than polyolefins with

fewer initial AA groups. This seems reasonable, as the probability of a B-B unit

inserting into a chain is directly related to the number of AA groups that are

present in that chain.

g
0
(y) g

0.15
(y)

g
0.48

(y) g
0.495

(y)

y y

y y

Figure 3.4: Plots of gp(y) vs. y for mechanism M1 at various levels of reaction
conversion (vertical axes units represent an arbitrary number of chains).

Currently, due to problems in rounding and the handling of even/odd integers,

implementations of equation 3.3 using Mathematica (Wolfram Research, version
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5.0.0.0) are invalid for conversions greater than 50%. One would expect, however,

that the evolution of the distribution for values of p > 0.5 would be similar to the

evolution for values of p < 0.5. Indeed, by modifying the equation to calculate

gp(y) only for even values of y, this behaviour is observed for values of p > 0.5.

A mathematical model for mechanism M2 is far more complex than the model

for mechanism M1. The significant difference between the two mechanisms is

that the molecular weight of a polymer chain can decrease for M2, whereas it

is strictly increasing for M1. Therefore, for M2, the number of polymer chains

containing a given number of monomer units is dependent not only upon the

number of insertion reactions that have occurred, but also upon the location within

the polyolefins that those insertions occur.

For the M2 mechanism, three key reactions can be identified: R1, R2, and R3

(Figure 3.5). At any given conversion p, the molecular weight distribution and DP

will be dependent upon the number of each of these reactions that have occurred.

For example, since the number of molecules remains constant, reactions of type R1

do not change DP (assuming that DP is defined to include all species present in

the reaction). In addition, the molecular weight of a chain can either increase or

decrease upon undergoing an R1 reaction, whereas it can only increase as a result

of R2 and R3 reactions.

AA B

A

A A

A

AA

B C

+

+

+

+C
R1

R2

R3

Figure 3.5: Important reactions for mechanism M2.

As a further complicating factor, the order in which reactions occur must also be

considered. In achieving 100% conversion, the fewest number of overall reactions

will occur if R3 reactions are completely suppressed. However, every two reactions

of type R1 that occur produce the reactants necessary for an R3 reaction. Therefore,
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if R1 reactions occur much faster than R2 reactions, there will be a buildup of

terminal A groups and R3 reactions will become more probable.

Due to the complexity of the M2 mechanism, suitable equations for calculating

the molecular weight distribution and DP of the reaction as a function of conver-

sion have yet to be derived. However, it may be possible to simplify the model

using statistical distributions of chain fragments, with the number of fragments

determined by the conversion. This, and other possible simplifying methods,

await further investigation.

3.4 Conclusions

Initial attempts to model the ROIMP reaction have been successful only using

highly simplified models. Further work is necessary in order to extend this work

to more realistic models.
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Chapter 4

Development of Polymeric Chain
Transfer Agents for Use in
Ring-Opening Metathesis
Polymerizations
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4.1 Abstract

Ring-opening metathesis polymerization (ROMP) of cyclic olefins in the pres-

ence of polymeric chain transfer agents (PCTAs) resulted in the formation of block

copolymers. Suitable PCTAs include a variety of commodity polymers, although

chain transfer is most effective for PCTAs with low molecular weight (below 10,000

g/mol). For well-defined block copolymers products, the PCTA must contain

only a single olefin. Reactivity of the PCTA is influenced by the substitution

and location of the olefin; PCTAs containing terminal olefins are more highly

active than those containing internal olefins. Herein is reported the synthesis of

symmetric PCTAs containing an internal olefin, as well as the use of symmetric

PCTAs in controlling molecular weight in ROMP reactions.

4.2 Introduction

Numerous advances over the past century have aided the development of

chain growth polymerization processes. The highly reactive nature of the active

species in some chain growth polymerizations (particularly those involving free

radicals) necessitates the use of methods for controlling polymer growth. One

approach to limiting polymer molecular weight is through the use of chain transfer

agents (CTAs). A propagating polymer chain reacts with a CTA by transferring

the active species. The original polymer chain is terminated (either reversibly

or irreversibly) and a new polymer chain begins to propagate. By adjusting

the ratio of CTA to monomer or initiator, the frequency of chain transfer can be

affected. Alternatively, the relative activity of the chain transfer agent can be

modified. Through the manipulation of these variables polymer molecular weight

and structure can often be finely controlled.

Ring-opening metathesis polymerization (ROMP) is a chain growth polymeri-

zation process that has benefited from the development of chain transfer agents.1–4

In the absence of CTAs, many ROMP systems exhibit relatively uncontrolled
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propagation characteristics. The use of CTAs has afforded control in both polymer

molecular weight and endgroups. Molecular weight, which in the absence of a

CTA is influenced mostly by the nature of the catalyst and by the ratio of monomer

to catalyst, is determined by the ratio of monomer to CTA. Typically a linear

relationship is observed between the amount of added CTA and the molecular

weight of the resulting polymer. Such systems are limited, however, by the

reactivity of the catalyst and the identity of the CTA.

In general, CTAs for ROMP reactions are small organic molecules containing

acyclic olefins. Both symmetric and asymmetric olefins have been employed, and

the resulting polymer products are influenced by the structure of the CTA. Given

sufficient reaction time and temperature, the chain transfer process results in a

statistical distribution of CTA groups and catalyst initiator fragments at the poly-

mer chain ends. Thus, telechelic polymers (i.e., polymers that are functionalized

at the chain ends) can be produced using symmetric CTAs if the CTA is present in

significantly greater quantities than the catalyst. For example, if 200 equivalents

(relative to catalyst 1 or 2) of a symmetric CTA are used, phenyl endgroups from

the catalyst will statistically be present on only 0.25% of polymer chain ends, with

the remaining 99.75% of polymer endgroups originating from the CTA.

The formation of telechelic polymers using a chain transfer process in ROMP

reactions can be aided if the catalyst is able to undergo secondary metathesis

reactions with the backbone olefins of the polymer. These “backbiting” reactions

work best for polymers containing metathesis-active olefins. Thus, chain transfer

is most effective with monomers such as cyclooctadiene and cyclooctene, which

generate less bulky backbone olefins. In addition, the functionality of the CTA

is limited to groups that are not reactive with the metathesis catalyst. For these

reasons, much recent attention has been focused in the employment of catalyst 2

in ROMP reactions using CTAs. The high level of activity of catalyst 2 has been

documented, and allows chain transfer reactions with more sterically demanding

olefins.5, 6 In addition, the functional group tolerance of ruthenium catalysts enable

the use of CTAs containing a wide variety of functionalities.
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Figure 4.1: Ruthenium olefin metathesis catalysts.

Although in the majority of cases, CTAs are well-defined, small organic

molecules, the use of polymers as CTAs has been documented in a few cases.7–9 For

example, thiol-containing polymers function as CTAs in radical polymerizations.

This method results in grafted, comb-type polymer architectures. In general,

polymeric chain transfer agents (PCTAs) remain an underdeveloped method for

controlling chain growth polymerizations.

A suitable PCTA for ROMP reactions must contain an acyclic olefin. As with

traditional CTAs, the olefin can be either symmetric or asymmetric. The former

is necessarily an internal olefin, while the latter is most conveniently (but not

necessarily) a terminal olefin. The active portion of the PCTA is then a single olefin

that may be extensively surrounded by the inert polymer portion of the molecule.

It is expected, therefore, that effective reaction conditions and PCTA compositions

will be different from those that have been developed for small molecule CTAs.

The first report of the use of PCTAs in ROMP reactions is reproduced as

Appendix B of this thesis. Recently, Emrick and coworkers published the first

reported use of a symmetric PCTA.10 In Emrick’s work, the PCTA was composed

of a pair of benzyl ether dendrons connected by a short, olefin-containing linear

segment. Cyclooctadiene was used as monomer, and triblock copolymers with

end-functionalization in excess of 95% were obtained. These examples of the

use of PCTAs in ROMP reactions begin to demonstrate the utility, but fail to

address the scope of the method. In addition, an understanding of the variables

that are influential in ROMP reactions involving PCTAs, both symmetric and
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asymmetric, would aid in the development of suitable applications. Herein is

reported preliminary work toward expanding the scope and understanding of

metathesis-active PCTAs.

4.3 Results and Discussion

4.3.1 Synthesis of Asymmetric PCTAs

Asymmetric PCTAs (i.e., polymers containing terminal olefins) can be easily

synthesized using a variety of polymerization methods. Indeed, many examples

of polymers containing an olefin as one of the endgroups are sold commercially.

These polymers are likely synthesized via living anionic polymerization, with

an alkenyllithium as the initiating species. Alternatively, Zeigler Natta catalysts

yield olefin-terminated polymers when β-hydride elimination is the method of

termination.11, 12

The preparation of olefin-terminated, asymmetric PCTAs via atom transfer

radical polymerization (ATRP) is described in Appendix B. The synthetic simplic-

ity of ATRP is virtually unmatched compared with other methods for controlled

polymerization. Reagents are commercially available and do not require rigorous

purification. In addition, acceptable reaction conditions are easily achieved, and

the resulting polymers are well-defined. The main difficulty with this method

is the residual metal contaminants that are present in the product polymer.

This contamination has prevented us from characterizing the polymers by multi-

angle laser light scattering (MALLS); alternative methods for the preparation of

asymmetric PCTAs await further investigation.

4.3.2 Synthesis of Symmetric PCTAs

The synthesis of polymers containing a single olefin in the backbone is, in itself,

a challenging problem. One method has been reported in the literature, whereby a

cyclic tin oxide was used to initiate the ring-opening polymerization of various
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monomers (Figure 4.2, lactic acid shown as example monomer).13–15 Insertion

reactions on either side of the olefin lead to expansion of the tin macrocycle,

and hydrolysis yields the final, hydroxy-terminated, symmetric polymer. The

presence of an olefin in the backbone of the polymer was confirmed by 1H

NMR spectroscopy, and the reactivity of that olefin was demonstrated by its

ability to undergo epoxidation with mCPBA. This method is currently under

investigation as a means of producing symmetric PCTAs suitable for ROMP.

The approach is particularly interesting for its ability to use lactic acid and ǫ-

caprolactam as monomers, thereby creating polymers with numerous heteroatoms

in the backbone. In addition, molecular weight is easily controlled, and the method

is able to form polymers with a low polydispersity index (PDI).
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Figure 4.2: Preparation of a symmetric polymer using ring-opening polymeriza-
tion.

Symmetric PCTAs should be highly uniform and well defined. If the method

for their synthesis is less than quantitative, a portion of the polymer product will

be asymmetric. The asymmetric polymer molecules may contain an olefin near

the chain end; the reactivity of such olefins could be substantially different from

the reactivity of olefins located at the center of PCTA chains. Since mixtures of

polymers are typically very difficult to separate into their constituent components,

a method for quantitatively producing symmetric, olefin-containing PCTAs is

desirable.

4.3.2.1 Coupling of Pre-formed Polymers

Well-defined polymers with differing moieties at opposite chain ends (i.e.,

heterotelechelic polymers) are commercially available. This includes a variety

of molecular weights of poly(ethylene oxide) (PEO) that contain hydroxy and
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methoxy chain ends. Two methods for coupling hydroxy-terminated PEO, as

shown in Figure 4.3, were attempted in an effort to form symmetric PCTAs

(preparation of the coupling agents is discussed below). Analysis of the products

by MALDI-TOF MS, unfortunately, showed a mixture of the desired product,

unreacted PEO, and in many cases, undesirable products from side reactions.

Attempts to isolate the bis-coupled PEO by dialysis or fractional precipitation were

unsuccessful.
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Figure 4.3: Preparation of symmetric PCTA: coupling of heterotelechelic PEO.

Polystyrene (PS) terminated with an acid chloride group is also commercially

available. Reaction of this polymer with 2-butene-1,4-diol afforded a mixture

of both mono-coupled (asymmetric) and bis-coupled (symmetric) PS. Fractional

precipitation was found to be an effective method of separation; the overall yield

of the desired product, however, was only 17%. Considering the expense of the

functionalized PS starting material, this method is not practical on a larger scale.

Another approach toward coupling heterotelechelic polymers utilizes cross

metathesis as the coupling reaction. Unfortunately, cross metathesis reactions

using olefin-terminated polymers (such as the asymmetric PCTAs described

earlier) and catalyst 2 failed to reach 100% conversion. In addition, as in the

previous cases, isolation of the desired product from uncoupled polymer proved

unsuccessful by the attempted methods. Due to the inherent limitations presented

by these methods (e.g., the tedious separation processes required after the coupling
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reaction), alternative methods for the preparation of symmetric PCTAs were

investigated.

4.3.2.2 Generating Symmetric PCTAs in situ

Extension of the ATRP method used to prepare asymmetric PCTAs was

expected to be straightforward, as a similar system was reported by Yuan and

coworkers.16 Unfortunately, the dual site ATRP initiator 5 shown in Scheme 4.1

suffered from unsatisfactory efficiency. As a result, the polymer product was

a mixture of structure 6 and the desired structure 7, as shown by 1H NMR

spectroscopy. The olefin in 6 is very near the polymer chain end, and is thus

possibly closer in reactivity to a terminal olefin than to the internal olefin of the

desired product. It is therefore likely that a mixture containing compounds 7

and 6 would not be characteristic of a well-defined, symmetric PCTA. Incomplete

initiation has been observed previously in ATRP reactions, and studies have been

performed in an attempt to find more efficient initiating systems.17 From these

studies, it seems likely that substituting one or two methyl groups for the ethyl

substituents next to the halogen atoms would provide better initiation. However,

considering limitations inherent in ATRP, this modification may not be sufficient

to provide the uniformity that is desired for symmetric PCTAs.

The ability to precisely control polymer architecture and composition is per-

haps the most attractive advantage of living anionic polymerization (LAP).18

Although it requires rigorously controlled reaction conditions, LAP remains a pop-

ular technique for producing well-defined functionalized polymers. Initiators in

LAP are typically highly reactive carbanions such as butyllithium. For monomers

such as styrene and methacrylates, the resulting propagating species are relatively

stable. This ensures that initiation occurs much more rapidly than propagation,

which leads to the high degree of control afforded by LAP. If reactive impurities

are excluded from the reaction, termination with functionalized reagents allows

for further control over the composition of the final product.
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Scheme 4.1: Preparation of a symmetric PCTA using ATRP.
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Considering these aspects of LAP, the method was targeted for the synthesis

of symmetric PCTAs. Two approaches are possible: polymerizing in two direc-

tions from a bifunctional initiator, and using a bifunctional terminating agent.

Preparation of symmetric, olefin-containing polymers using these methods is

shown in Scheme 4.2. The bifunctional initiator approach involves generation of

a biscarbanion containing an internal olefin, and seems synthetically challenging.

As a result, only the bifunctional termination approach has been investigated to

date. Nevertheless, if a bifunctional initiator can be prepared (by the reaction of

lithium metal with compound 3, for example), the method would be well suited

for the unambiguous preparation of symmetric PCTAs.

Functionalization of polymer chain ends in LAP is conveniently accomplished

via addition/elimination reactions between the growing polymer chain and an

appropriate electrophile. Side reactions, however, often produce unwanted results.

Scheme 4.3 shows our first attempt to produce symmetric PCTAs using LAP. The

bis(acid chloride) 4 was easily prepared by the reaction of 3-hexenedioic acid with

thionyl chloride. Unfortunately, the reaction between polystyrenyllithium and an

acid chloride generates a ketone, which is prone to further nucleophilic attack by

a second polystyrenyllithium. Indeed, regardless of stoichiometry, termination
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Scheme 4.2: Preparation of a symmetric polymer using LAP.
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of the LAP of styrene with 4 led in all cases to polymer products in which two,

three, and in some cases four polymer chains were attached to each terminating

molecule. This result was clearly shown by MALDI-TOF and GPC analyses of the

products.

Scheme 4.3: Attempted preparation of a symmetric PCTA using LAP.
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Because of steric constraints, 1,1-diphenylethylene (DPE) is reactive toward

polystyryl anions, but does not homopolymerize via anionic polymerization.19, 20

As a result, the addition of a single unit of DPE to the end of a growing

polymer chain has been used to moderate the reactivity of polystyrenyl anions.

For example, DPE end-capped polystyryl anions were reacted with polymers

containing pendant alkylhalide groups in order to create branched and comb-

like polymers.21 In the current work, it was thought that the steric bulk of DPE
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end-capped polystyryl anions would prevent multiple reactions with each acid

chloride group in 4. This proved to be the case, and MALDI–TOF analysis of the

product indicated the presence of the desired bis-coupled product. A new series

of peaks, however, were also detectable by MALDI–TOF. The mass differential of

the new series may indicate the presence of a side reaction involving hydrogen-

abstraction by the anionic polymer, migration of the olefin, and addition across

the olefin upon quenching the reaction in acidic methanol (Scheme 4.4).∗

Scheme 4.4: Competing reaction in LAP of styrene using 1,1-diphenylethylene.
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Having deemed acid chlorides (and other carbonyl-based terminating agents)

as inappropriate for the current investigations, our attention was shifted toward

terminating agents containing alkyl halides.22 Such molecules should undergo

Sn2 reactions with polymer anions, generating products which are inert toward

reaction with additional anions.

Suitable, symmetric bis(alkylhalide) coupling agents are not commonly com-

mercially available, with the exception of 1,4-dibromo-2-butene (8). However,

a wide range of alkyl halides containing a terminal olefin are available. Unlike

the difficulties that are encountered in cross metathesis reactions involving olefin-

terminated polymers, cross metathesis involving alkenylhalides is suitable for

∗Olefin migration likely also occurs when neutral methanol is used; the resulting olefin-
containing polymer would be relatively inactive toward metathesis.
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producing fairly pure symmetric terminating agents. The difference lies in

the ability to efficiently isolate (by column chromatography or distillation) the

homocoupled product from the uncoupled starting material. This approach has

the potential to yield symmetrical, difunctional terminating agents displaying a

wide variety of steric and electronic environments.

Cl
Cl

Br
BrBr

Br

8 9

3

For the current research, 1,10-dichloro-5-decene (3) and 1,8-dibromo-4-octene

(9) were prepared in 76% and 56% yield, respectively, using catalyst 1. With

strong nucleophiles, the β-hydrogens of these linking agents are highly susceptible

to elimination-type reactions. Quirk and coworkers reported, however, that the

addition of LiCl is effective in suppressing this competing reaction, presumably

by moderating the reactivity of the anions through the formation of aggregates.23

Indeed, in LAP reactions of styrene with cyclohexane as solvent and sec-BuLi as

initiator, elimination reactions were substantially suppressed by the addition of

LiCl. Unfortunately, the desired doubly-coupled product was never observed in

appreciable amounts. Aggregation of the polystyryl anions likely increased the

steric barrier toward the coupling of two polymer chains to a molecule of 3.

Rather than moderating the reactivity of the polystyryl anions through the

use of LiCl, a second approach toward suppressing elimination reactions is

to increase the reactivity of the alkylhalide. Indeed, using the alkylbromides

8 and 9, elimination reactions were not observed. In cyclohexane solvent at

room temperature, however, the reactivity of 8 was sufficient to allow lithium-

halogen exchange followed by Wurtz coupling (Figure 4.4).23, 24 The major product,

although symmetric, contained no olefin units. This competing reaction can be

avoided by lowering the reaction temperature. Thus, in THF solvent at −98 ◦C,

the desired product was obtained in good yield. It is important to note that
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Figure 4.4: Formation of polystyrene dimer by lithium-halogen exchange and
Wurtz coupling.

the terminating agent must be added to the solution of polystryryl anions slowly

in order to ensure that the polystyryl anions are always present in excess. A

small amount of H-terminated polystyrene, presumably resulting from water that

was present in the solution of terminating agent, was observed by GPC and

MALDI–TOF. This contaminant polystyrene fraction is expected to be inert toward

metathesis reactions, and should therefore not affect the activity of the PCTA.†

Polystyrene CTAs with a variety of molecular weights and compositions were

prepared (see Table 4.1).

Table 4.1: Symmetric polystyrene PCTAs

Compound Product Terminating Molecular Weighta PDI
Structure Molecule (g mol−1)

10
n n

8 10,000 1.13

11 8 4,600 1.15
12 8 2,500 1.08

13 n n 9 2,100 1.06

aAverage value as determined by 1H NMR and MALLS GPC, when available.

†More rigorous drying of the terminating agent using CaH2 should eliminate the formation of
this contaminant.



46

4.3.3 The Use of PCTAs in ROMP

With the symmetric PCTAs 10–13, effective molecular weight control was

observed for cyclooctene and cyclooctadiene monomers (Figures 4.5 and 4.6). The

success of the reactions could be qualitatively determined by GPC. For example,

two peaks were observed in the MALLS detector signal of an unsuccessful reac-

tion. These two peaks corresponded to the molecular weights of the unmodified

PCTA and the polymer that is formed in a control reaction in which the PCTA

is excluded. In addition, only one peak, corresponding to the molecular weight

of the unmodified PCTA, was observed in the UV detector signal of the same

sample. This is notable since the monomer (by itself) produces a polymer that

is transparent to UV light (λ = 254 nm), while the PCTA (or any fragments of

the PCTA) is strongly absorbent at this frequency. These data indicated that the

polymerization of the monomer was unaffected by the presence of the PCTA, and

that the resulting polymer did not contain any portion of the PCTA.
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(a) (b)

Figure 4.5: ROMP reactions using cyclooctene and (a) 12 or (b) 13 as PCTA. Yields
for these reactions were typically 80–90%.

In contrast, only one main peak was observed in both the MALLS and UV

signals for successful polymerizations involving PCTAs. The single peak indicates
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Figure 4.6: ROMP of cyclooctadiene with 12 as PCTA. Yields for these reactions
were typically 80–90%.

that the product contains a single type of polymer – presumably, an ABA triblock

copolymer with polystyrene A blocks and a polyoctenamer or polybutadiene B

block. The presence of a minor peak, corresponding to approximately half of the

molecular weight of the PCTA, was also observed. This is likely due to a small

amount of inert polystyrene, formed by termination with water in the preparation

of the PCTA.

The progress of a ROMP reaction with a PCTA can often be monitored

qualitatively based on the viscosity of the reaction. The PCTA is first dissolved

in a solution of the monomer and solvent at room temperature, followed by

subsequent addition of the catalyst. No change is observed until shortly after the

reaction vessel is heated (typically to 55 ◦C), at which time the solution becomes a

gel. Some time later (typically 5-15 minutes, depending upon the molecular weight

and concentration of the PCTA present) the gel is broken and the viscosity of the

reaction decreases. These observations indicate that ROMP of the monomer occurs
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initially in an uncontrolled manner. The resulting high molecular weight polymer

is then slowly broken into smaller fragments by cross metathesis reactions with the

PCTA.

A variety of monomers have been investigated in ROMP reactions with

PCTAs, and less sterically crowded olefins seem to be ideal for these reactions.

Thus, cyclooctene and cyclooctadiene work quite well in ROMP reactions with

symmetric polystyrene PCTAs. Norbornene, in contrast, presents considerably

more resistance toward molecular weight control with PCTAs. Although it

may be possible to find reaction conditions which improve this situation (e.g.,

specific solvents, higher temperature, or longer reaction time), it is evident that

reactions with PCTAs are particularly sensitive toward the steric environment of

the monomer.

In addition to the identity of the monomer, several factors were observed to

have dramatic influence on the efficiency of reactions involving PCTAs. In partic-

ular, chain transfer was not effective unless the reaction was carried out above

a minimum monomer concentration. In addition, this minimum concentration

was dependent upon the molecular weight of the PCTA. Thus, in the case of

polystyrene PCTA and cyclooctene monomer, initial monomer concentrations of

1.8 M and 0.9 M were required for PCTAs with molecular weight of 4,600 g mol−1

(11) and 2,500 g mol−1 (12), respectively.‡ This seems to indicate that the polymer

portion of the PCTA acts to dilute the reaction. The backbiting and cross metathesis

reactions necessary for chain transfer are only successful if the olefin of the PCTA

is present in sufficient concentration. This has important implications on the scope

of feasible PCTAs. If the molecular weight of the PCTA is increased, and the

concentration of ROMP reactions involving that PCTA must be correspondingly

increased, viscosity of the reaction medium at some point renders the reaction

impracticable. This is especially true for monomers which are solids (such as

norbornene).

‡Reactions involving cyclooctadiene required an even greater initial monomer concentration,
and were typically carried out at 2.7 M.
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Other factors that were investigated include reaction time and solvent. Using

cyclooctadiene and 12, no difference was observed between the polymer obtained

after 48 hours of reaction time and the polymer obtained from an aliquot of the

same polymerization reaction taken after 24 hours of reaction time. In addition,

both toluene and benzene solvent yielded similar results for polystyrene PCTAs.

It is expected, however, that the identity of the solvent may play an important role

by determining the accessibility of the PCTA olefin. Polymeric CTAs may coil more

tightly in poor solvents, decreasing the accessibility of their centrally-located olefin

and the efficacy of chain transfer. Further investigations into the role of solvent in

these reactions are ongoing.

The chemical environment immediately surrounding the olefin of the PCTA

was briefly investigated. Using 8 and 9 as the terminating agents in the preparation

of the PCTAs, variations were obtained in the steric environment of the PCTA

olefin due to the proximity of the attached polystyrene groups. These variations

had little or no effect upon the reactivity of the PCTAs, as 12 and 13 behaved

quite similarly. In all PCTAs prepared, at least one methylene group was present

between the olefin and the nearest styrene unit. Thus, significant variations in the

electronic environment of the PCTA olefins were not obtained.

If PCTAs operate analogously with small molecule CTAs, then a ROMP

reaction with 200 equivalents of PCTA relative to the catalyst should produce a

uniform ABA triblock copolymer wherein the A blocks originate from the PCTA

and the B block originates from the monomer. Proving the existence of a triblock

structure is most conveniently done by degradation of the central block. In

the case of polybutadiene (derived from cyclooctadiene monomer), this can be

accomplished using osmium tetraoxide. This process should result in a polymer

product that is half of the molecular weight of the original PCTA, and contains

no olefin groups. Indeed, when the polymer product from a reaction involving

11 and cyclooctadiene is subjected to osmium tetraoxide and hydrogen peroxide,

the resulting polymer displays no olefinic protons in the 1H NMR spectrum. The

molecular weight of the product, however, is 3,500 g mol−1, which is higher
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than expected. The reason for this anomaly is under investigation; possible

explanations include coupling of the terminal aldehyde groups that result from

the oxidative degradation.

4.4 Conclusions

Symmetric PCTAs have been investigated as a means of controlling molecular

weight in ROMP reactions. Molecular weight control is afforded for PCTAs as long

as certain requirements are met. In particular, the initial monomer concentration

must be above a critical value which is determined by the molecular weight of

the PCTA and by the identity of the monomer. Higher molecular weight PCTAs

require higher initial monomer concentrations. Because of the corresponding

increase in solution viscosity, reactions generally become impracticable with

higher molecular weight PCTAs. Our results thus far indicate that this method

is suitable for PCTAs with a molecular weight of less than 10,000 g mol−1.

Monomers that work best in ROMP reactions with PCTAs include cyclooctene,

cyclooctadiene, and possibly derivatives of these molecules in which there is little

steric crowding of the olefin. The ability to control the molecular weight of the

product decreases with increasing substitution around the olefin in the monomer.

Finally, unambiguous determination of the triblock structure of products from

ROMP reactions with PCTAs is underway.

Reactions involving asymmetric PCTAs have not yet been thoroughly investi-

gated, although it is evident from preliminary studies that they are considerably

less dependent upon reaction conditions compared with reactions involving sym-

metric PCTAs. By locating the metathesis active site (i.e., the olefin) at the terminus

of the PCTA, its accessibility and reactivity appears to be dramatically enhanced. It

is therefore expected that the activity of asymmetric PCTAs will be less influenced

by factors such as PCTA molecular weight and monomer concentration. Appendix

B details the application of asymmetric PCTAs in the synthesis of polyacetylene

block copolymers.
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4.5 Experimental

General procedures and materials. See also Appendix B. Styrene (Aldrich)

was distilled from CaH2 and stored at –78 ◦C under an atmosphere of argon prior

to use. Cyclooctene, 5-bromo-1-pentene and 8 (Aldrich) were degassed by purging

with argon prior to use. Cyclooctadiene (Aldrich) was distilled from CaH2 and

stored under an atmosphere of argon prior to use. CH2Cl2 was purified by passage

through a solvent column prior to use.

Preparation of 9. To an oven dried, 25 mL round bottom flask containing a

stir bar was added 1.91 g 5-bromo-1-pentene. The flask was degassed by three

freeze/pump/thaw cycles before adding 7 mL of dichloromethane by syringe.

Solid catalyst 1 (87 mg) was added to the flask, which was subsequently heated

to reflux while maintaining an atmosphere of argon. After 22 h, the reaction

flask was cooled to room temperature and solvent was removed under reduced

pressure. The product was purified by column chromatography on silica gel 60

(230-400 mesh, EM Science) using a mobile phase of 98% hexane and 2% ethyl

acetate, yielding 0.96 g (56%) of a colorless oil.

Example procedure for the synthesis of a symmetrical PCTA. A flame dried,

500 mL flask containing a glass stir bar was cooled under static vacuum. To the

flask was added 300 mL of dry, degassed tetrahydrofuran, followed by 1.2 mL of

styrene via syringe. The flask was placed in a –95 ◦C hexane/N2 bath and then

1.0 mL secBuLi was added by syringe, turning the contents of the flask orange.

After 30 min, approximately 0.2 mL of 9 was added dropwise to the flask until

the color completely disappeared. The flask was warmed to room temperature,

concentrated under reduced pressure, and then precipitated into 300 mL of stirring

MeOH. The resulting solid was isolated by filtration and dried under reduced

pressure, yielding 1.27 g (68%) of a white powder.

Synthesis of block copolymers. In a typical procedure, the symmetric PCTA

was added to a small vial containing a stir bar. The vial was purged with argon for

10 min, the monomer and solvent (either toluene or benzene) were added, and the



52

mixture was stirred to completely dissolve the polymer (1-2 min). Subsequently,

an appropriate amount of a stock solution of the catalyst in solvent was added to

the vial via syringe, the vial was placed in an oil bath maintained at 55 ◦C, and the

reaction was stirred under an argon atmosphere for 24 h. The reaction mixture was

then cooled to room temperature, precipitated in MeOH, and dried under reduced

pressure.
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Chapter 5

Patterned Polymer Layers Using
Surface-Initiated Ring-Opening
Metathesis Polymerization
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5.1 Abstract

Optimization of reaction conditions for surface-initiated ring-opening me-

tathesis polymerization (SI-ROMP) is reported for a variety of metathesis sub-

strates and catalysts. The combination of SI-ROMP with microcontact printing

(µCP) and dip pen nanolithography (DPN) generated patterned polymer layers

on the micrometer and nanometer scale, respectively. The use of SI-ROMP and

1,3,5,7-cyclooctatetraene, along with µCP or DPN, has been investigated with the

goals of forming electrode junctions and patterned molecular wires.

5.2 Introduction

The fixation of polymers to surfaces is vitally important to the study of polymer

coatings. The nature of the bonding force between polymer and surface is

an important factor in determining the properties and stability of the polymer

coating. Bonding forces can be relatively weak, which is often the case with

adsorbed polymer films, or relatively strong, as in the case of covalently attached

polymers. In general, highly robust polymer coatings that are stable toward

solvent, temperature, or other environmental factors are best obtained using

covalent attachment methodologies. As a result, much research has recently been

directed toward improving the synthesis of surface-grafted polymer (i.e., polymer

brush) layers.1

Two approaches are common for forming polymer brushes.2 In the first

method, known as grafting to, functionalized polymers are reacted with, and

thereby attached to a surface. The second method, known as grafting from, involves

the direct growth of polymers from a surface using a surface-attached initiator

species. The latter method has received more attention due to its ability to form

brush layers with a higher density of attached polymer molecules. Recently, the

versatility of the grafting from methodology has been extended by the development

of surface-initiated ring-opening metathesis polymerization (SI-ROMP).3–6 Mild
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reaction conditions, short reaction times, and the availability of a diverse group

of monomers allow SI-ROMP to claim many benefits over other surface-initiated

polymerization methods.

Incorporation of polymer materials into electronic devices such as capacitors

and field effect transistors (FETs) is desirable due to the lower weight, easier

processability, and lower cost of these materials relative to traditional inorganic

materials.7, 8 Polymer films comprising each of the component layers in FETs

have been studied, and, as such, play an important role in determining device

performance. The performance of thin-film transistors (TFTs) is most commonly

quantified by measuring and comparing two values: field-effect mobility (µ), and

on/off ratio.9 Mobility is a measure of the average charge carrier drift velocity

per unit electric field and is greatly affected by the quality of the semiconductor

layer. Example characteristic current-voltage (I/V) data for a top-contact FET (as

described in Chapter 1) is shown in Figure 5.1. Mobility as well as on/off ratio

(i.e., the ratio between the highest and lowest saturation currents in the I/V plot),

can be calculated from these plots and the equation

IDS =
WCi

2L
µ(VG − V0)

2

where IDS is the current between the drain and source electrodes, W is the width

between the drain and source electrodes (i.e., channel width), L is the channel

length, Ci is the capacitance per unit area of the insulating dielectric layer, VG is

the applied voltage between the gate and source electrodes, and V0 is the threshold

voltage, which is calculated from the plot of (IDS)1/2 versus gate voltage (see inset

of Figure 5.1).

For applications such as the dielectric layer in TFTs, it is important for

polymer films to be homogeneously smooth and free of pinholes.10 Excessive

surface roughness can lead to diminished device performance, as it interferes

with the interface between the dielectric and the overlaying semiconductor layer.
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Figure 5.1: Example I/V diagrams for an FET. The large graph shows drain current
versus drain voltage for five different gate voltages. The inset shows a plot of the
square root of drain current versus gate voltage. Data reprinted from Katz and
Bao.9

Furthermore, pinholes within the dielectric layer can result in significant current

leakage and unacceptable on/off characteristics of the transistor.

Although SI-ROMP with a variety of monomers and conditions has been

reported in the literature, only recently has the method been incorporated into

the construction of working electronic devices. The first reported preparation of

functional FETs utilizing SI-ROMP for the production of the dielectric layer is

reprinted in Appendix C. We report here additional results that have been obtained

using SI-ROMP and catalysts 1 and 2.

Cl
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NN
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SH
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Figure 5.2: Catalysts and linking molecules employed in SI-ROMP.



59

As described in Appendix C, polymer brush layers were covalently attached to

metal and metal oxide surfaces using a grafting from approach. The surfaces were

first functionalized with self-assembled monolayers (SAMs) of olefin-containing

linking molecules such as 3, 4 or 5. An olefin metathesis catalyst (1 or 2) was

then allowed to react with and attach to the surfaces. Exposure of the catalyst-

functionalized surfaces to a solution of cyclic olefin monomer afforded the desired

polymer brush layers. Each step in the process was followed by extensive solvent

washings to remove unbound linker, catalyst, or polymer molecules. The re-

sulting films were characterized by atomic force microscopy (AFM), ellipsometry,

profilometry, and optical microscopy. Thin-film transistors were prepared using

the polymer brushes as the dielectric layer (see Appendix C). The electronic

properties of these FETs were characterized and compared to devices prepared

using inorganic dielectrics. In addition, patterns of polymer brush layers were

prepared using microcontact printing and dip pen nanolithography.

5.3 Results and Discussion

5.3.1 Electronic Devices Using SI-ROMP

Many factors were determined to influence SI-ROMP reactions and the re-

sulting polymer layers. These include environmental factors such as reaction

conditions, chemical factors such as the reactivity of the linking species, catalyst,

and monomer, and procedural factors such as post-polymerization heat treatment.

Before any of these variables could be investigated, however, it was first

discovered that (as in many other cases) the purity of the reagents can be a

determining factor in the success of SI-ROMP. Two examples illustrate this point.

In the first example, all initial SI-ROMP reactions involving norbornene monomer

and 1,2-dichloroethane (DCE) solvent, regardless of reaction conditions and the

identity of the catalyst or linking species, yielded poor to moderate results.

Polymer film thicknesses rarely exceeded 100 nm, and were often significantly
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lower. This problem was eliminated simply by filtering the DCE through a short

column of neutral alumina before use. Treatment of the polymerization solvent

in this manner significantly improved results, allowing the production of the

thick polymer films (up to 3 µm) that are discussed below. The difficulty in

using untreated DCE solvent is thought to be due to the presence of a small

amount of HCl, an impurity that is generated by the decomposition of DCE. This

impurity is apparently able to significantly decrease the reactivity of the surface-

attached catalyst. In support of this hypothesis, a series of SI-ROMP reactions

were attempted using DCE solutions of norbornene monomer. If the monomer

solution is used immediately upon preparation, the resulting polymer film has a

thickness of approximately 10 nm. Addition of a small amount of triethylamine to

the monomer solution affords a polymer film over 100 nm thick. Alternatively,

allowing a solution of the monomer to sit for 8-12 hours at room temperature

before use yields a polymer film greater than 800 nm thick. Finally, preparing

a new monomer solution using alumina-filtered DCE affords a polymer film in

excess of 1.5 µm thick. Presumably in these experiments, the HCl impurity is

removed, either by neutralization with triethylamine, by slow reaction with the

olefin of norbornene, or by filtration with alumina.

In the second example, initial attempts at using dicyclopentadiene (DCPD)

as the monomer in SI-ROMP reactions yielded no polymer films whatsoever.

However, purification of the DCPD solution (most conveniently by filtration

through a short plug of alumina) allowed the preparation of polymer films with

thickness in excess of 1.5 µm. It is likely that a small amount of cyclopentadiene,

which is known to inhibit catalysts 1 and 2, is present as an impurity in the

DCPD. Interestingly, alumina treatment of the monomer solution works only for 2;

conditions for the successful SI-ROMP of DCPD with 1 have yet to be determined.

These examples show the sensitivity of SI-ROMP toward trace impurities in the

reagents. Furthermore, they indicate that unsuccessful SI-ROMP reactions may be

a result of insufficient purification methods, rather than an inherent inability of the

monomer to polymerize from surface attached catalysts.
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Application of SI-ROMP in the area of electronic devices requires the ability

to produce uniform polymer films of controlled thickness. Previous reports

have demonstrated control of polymer layer thicknesses up to approximately 100

nm.5 In agreement with these reports, we have found that monomer solution

concentration is a convenient way in which to control the thickness of the resulting

polymer film. Using catalyst 1 and norbornene monomer, polymer film thickness

was found to depend (approximately linearly) upon the concentration of the

monomer solution (Figure 5.3a).
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Figure 5.3: Variation in polynorbornene film thickness with monomer solution
concentration using (a) catalyst 1; (b) catalyst 2. Note the different y-axis scales. For
both graphs, polymerizations were carried out at room temperature for 15 minutes.

Unfortunately, SI-ROMP reactions involving 1 produced a practicable upper

limit in polymer layer thickness of approximately 300 nm. These polymer films

were found to suffer from unacceptable leakage current when utilized as the

dielectric layer of FET devices. One possible approach toward addressing this

problem is through the use of thicker polymer films, which might be obtained

using a more active metathesis catalyst. Catalyst 2 is known to be much more

highly active than catalyst 1 in solution-based ROMP reactions. This was also
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found to be the case for SI-ROMP reactions. As shown in Figure 5.3b, polymer

layers in excess of 2 µm were easily obtained using mild reaction conditions and

short reaction times.

In the SI-ROMP reactions that produced the results shown in Figure 5.3,

polymerization times (i.e., the duration of time in which the catalyst-functionalized

surfaces were submerged in the monomer solution) were limited to 15 min, and

reaction temperatures were maintained at room temperature. These conditions

were determined to be optimal for producing the thickest possible polymer brush

layers. The polymer layer remains relatively constant in thickness between 15 min

and 1 h of polymerization time. For polymerization times greater than 1 h, the

resulting polymer layer begins to decrease in thickness. Polymerizations allowed

to continue for 24 h or more result in virtually no surface attached polymer layers

whatsoever.∗ It seems likely that secondary metathesis reactions are occurring

between active polymer chain ends and the backbone olefins of adjacent surface

attached polymer chains. Alternatively, surface-attached catalyst which does not

immediately initiate polymer growth may be reacting with the polymer molecules

that form nearby. These ”backbiting” reactions, as shown in Figure 5.4, would

result in polymeric fragments that are no longer attached to the surface. This

process would decrease the thickness of the final polymer layer. Furthermore,

secondary metathesis reactions are known to occur more slowly than ROMP,11

which seems to account for the time dependency of this phenomenon.

[Ru]

[Ru]

Figure 5.4: Secondary metathesis reaction producing non-surface-bound polymer.

∗The same trend has been observed by increasing the polymerization temperature, although
further studies are necessary to confirm this result.
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Although short reaction times are a highly attractive aspect of SI-ROMP, the

optimization of reaction times that is required to obtain a polymer film of desired

thickness is inconvenient. Stability of the polymer layer toward long reaction times

can be achieved by attaching each polymer molecule to the surface in multiple

locations. This is most conveniently achieved by cross-linking the polymer film,

for example by using a multifunctional monomer. Dicyclopentadiene (DCPD),

the product of a Diels-Alder reaction between two cyclopentadiene molecules,

is well studied for its ability to crosslink in ROMP reactions with metathesis

catalysts.12 As expected, SI-ROMP reactions involving DCPD monomer produced

films that were stable toward long reaction times (Figure 5.5). While secondary

metathesis reactions are still possible, they apparently do not lead to fragments of

free (i.e., not surface-bound) polymer chains. The thickness of these polymer films

is nearly independent of polymerization time (given sufficient reaction time for

film formation - i.e., 15-30 min), yet remains highly dependent upon the monomer

solution concentration.

500

1000

1500

2000

0.5 1 1.5 2 2.5 3 3.5 4 4.5

15-20 min Polym. Time
60 min Polym. Time
3060 min Polym. Time

DCPD Concentration (M)

Figure 5.5: Variation in poly(DCPD) film thickness with monomer solution
concentration and polymerization time.
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(a) (b)

Figure 5.6: (a) AFM image of a polynorbornene film. (b) Optical micrograph (20x
magnification) of a polynorbornene film.

Polynorbornene films were characterized immediately after their formation.

Both optical microscopy and AFM indicated that numerous pinholes of various

sizes were present (see, for example, Figure 5.6), and TFTs using these films

suffered from significant leakage current. In an effort to eliminate these pinholes,

the polynorbornene films were annealed at 135 ◦C for 15-60 min. This temperature,

which is significantly above the glass transition temperature of the polymer, allows

the polymer chains to reorient themselves and fill any voids on the surface. Char-

acterization of the annealed films indicated that the pinholes were significantly

reduced in size and number (Figure 5.7). Indeed, annealed polynorbornene films

displayed significantly less leakage current, and when used as the dielectric layer

in TFTs provided a large improvement in on/off ratios.

As with polynorbornene films, polymer films produced from SI-ROMP of

DCPD also showed large numbers of pinholes. Annealing the DCPD films,

however, did not lead to a reduction in their size or number. This is further

evidence that the DCPD films undergo crosslinking reactions, as it is likely that

crosslinked polymers would not possess the mobility that is present in non-

crosslinked films. The DCPD films are thus not be able to undergo the reorientation

that reduces the presence of pinholes in polynorbornene films.
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(b)(a)

Figure 5.7: (a) AFM image of an annealed polynorbornene film. (b) Optical
micrograph (200x magnification) of an annealed polynorbornene film.

The source of the pinholes observed in SI-ROMP films is not yet clearly

understood, although it is likely that incomplete catalyst coverage is one source.

Surface measurements (described in Appendix C) indicate that the density of

ruthenium on catalyst-functionalized surfaces (i.e., before the polymerization step)

is very low. This could result from the catalyst reacting with multiple linker

molecules, in effect forming polymers of 4 or 3 on the surface. It could also

indicate that steric crowding or low reactivity is preventing the formation of a

high density of surface-attached catalyst molecules (as might be expected using

linker 5). Previous efforts to overcome these complications have involved mixed

monolayers of metathesis active and metathesis inactive thiols. Investigations with

different linking molecules, as well as mixed monolayers, are currently underway

in an effort to produce more uniform SI-ROMP polymer layers.

With the goal of developing TFTs constructed solely from organic molecules,

pentacene semiconducting layers were employed. The mobility of TFTs utilizing

pentacene as the semiconductor is highly dependent upon the quality and grain

size of the pentacene film.9 Surface roughness of SI-ROMP polynorbornene films

was characterized using AFM. Despite the presence of pinholes, images such

as those in Figures 5.6 and 5.7 indicate that the films are relatively smooth:
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surface roughness does not typically exceed about 10% of the film thickness.

Nevertheless, the mobilities reported in Appendix C are lower than those from

traditional TFTs constructed with inorganic dielectric layers. The crystalline

domains in the pentacene layers of the TFTs reported here must therefore be

smaller, indicating that the interface between the dielectric layer and the pentacene

layer is inferior to traditional devices (i.e., those prepared by spin coating the

dielectric layer). This may result from the harsh conditions that are employed

for vapor deposition of the pentacene layer, which could potentially be damaging

the polynorbornene film. Indeed, TFTs formed using the lamination method

(which avoids vapor deposition of the semiconductor over the dielectric) result

in significantly improved mobilities.

The results presented in Appendix C indicate that SI-ROMP polymer films

are well suited for applications in electronic devices. Further optimization of the

reaction conditions, with the goal of improving film quality and reproducibility,

is currently underway. In addition, TFTs that utilize multiple SI-ROMP layers (in

particular, the dielectric and semiconducting layers) which are covalently attached

at their interface are also under investigation.

5.3.2 Patterning of SI-ROMP Layers

The construction of TFTs requires an ability to pattern at least one of the

component layers. For example, in the TFTs described in Chapter 1, the source and

drain electrodes are present in a regular pattern of discrete lines. The dimensions

and spacing between the electrodes are important factors in calculating device

mobility. For the long-term goal of applying SI-ROMP in the production of all-

organic TFTs, two capabilities are required: the ability to deposit conducting

polymers, and the ability to pattern the deposited polymer layers.

Conducting polymers have gained considerable attention in recent years,

and are discussed at length in Appendix B. As numerous reports have shown,

monomers such as 1,3,5,7-cyclooctatetraene (COT, 6) and 7 allow the preparation of
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conducting polymers using ROMP. These monomers have been used in our initial

attempts to address the requirements listed above.

CF3

CF3

6 7

Depending upon the length scale required, several methods have recently been

developed for patterning a variety of materials on surfaces. Among those methods,

microcontact printing (µCP)13 and dip pen nanolithography (DPN)14 are excellent

methods for preparing patterned thiols on gold substrates at the micrometer and

nanometer scales, respectively. Both methods have been applied to SI-ROMP,

although for µCP, only silicon substrates have so far been employed.5, 15, 16 Using

thiols such as 4 and 5, as well as monomers 6 and 7 we have begun to investigate

the preparation of patterned, conducting polymer layers using SI-ROMP and

either µCP or DPN.†

A stamp suitable for µCP was prepared by molding a poly(dimethylsiloxane)

(PDMS) resin onto an AFM calibration grating. The resulting negative image

displayed a well defined grating with a step height of 1040 nm and a 3 µm pitch.

Using this stamp, gold surfaces were modified with patterned SAMs of 4. Relative

to forming unpatterned SAMs from thiol solutions, the stamping process is very

rapid, requiring less than 1 min of exposure of the gold surface to the thiol-coated

stamp. The resulting patterned surfaces were exposed to catalyst and monomer

solutions as described for unpatterned surfaces.

In many cases, evidence of patterned polymer growth could be visually

observed on the gold surfaces. The surfaces were further characterized by optical

microscopy and AFM. All patterned SI-ROMP polymers displayed appropriate

pitch (i.e., spacing), with an average value of 3.0 µm and a range of 2.5–3.5 µm.

†The portion of this research involving DPN was carried out largely by Xiaogang Liu under the
direction of Chad Mirkin at Northwestern University.
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(a) (b)

Figure 5.8: AFM images of patterned polynorbornene layers produced by µCP: (a)
top view; (b) edge view. The images were obtained using different samples.

In the case of patterned polynorbornene, step heights were difficult to discern,

as the polymer patterns did not typically display well-defined edges. This

indicates that the polymer is growing in all directions, and although the catalyst

is confined to specific areas on the surfaces, the growth of polymer lessens the

resolution of these areas (Figure 5.8). Thus, rather than step heights, peak-to-

trough heights were measured by AFM. Preliminary results indicate that control

over polymer growth can be very roughly obtained using the monomer solution

concentration. Neither the concentration of the thiol solution, nor the time of

exposure of the gold surface to the thiol-coated PDMS stamp seem to have

significant influence on the resulting polymer layer. As seen previously, long poly-

merization times yield reduced film thickness: using 1.5 M norbornene, 20 min

polymerization time yields 145 nm thick patterns, while 325 min polymerization

time yields only 95 nm thick patterns. Many more studies remain to be done in

order to claim a thorough understanding of this method. In particular, the purity

and identity of the linking molecule appears to be highly influential in determining

polymer film thicknesses. It seems likely that slightly diluted SAMs of the linking

molecule (e.g., mixed SAMs using a second, metathesis inactive thiol) lead to an
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increased density of catalyst that is covalently bound to the surface, and hence to

thicker polymer layers.

10 µm

0 nm

50 nm

10 µm

0 nm

20 nm

(a) (b)

Figure 5.9: AFM images of polymer patterns produced by µCP: (a) Poly(DCPD);
(b) Poly(COT).

In addition to norbornene, both DCPD and COT have been investigated

in SI-ROMP reactions using µCP. As shown in Figure 5.9a, reactions involv-

ing DCPD produce patterned polymer layers of significant surface roughness.

Thicknesses of the poly(DCPD) layers are also substantially lower than those for

polynorbornene, given identical reaction conditions. In the case of COT, even

in the absence of solvent (i.e., neat monomer), only minimal polymerization is

observed (Figure 5.9b). It is possible that the ROMP of COT, which is very nearly

thermodynamically neutral, requires a catalyst density greater than that which

is presented by the catalyst-functionalized surfaces.‡ Preliminary work using

dip pen nanolithography (DPN) indicates that SAMs produced using different

linking molecules, such as 8, can lead to increased efficiency and yield in SI-ROMP

reactions with COT.

‡Alternatively, ring-closing metathesis reactions (forming benzene) may be favorable in SI-
ROMP experiments with COT.
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The polymer layers that are formed using COT are highly non-uniform in

thickness. Indeed, AFM images of the products from these reactions show the

formation of pillars, rather than films (Figure 5.10). This may be a result of the

highly rigid nature of poly(COT). Because of tip effects, the width of these pillars

is difficult to determine from AFM images. However, the observed variation in

width may indicate that each pillar is composed of numerous poly(COT) chains

oriented normal to the substrate and aligned side by side. This sort of behaviour

has also been seen in block copolymers containing poly(COT), as described in

Appendix B.

(a) (b)

Figure 5.10: AFM images of poly(COT) patterns produced by DPN: (a) top view;
(b) profile of red line in (a).

Alternative procedural methods for patterning polymer layers are possible, and

remain to be investigated. For example, unpatterned SAMs could be exposed

to a PDMS stamp coated with the catalyst. It may also be possible to form a

patterned polymer layer by exposing an unpatterned, catalyst-functionalized SAM

to a PDMS stamp coated with a ROMP monomer, although this procedure would
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most likely provide polymer layers of only limited thickness. Finally, negative

images of the PDMS stamp may be possible by pressing and holding the stamp

against a catalyst-functionalized surface while introducing the monomer solution

or a vapor of the monomer. Polymerization would then be expected to occur only

in the areas not covered by the PDMS stamp. This process has been investigated

in the case of non-covalently attached catalyst,17 and is expected to work equally

well for SI-ROMP experiments.

5.4 Conclusions

Development of SI-ROMP is ongoing, in particular as it relates to the produc-

tion of component layers in electronic devices. We have shown that SI-ROMP

is possible with both norbornene and DCPD, using a variety of solvents and

linking molecules. Polynorbornene layers are unstable over time in the presence

of catalyst, presumably due to secondary metathesis reactions that create non-

surface bound polymer fragments. This drawback can be overcome by using a

crosslinkable monomer such as DCPD. We have also shown that SI-ROMP can

be used in conjunction with patterning techniques such as µCP and dip pen

nanolithography in order to form patterned layers of surface attached polymers.

We are currently working toward the production of surface-attached conducting

polymers using SI-ROMP, µCP or DPN, and monomers such as COT. Current

goals of this research include the formation of semiconducting layers for TFTs and

poly(COT) electrode junctions.

5.5 Experimental Section

Materials. Acetone, isopropyl alcohol, ethanol, 8-bromo-1-octene, tetrahydro-

furan (anhydrous), hexamethyldisilathiane, tetrabutylammoniumfluoride (1.0 M

in THF with 5% H2O), and bicyclo[2.2.1]hept-2-ene (norbornene) were used as

received from Aldrich. Dichloromethane (Aldrich, anhydrous) was degassed prior
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to use by sparging with argon. 1,2-dichloroethane (Aldrich, anhydrous) was first

filtered through a plug of neutral alumina (Brockman Grade I; this procedure is

necessary in order to have film growth), and then degassed by sparging with

argon. 5-(Bicycloheptenyl)trichlorosilane (3) was purchased from Gelest, Inc., and

used as received. Bicyclo[2.2.1]hept-5-ene-2-methanethiol (4) was prepared as

described in the literature.18 Catalysts 119 and 220 were prepared as described in the

literature. 7-Octene-1-thiol (5) was prepared according to a literature procedure,21

with 8-bromo-1-octene as starting material.

Substrate preparation and metal/organic semiconductor deposition. Silicon

wafers containing a 3000 Å thermally grown oxide layer were obtained from

Silicon Quest International. Gold substrates (typically composed of a 500 or 1000 Å

layer of gold over a 50 or 100 Å layer of titanium, both vacuum deposited in an e-

beam evaporator) were prepared on silicon wafers containing a native oxide layer

(Silicon Quest International). Substrates were cut into 1 cm2 squares, individually

cleaned by sequential washings with acetone, deionized water, and iPrOH, and

dried in a stream of dry nitrogen (N2). The substrates were then soaked in a boiling

solution of H2O/H2O2/NH4OH (5:1:1) for 30 min, washed with water and iPrOH,

and dried with dry N2.

Surface functionalization. In a typical procedure using gold substrates,

self-assembled monolayers (SAMs) were formed by submerging freshly cleaned

substrate squares in a filtered solution of thiol in absolute EtOH (typically 0.5

or 0.75 mM) for 24 h. The squares were then removed and washed, first with

EtOH, then with iPrOH before being dried in a stream of dry N2. Using Si/SiO2

substrates, freshly cleaned squares were submerged for 6 h in a 0.5 wt% solution

of trichlorosilane in pentane in a N2 glovebox. The squares were then removed,

sonicated for 5 min each in toluene (2 times), 50/50 toluene/acetone, and acetone,

and dried in a stream of dry N2.

Reaction of the olefin-functionalized substrates with catalyst was done in

dichloromethane solutions of catalyst 1 or 2 (typically 13 or 25 mM) at room

temperature (rt) or 40 ◦C. After the prescribed length of time, the squares were
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removed from solution, washed thoroughly with dichloromethane, and dried

under N2. They were then immediately placed in a fresh, filtered solution of

norbornene in 1,2-dichloroethane or toluene and allowed to react for a prescribed

length of time at rt or 40 ◦C. The squares were then washed thoroughly with

dichloromethane and dried under vacuum.

Device construction. For the FETs using a gold strip as the gate electrode

deposited on SiO2 (both lamination and direct deposition methods), linker 4 and

catalyst 2 were used. Catalyst attachment and norbornene polymerization were

done at rt for 10 min and 15 min, respectively. The thickness of the polynorbornene

film was 1.2 µm for the lamination devices, and ranged from 800 to 1100 nm for

the direct deposition samples. In mobility calculations, a width (W) of 2–3 mm and

length (L) of 1 mm were used for the laminated devices. A width of 940 µm and

length of 240 µm were used for the direct deposition devices.

For the FETs using Si/SiO2 as gate electrode, catalyst attachment was done

with dichloromethane solutions of catalyst 1 or 2 at rt for 10 min, and the

polymerizations were carried out with 1,2-dichloroethane solutions of norbornene

(between 2 and 4 M) at rt, times varying between 15 and 40 min. The thickness of

the polynorbornene films, which were very smooth and did not require annealing,

ranged between 230 and 800 nm, but only those films thicker than 600 nm were

used to make TFTs.

The organic semiconducting layer of pentacene (Aldrich) was deposited by

thermal evaporation under vacuum (typically to a thickness of 300 Å). Gold

overlayers were deposited in an e-beam evaporator under vacuum.

Microcontact printing. An Ultrasharp AFM calibration grid (silicon grating

TGZ04, MikroMasch) was placed in a small petri dish. Poly(dimethylsiloxane)

resin (Sylguard 184, Dow Corning) was added to the dish and allowed to cure

according to the manufacturer’s specifications. The resulting mold was cut into

a small, 1 cm3 cube to produce a stamp suitable for µCP. A patterned SAM was

prepared by first placing a small amount of a solution of thiol in absolute EtOH

(typically 0.5 or 0.75 mM) onto the PDMS stamp using a cotton applicator tip.
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After allowing the stamp to dry for approximately 1 min in air, the stamp was

lightly pressed onto a clean gold surface and held in place for approximately

20 sec. The stamp was removed and the gold surface was washed with EtOH.

Catalyst attachment and polymerization reactions using the patterned SAM were

performed as detailed above.

Characterization. Ellipsometric measurements were performed on a Rudolph

Ellipsometer AutoEL. Profilometric measurements were measured using a Dektak

3030. Current-voltage characteristics were obtained with a Hewlett-Packard (HP)

4155A semiconductor parameter analyzer. AFM Tapping Mode data was acquired

on a JEOL JSPM-4210 scanning probe microscope in a nitrogen environment.

“NONCONTACT ULTRASHARP” silicon cantilevers were purchased from NT-

MDT, Ltd. Rutherford backscattering spectroscopy (RBS) and medium energy

ion scattering (MEIS, a low energy ultrahigh resolution variant of RBS) were

performed at the Rutgers University ion scattering facility. 1.5 MeV He ions (in

RBS) and 100 keV protons (in MEIS) were used to quantify film composition and

thickness.
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Appendix A

Synthesis of A,B-Alternating
Copolymers by
Ring-Opening-Insertion Metathesis
Polymerization

This has previously appeard as: Choi, T.-L.; Rutenberg, I.M.; Grubbs, R.H.

Angewandte Chemie, International Edition, 2002, 41, 3839–3841.
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A.1 Abstract

Ring-opening-insertion metathesis polymerization (ROIMP), a new approach

for generating A,B-alternating copolymers via metathesis polymerization, is re-

ported. The ring-opening metathesis polymerization of cyclic olefins, initially

generating a polymer containing internal olefins along the backbone, is followed

by insertion of acyclic, bis(α,β-unsaturated carbonyl) terminal olefins using a

highly active ruthenium-based olefin metathesis catalyst. The generality of ROIMP

is demonstrated by the polymerization of several cyclic and acyclic monomer

combinations, each generating A,B-alternating copolymers in high yield and with

degrees of alternation greater than 95%.

A.2 Introduction

Alternating copolymers are normally formed by step growth polymerization

of AA-BB monomers and in some special chain growth reactions.1, 2 Although

recent developments in ring opening metathesis polymerization (ROMP)3–5 and

acyclic diene metathesis polymerization (ADMET)6 have extended the versatility

of both chain growth and step growth reactions, these metathesis polymerizations

have not provided a general solution to alternating copolymerization. Examples of

alternating copolymers by ROMP are rare due to the difficulty of finding systems

in which there is an alternation in the affinity of the propagating metal carbene for

the monomers.7–9 Although ADMET is a step growth polymerization, examples

of alternating copolymerization with two monomers by this mechanism have not

been reported since most olefins studied have similar reactivity. Therefore, a

general metathesis route toward A,B-alternating copolymers would open the way

to the synthesis of new functional polymers.

Although well-defined olefin metathesis catalysts such as ((CF3)2MeCO)2(ArN)-

Mo=CH(t-Bu) (1) and Cl2(PCy3)2Ru=CHPh (2) have proven useful for polymer

synthesis, the highly active catalyst 1 suffers from sensitivity to some polar



78

functional groups10 and the highly functional group tolerant catalyst 2 shows

decreased reactivity.11 These disadvantages were recently addressed with the

development of catalyst 3, which exhibits high activity and remains tolerant

of many functional groups.12 Furthermore, catalyst 3 promotes ring-closing me-

tathesis and selective cross metathesis of α,β-unsaturated carbonyl olefins with

high conversions,13–18 thereby expanding the scope of olefin metathesis in organic

synthesis. This suggests that catalyst 3 should be able to produce polymers from

α,β-unsaturated carbonyl olefins. Also, if the coupling between internal olefins

and α,β-unsaturated carbonyl olefins is selective, as is the case in cross metathesis,

diacrylate monomers should be selectively inserted into ROMP polyolefins to yield

alternating copolymers (Scheme A.1). Herein, we report the development of a new

method for synthesizing A,B-alternating copolymers by ring opening insertion

metathesis polymerization (ROIMP).

Ru

PCy3

NN

Cl

Cl

Ph

3

Figure A.1: Ruthenium olefin metathesis catalyst.

Scheme A.1: Proposed mechanism for ROIMP.
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A.3 Results and Discussion

Treatment of a 1:1 mixture of monomers A (diacrylates) and B (cycloalkenes)

with catalyst 3, indeed, yielded highly A,B-alternating copolymers in high isolated

yields. Examples of A,B-alternating copolymers from a variety of diacrylates

and cycloalkenes are shown in Table A.1. For example, using a total monomer

to catalyst ratio of just 290:1, a 1:1 mixture of 1,4-butanediol diacrylate and

cyclooctene gave a copolymer with up to 99% A,B-alternation and a molecular

weight of 90,100 g mol−1 (entry 1). It is important to match the stoichiometry of

cyclooctene because any excess of cyclooctene results in oligocyclooctene blocks,

lowering A,B-alternation.

The extent of A,B-alternation could be easily determined by 1H NMR, since

olefinic protons for A,B-alternating units have a distinct chemical shift from the

starting materials and homo-coupled units. E-Acrylate dimers produce a sharp

singlet at 6.9 ppm (Figure A.2a), while polycycloalkenes display a multiplet at 5.4

ppm (Figure A.2c). On the other hand, A,B-alternating units produce a doublet of

triplets at 7.0 ppm and a doublet at 5.8 ppm (Figure A.2b). Therefore, the extent

of A,B-alternation can be easily calculated by integrating these peaks. The sharp

coupling patterns demonstrate a highly uniform polymer structure with E olefin

isomer (J =15.9 Hz). 13C NMR also shows high A,B-alternation, displaying only

two olefinic carbon peaks for carbons α and β to the carbonyl group (Figure A.2d).

In support of the mechanism shown in Scheme A.1, independently prepared

polyoctenamer was treated with diacrylate and catalyst 3, yielding A,B-alternating

copolymer similar to the product of entry 1 in Table A.1. In addition, monitoring

the reaction by 1H NMR showed rapid and complete ROMP of cyclooctene

followed by gradual appearance of peaks corresponding to A,B-alternating units.

Furthermore, when a ROIMP reaction was terminated after 20 minutes, a polymer

enriched in homo-polycycloalkene olefin units was obtained. These results

strongly suggest a mechanism whereby ROMP of the cycloalkene initially pro-
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Table A.1: Examples of ROIMP products, their A,B-alternations, molecular
weights, and distributions.

Entry Acyclic Cycloalkenea [M ]
[C]

b
conc.c yield d A,B-alt.e Mn(PDI)f

Diene (M) (%) (%) ( g
mol∗10−3)

1
O

O

O

O

290 0.2 84 99 90.0(1.73)

2 125 0.4 75 96 20.3(1.58)

3 125 0.4 93 97 14.0(1.80)

4 200 0.5 91 94 26.1(1.71)

5

OTBS

250 0.4 69 94.5 21.4(1.43)

6
O

O

O

O
O

O

200 0.2 99 98.5 26.5(1.80)

7
O

O
O

O
100 0.1 98 97 25.2(2.06)

a1.0 eq, of cycloalkene was used except cyclopentene (1.3 eq.) bRatio of total monomer to catalyst cConcentration with
respect to acyclic diene dIsolated yields after precipitation into hexane or methanol eDetermined by 1H NMR f Determined
by CH2Cl2 GPC relative to polystyrene standards.

duces an unsaturated polymer scaffold to which subsequent insertion of the

diacrylate forms the final A,B-alternating structure.

Other cycloalkenes were also viable for ROIMP and yielded highly A,B-

alternating polymers (entries 2–4). However, substrates with particularly low

ring strain, such as cyclopentene and cycloheptene, required a lower monomer

to catalyst ratio of 125:1 due to the slow rate of ROMP.19 In order to obtain a

high A,B-alternation (96%) with volatile cyclopentene (bp 44 ◦C), a slight excess

of 1.3 equiv. of the cycloalkene relative to the diacrylate was used. Even with

2.0 equiv. of cyclopentene, a polymer with higher than 85% A,B-alternation was
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Figure A.2: NMR data for a ROIMP product (Table A.1, entry 1).

obtained. Also, treating an isolated polymer of lower A,B-alternation with catalyst

3 yielded a final polymer with higher A,B-alternation. These results suggest

that the equilibrium for cyclopentene lies toward the cyclic form at 40 ◦C; excess

homo-polycyclopentene units are degraded back to cyclopentene and lost from the

system by evaporation.20

Notably, various functional groups can be incorporated into ROIMP copoly-

mers. 5-t-Butyldimethylsilyloxycyclooctene proved to be a viable monomer,

comparable to the parent cyclooctene (entry 5). In this way, free alcohol groups

could be installed into alternating monomer units upon simple deprotection.

Further variations such as ethylene glycol and phenyl groups can be substituted

into diacrylate units as shown in entries 6 and 7. These results demonstrate that

the regioselective incorporation of functional groups is possible by the appropriate
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choice of monomers A and B, thus opening up a new class of polymers that can be

synthesized by ROIMP.

ROIMP exhibits remarkable conversion and selectivity. Compared to ADMET,

where high vacuum and elevated temperature are required to drive the polymeri-

zation to high conversion by removal of ethylene gas,6 ROIMP gives high conver-

sion under gentle reflux conditions for two reasons. First, ROMP of monomer B is

efficient in making the initial homo-polycycloalkene chains. Second, the formation

of 1,2-disubstituted α,β-unsaturated carbonyl compounds is thermodynamically

favored by more than 3 kcal mol−1 per bond.∗ These enthalpic factors, combined

with the loss of ethylene, drive the reaction to high conversion. In addition, the

unfavorable oligomerization of diacrylates, where the intermediate is an unstable

enoic carbene, leads to high A,B-alternation.21 Therefore, ROIMP has benefits of

both chain-growth and step-growth polymerization, leading to high molecular

weight and high selectivity.

To optimize conversion, other polymerization conditions were investigated. It

was found that 0.1–0.5 M solutions in CH2Cl2 at 40 ◦C yield the best results. In

contrast to ROMP, increasing the concentration beyond 0.5 M resulted in lower

conversion. Switching to toluene or 1,2-dichloroethane as solvent also gave lower

conversion, at either 40 ◦C or 60 ◦C. While there is precedence for CH2Cl2 being

the best solvent for cross metathesis of functionalized olefins,21 the concentration

dependence for ROIMP is somewhat surprising, since concentrations of 0.1–0.5

M are considered dilute conditions for conventional step growth polymerization

reactions. Controlling the molecular weight of polymers is a very important issue

since polymers with different molecular weights often exhibit different properties.

For alternating copolymers produced by ROIMP, molecular weight can be roughly

controlled by changing the relative stoichiometry of the two monomers. For

example, using 0.96 equiv. of cyclooctene to 1.0 equiv. of hydroquinone diacrylate

gave 17,800 g mol−1 with 98% A,B-alternation (PDI = 1.64), whereas a copolymer of

45,200 g mol−1 and 95.5% A,B-alternation (PDI = 1.69) was obtained by increasing

∗This value was obtained by AM1 calculation from Spartan v. 1.1, Wavefunction.
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to 1.06 equiv. of cyclooctene. These results show that, compared with the 1:1

case (entry 7, Table A.1), using an excess of hydroquinone diacrylate shortens the

polymer chain, but an excess of cyclooctene gives higher molecular weight due to

the oligomeric blocks of polycyclooctene.

A.4 Conclusion

In conclusion, we have demonstrated a new, general method for synthesizing

highly alternating copolymers by olefin metathesis. The high conversion and

degree of alternation arise from the thermodynamically driven selective bond

formation between diacrylates and cycloalkenes.

A.5 Experimental

General Experimental Section. NMR spectra were recorded on Varian-300

NMR. Chemical shifts are reported in parts per million (ppm) downfield from

tetramethylsilane (TMS) with reference to internal solvent. Multiplicities are

abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet (q), quintet

(quint), and multiplet (m). The reported 1H NMR data refer to the major olefin

isomer unless stated otherwise. The reported 13C NMR data include all peaks

observed and no peak assignments were made. High-resolution mass spectra (EI

and FAB) were provided by the UCLA Mass Spectrometry Facility (University of

California, Los Angeles).

Analytical thin-layer chromatography (TLC) was performed using silica gel

60 F254 precoated plates (0.25 mm thickness) with a fluorescent indicator. Flash

column chromatography was performed using silica gel 60 (230-400 mesh) from

EM Science. All other chemicals were purchased from the Aldrich, Strem, or Nova

Biochem Chemical Companies, and used as delivered unless noted otherwise.

CH2Cl2 was purified by passage through a solvent column prior to use.
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Procedure for entry 1: To a flask charged with 1,4-butanediol diacrylate (90 mg,

0.45 mmol) in 2 ml of CH2Cl2, catalyst 3 (2.7 mg) and cyclooctene (65 µl, 0.45 mmol)

were added. Quick degassing by dynamic vacuum was conducted and the flask

was fitted with a condenser and refluxed under argon for 6 hours. The product

(108 mg, 84%) was precipitated into methanol. 1H NMR (300MHz, CDCl3, ppm): δ

6.93 (1H, dt, J=7.2, 15.9 Hz), 5.77 (1H, d, J=15.9 Hz), 4.13 (2H, broad), 2.12 (2H, m),

1.73 (2H, m), 1.43 (2H, m), 1.30 (2H, m). 13C NMR (75 MHz, CDCl3, ppm), δ 166.8,

149.6, 121.3, 64.0, 32.5, 29.3, 28.2, 25.8.

Procedure for entry 2: To a flask charged with 1,4-butanediol diacrylate (34

mg, 0.15 mmol) in 0.4 ml of CH2Cl2, catalyst 3 (2.3 mg) and cyclopentene (20 µl,

0.15 mmol) were added. Quick degassing by dynamic vacuum was conducted and

the flask was fitted with a condenser and refluxed under argon for 6 hours. The

product (37 mg, 75%) was precipitated into hexane. 1H NMR (300MHz, CDCl3,

ppm): δ 6.85 (1H, dt, J=7.2, 15.9 Hz), 5.82 (1H, d, J=15.9 Hz), 4.10 (2H, broad), 2.22

(2H, m), 1.60-1.75 (3H, m). 13C NMR (75 MHz, CDCl3, ppm): δ 166.5, 148.4, 121.9,

64.0, 31.7, 30.7, 26.6, 25.6.

Procedure for entry 3: To a flask charged with 1,4-butanediol diacrylate (60

mg, 0.30 mmol) in 0.8 ml of CH2Cl2, catalyst 3 (4.1 mg) and cycloheptene (35.5 µl,

0.30 mmol) were added. Quick degassing by dynamic vacuum was conducted and

the flask was fitted with a condenser and refluxed under argon for 6 hours. The

product (74 mg, 93%) was precipitated into hexane. 1H NMR (300MHz, CDCl3,

ppm): δ 6.93 (1H, dt, J=6.9, 15.3 Hz), 5.78 (1H, dt, J=1.5, 17.0 Hz), 4.13 (2H, broad),

2.17 (2H, m), 1.72 (2H, m), 1.30- 1.42 (3H, m). 13C NMR (75 MHz, CDCl3, ppm): δ

166.8, 149.5, 121.4, 64.0, 32.4, 29.0, 28.1, 25.8.

Procedure for entry 4: To a flask charged with 1,4-butanediol diacrylate (60

mg, 0.30 mmol) in 0.6 ml of CH2Cl2, catalyst 3 (2.6 mg) and cyclododecene (58 µl,

0.30 mmol) were added. Quick degassing by dynamic vacuum was conducted and

the flask was fitted with a condenser and refluxed under argon for 6 hours. The

product (92 mg, 91%) was precipitated into methanol. 1H NMR (300MHz, CDCl3,

ppm): δ 6.94 (1H, dt, J=7.2, 15.3 Hz), 5.80 (1H, dt, J=1.5, 15.9 Hz), 4.13 (2H, t, J=5.1
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Hz), 2.16 (2H, dt, J= 6.9, 6.6 Hz), 1.73 (2H, t, J=3.0 Hz), 1.42 (2H, m), 1.24 (7H, m).

13C NMR (75 MHz, CDCl3, ppm): δ 166.9, 149.9, 121.2, 64.0, 32.6, 29.9, 29.8, 29.5,

28.4, 25.8.

Procedure for entry 5: To a flask charged with 1,4-butanediol diacrylate (40

mg, 0.20 mmol) in 0.5 ml of CH2Cl2, catalyst 3 (1.4 mg) and cyclododecene (54 mg,

0.20 mmol) were added. Quick degassing by dynamic vacuum was conducted and

the flask was fitted with a condenser and refluxed under argon for 6 hours. The

product (60 mg, 69%) was precipitated into methanol. 1H NMR (300MHz, CDCl3,

ppm): δ 6.96 (1H, dt, J=6.6, 16.2 Hz), 5.80 (1H, d, J=15.9 Hz), 4.16 (2H, broad),

3.69 (1H, m), 2.20 (2H, m), 1.75 (2H, broad), 1.58 (1H, m) 1.46 (2H, m), 0.90(9H, s),

0.03(6H, s). 13C NMR (75 MHz, CDCl3, ppm): δ 166.7, 149.6, 149.3, 121.5, 121.2,

71.4, 64.0, 36.7, 35.5, 21.7, 28.3, 26.2, 25.8, 24.0, 18.4, -3.9, -4.0.

Procedure for entry 6: To a flask charged with tri(ethylene glycol) diacrylate

(53 mg, 0.21 mmol) in 1 ml of CH2Cl2, catalyst 3 (1.8 mg) and cyclooctene (28 µl,

0.21 mmol) were added. Quick degassing by dynamic vacuum was conducted and

the flask was fitted with a condenser and refluxed under argon for 6 hours. The

product (68 mg, 99%) was precipitated into hexane. 1H NMR (300MHz, CDCl3,

ppm): δ6.95 (1H, dt, J=6.9, 15.9 Hz), 5.82 (1H, d, J=15.9 Hz), 4.26 (2H, t, J=4.8 Hz),

3.70 (2H, t, J= 5.1 Hz), 3.64 (2H, s), 2.16 (2H, dt, J= 6.6, 6.6 Hz), 1.42 (2H, m) 1.29

(2H, m). 13C NMR (75 MHz, CDCl3, ppm): δ 166.7, 150.0, 121.2, 70.8, 69.6, 63.6,

32.5, 29.3, 28.2.

Procedure for entry 7: To a flask charged with hydroquinone diacrylate (44

mg, 0.21 mmol) in 1 ml of CH2Cl2, catalyst 3 (3.5 mg) and cyclooctene (27.5 µl,

0.21 mmol) were added. Quick degassing by dynamic vacuum was conducted

and the flask was fitted with a condenser and refluxed under argon for 6 hours.

The product (60 mg, 98%) was precipitated by hexane. 1H NMR (300MHz, CDCl3,

ppm): δ 7.11- 7.20 (3H, m), 6.00 (1H, d, J= 15.3 Hz), 2.27 (2H, dt, J=6.9, 6.3 Hz),

1.52 (2H, broad), 1.37 (2H, broad). 13C NMR (75 MHz, CDCl3, ppm): δ 165.0, 152.0,

148.2, 122.6, 120.7, 32.7, 29.3, 28.2.
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Appendix B

Direct Synthesis of Soluble,
End-Functionalized Polyenes and
Polyacetylene Block Copolymers

This has previously appeared as: Scherman, O. A.; Rutenberg, I. M.; Grubbs, R. H.

Journal of the American Chemical Society, 2003, 125, 8515–8522.
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B.1 Abstract

The ring-opening metathesis polymerization (ROMP) of 1,3,5,7-cyclooctatetra-

ene (COT) in the presence of a chain transfer agent (CTA) with a highly active

ruthenium olefin metathesis catalyst resulted in the formation of soluble polyenes.

Small molecule CTAs containing an internal olefin and a variety of functional

groups resulted in soluble telechelic polyenes with up to 20 double bonds. Use of

polymeric CTAs with an olefin terminus resulted in polyacetylene block copoly-

mers. These materials were subjected to a variety of solution and solid phase

characterization techniques including 1H NMR, UV/vis, and FT-IR spectroscopies,

as well as MALDI-TOF MS and AFM.

B.2 Introduction

Intrinsically conducting polymers (ICP)s are of great interest due to their

potential use in a wide variety of applications such as polymer light-emitting

diodes (PLED)s, electrostatic dissipation (ESD) materials, and charge storage

devices. As a consequence of their rigidity, most ICPs are insoluble materials,

preventing thorough characterization and thereby slowing the development of

this field. Moreover, the inherent instability of ICPs and associated processing

difficulties create a large barrier for commercialization. In an effort to overcome

these obstacles, the development of a practical synthesis of relatively stable and

soluble conducting polymers with a controlled architecture is important.

The field of conducting polymers was founded upon the discovery of poly-

acetylene (PA), the simplest ICP, in the 1970s.1–5 There have since been numerous

accounts on the synthesis of PA including the Ziegler-Natta polymerization of

acetylene,6 the synthesis of precursor polymers followed by thermal evolution of

a small molecule,7, 8 and the ring-opening metathesis polymerization (ROMP) of

1,3,5,7-cyclooctatetraene (COT).9–12 Despite these developments, applications of

PA remain particularly elusive. Unlike PA, however, three decades of research
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involving other ICPs such as polyaniline, poly(1,4-phenylenevinylene) (PPV),

polypyrrole (PPy), and polythiopene (PTh) has resulted in their commercialization

in applications such as anti-fouling coatings13 and electrodes in batteries and

capacitors.14

Since most ICPs are completely insoluble in organic solvents, several strategies

have been employed to address this problem. One common approach is to add

substitution along the polymer backbone thereby disturbing alignment between

polymer chains and allowing for the penetration of solvating molecules. This

approach has worked well for improving the solubilities of PPV and PTh in

the forms of poly[2-(2-ethylhexyloxy)-5-methoxy-1,4-phenylenevinylene](MEH-

PPV),15 ester-substituted PPVs,16 and poly(3-alkylthiophene).17 While the mate-

rials’ solubilities are greatly enhanced, they also maintain a suitable level of

conductivity; unfortunately, this strategy is not amenable to PA. Both alkyl- and

aryl-acetylene (R-acetylenes) derivatives have been polymerized to produce the

corresponding soluble poly(R-acetylene)s. Although the disorder stemming from

the substituents aids in solubilizing the R-PA, it simultaneously disrupts the π-

conjugation along the polymer backbone. As a result, these materials exhibit

substantially decreased conductivities in comparison to the parent PA.

Another synthetic method used to solubilize ICPs is to produce copolymers

by introducing a second monomer with good solubility properties. Typically,

in order to keep the conductive characteristics of the ICP, block copolymers

are necessary. PA block copolymers have been previously synthesized via two

approaches. In the first approach, using sequential addition of monomers, a

soluble PA-precursor polymer such as poly(phenyl vinyl sulfoxide) is prepared as

one of the blocks.18 Upon heating, an elimination reaction converts the precursor

polymer to PA. This method has been adapted both to anionic polymerization and,

through the Durham route, to ROMP.7 The second approach involves sequential

addition copolymerization of COT and another ROMP-active monomer.19 In

both approaches, however, block copolymer composition is limited because both

monomers must be polymerizable by the same method.
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As many of the desirable characteristics of ICPs and PA are realized with

a relatively small number of repeat units, several groups have endeavored to

produce soluble polyenes with up to 20 double bonds.20, 21 Furthermore, the areas

of natural product synthesis22 and network polymer formation23 would benefit

if functional end groups were built into these soluble polyenes. It has been

demonstrated that heating of a ROMP polymer, prepared from a Durham pre-

cursor monomer using highly active molybdenum and tungsten olefin metathesis

catalysts, leads to polyenes with alkyl end groups.19, 21, 24, 25 For polyenes with less

than 16 double bonds, these alkyl groups enhance solubility and allow for more

detailed characterization.20 One drawback to producing polyenes via the Durham

route is the need for a subsequent deprotection step.

Cl

Ru

PCy3

Cl

NN

PhCl

Ru

PCy3

Cl

Ph

Cy3P

1 2

Figure B.1: Ruthenium olefin metathesis catalysts.

Recently, we reported the direct synthesis of PA via the ROMP of COT with

the highly active ruthenium catalyst 2.12 This reaction is not possible with the less

active catalyst 1 as the ring strain of COT (2.5 kcal/mol) is extremely low.26 Catalyst

2 has also been shown to form telechelic polymers with a variety of functional

end groups when utilized in conjunction with a chain transfer agent (CTA)∗.27, 28

Building upon this work, we report herein a method of forming telechelic polyenes

by the ROMP of COT in the presence of a CTA. Furthermore, these polyenes

are soluble in common organic solvents allowing for extensive solution-phase

characterization. We also describe here the ROMP of COT in the presence of an

∗The higher reaction temperatures required for chain transfer with catalysts 1 and 2 preclude
the ROMP of Durham monomers due to the instability of the PA precursor.
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olefin-terminated polymer, which allows PA block copolymers to be formed with

a variety of commodity polymers such as polystyrene (PS), poly(methyl methacry-

late) (PMMA), and poly(ethylene glycol) (PEG). Indeed, nearly any monomer that

is polymerizable by living anionic or controlled radical techniques can be used as

the solubilizing block. Furthermore, no elimination step is necessary in forming

the PA block, thus reducing synthetic complexity and material waste. Since the

ROMP of COT forms PA directly without the need for deprotection steps,11, 12

and olefin-terminated polymers are commercially available, this represents the

first one-step synthesis of PA-containing block copolymers from commercially

available materials.

B.3 Results and Discussion

B.3.1 Synthesis of Soluble Polyenes

We recently published a report detailing the ROMP of COT (3) to form PA with

catalyst 2 (Equation 1).12 The characteristics of the PA produced by 2 proved to

neat or solvent n
(1)

3

2

4

be very similar to PA produced by previous synthetic routes.12 Unfortunately, the

characteristic insolubility of PA was also observed. The functional group tolerance

of catalyst 2, however, suggests the possibility of placing solubilizing functional

groups at the chain ends by utilizing a chain transfer agent (CTA). It has been

previously shown that the use of a CTA with 2 can produce telechelic oligomers

and polymers from CTAs containing functional groups such as alcohols, halides,

and esters.27, 28 The same strategy can now be applied for the direct formation

of telechelic PA. Furthermore, if the PA chain length can be controlled by this

method, it would provide for the direct formation of soluble polyenes as outlined

in Equation 2.
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nneat or solventXX+ X
X (2)

eplacements

3

2

5 6

Table B.1: Effects of Monomer/CTA and Monomer/Catalyst Ratio on Yield of
Polyenes

Entry CTA [COT]/ [CTA] [COT]/[2] % yield
1a 5a 1 500 76
2a 5a 2 500 83
3b 5a 1 540 78
4b 5a 2 480 69
5b 5a 3 520 49
6b 5a 1 980 40
7b 5a 3 1050 9
8c 5b 2 490 5
9c 5b 4 490 18

10d 5c 4 800 12
11a 5d 1 5000 0
12e 5e 1 500 0

aReaction carried out in 1 mL of CH2Cl2 . bReaction carried out neat.
cReaction carried out in 1 mL of toluene. dReaction carried out in 3 mL
of toluene. eReaction carried out in 1 mL of THF.

The synthesis of telechelic PA was successfully carried out both neat and in

solution via the ROMP of COT with a CTA using catalyst 2 (see Table B.1). Upon

addition of 2, the yellow COT solution turned light orange and then became

progressively darker over the next 5 min depending on the ratio of COT to CTA.

After 24 h, only a small amount of solid was observed to precipitate on the

container walls. This result was visibly different from the large amount of solid

(metallic in appearance) produced when a CTA was omitted from the reaction.

After isolation, the resulting polymer was completely soluble in common organic

solvents, enabling characterization by 1H NMR, UV-vis, and FT-IR spectroscopies,

as well as MALDI-TOF MS.

Attempts to use CTAs such as 5d and 5e were not successful (Figure B.2).

While no solids precipitated during the ROMP of COT with CTA 5d, 1H NMR

spectroscopy of the crude reaction mixture showed very little polyene and no



93

TBSO OTBS AcO OAc

Cl Cl HO OH

O O
Br

OO

Br

5a 5b

5c

5d 5e

Figure B.2: CTAs 5a–e.

material could be isolated (entry 11). Immiscibility of COT and 5e prevented

neat polymerization and required solvents such as THF for ROMP in solution.

Unfortunately, THF has been shown to dramatically decrease the rate of ROMP,11

and no desired polyene product was observed in the 1H NMR spectrum of the

crude reaction mixture (entry 12).

As a consequence of the loss of material at each stage of preparation, obtaining

the polyenes in high yield was somewhat difficult. Some polyene product was

simply lost upon repetitive centrifuge/decant/wash cycles, while shorter polyene

chains were most likely soluble in the MeOH washes. Entries 1 and 2 in Table B.1

show that for ROMP carried out in solution, increasing the amount of COT relative

to CTA 5a has a very minimal effect on the yield of polyene 6a. When the

corresponding reactions are carried out neat (entries 3-5, Table B.1), a decrease

in yield of 6a is observed with a decrease in the amount of CTA 5a. This trend is

likely due to insoluble PA chains precipitating out of solution when too few chain

transfer groups are present to attenuate the molecular weight. When the amount

of COT relative to catalyst 2 is increased to 1000:1 (entries 6 and 7, Table B.1),

the yields decrease substantially. This observation is likely due to the incomplete

initiation of catalyst 229 which would result in a “true” monomer to catalyst ratio

far in excess of 1000. Finally, although it does not lead to chain termination,

backbiting of catalyst 2 onto the growing polyene chain has previously been shown

to eliminate benzene.12 As benzene is not metathesis active, backbiting essentially

removes monomer from the reaction.
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B.3.1.1 Characterization of Soluble Polyenes

The loss of monomer over the course of the reaction because of backbiting also

evidently hinders our attempt to control the molecular weight of the polyenes

by adjusting the ratio of COT to CTA. Previous reports of ROMP reactions

with catalyst 2 and a CTA have shown that molecular weight is dictated by

the ratio of [monomer]:[CTA]if the reaction is allowed to reach thermodynamic

equilibrium.27, 28, 30 This result was not found to be the case for COT. While accurate

molecular weights and distributions could not be obtained for the polyenes,

1H NMR spectroscopy as well as MALDI-TOF MS data indicated average chain

lengths of around 10–13 double bonds for all reactions and did not vary with the

ratio of COT:CTA. The average chain length of the isolated polyenes, however,

may be misleading. When a higher COT to CTA ratio is employed, more polyene

chains reach lengths that render them insoluble. For lower ratios, shorter, MeOH-

soluble polyene chains are favored. As a result of likely fractionation of smaller

and longer chains during workup, regardless of the starting COT to CTA ratio, the

isolated polyene chains are heavily weighted to an average of 10–13 double bonds.

Of course, the backbiting of 2 might be attenuated by decreasing the reaction

temperature; however, if the polymerization of COT occurred without significant

backbiting with a CTA molecule, an insoluble PA chain would result. Hence, in

the direct synthesis of polyenes 6 with catalyst 2, the ability to control molecular

weight is limited.

The solution phase 1H NMR spectrum of polyene 6a (Figure B.3) clearly shows

signals corresponding to the backbone protons of the telechelic polyene between

δ=6–7 ppm, which are characteristically shifted downfield due to the highly

conjugated segment of olefins. The allylic CH2 protons give rise to peaks around

δ=4.2 ppm and the tert-butyl and methyl protons of the silane protecting group

(from CTA 5a) correspond to singlets at δ=0.9 and 0.05 ppm, respectively. The

absense of a singlet at δ=5.79 ppm suggests that all of the unreacted COT was

successfully removed from the polyene product. Integration of the methylene and
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polyene backbone peaks suggests an average of 10 double bonds for the sample,

which is consistent with the MALDI-TOF MS data presented below.

8 7 6 5 4 3 2 1 0 -1
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Figure B.3: 1H NMR spectrum of telechelic polyene 6a in CD2Cl2.

Previous reports have provided very detailed UV-vis spectroscopy data on

soluble polyenes containing up to 15 double bonds.20, 21 As the number of con-

jugated double bonds increases, the absorption shifts to longer wavelengths and

some detail of the higher energy transitions is lost. UV-Vis spectroscopy was

carried out on polyene 6a in both THF and CH2Cl2. Figure B.4 shows the UV-

vis spectrum in CH2Cl2 with 4 distinct transitions between 355 and 450 nm and a

smooth absorption profile extending past 500 nm. These transitions are consistent

with a polyene composed of 10 to 20 double bonds.20

Infrared spectroscopy was also carried out on telechelic polyenes 6a and 6b.

Figure B.5 displays the FT-IR spectra for both telechelic polyenes. The bands at

745, 773, and 1011 cm-1 are visible in both polyene spectra and are conserved from

the IR spectrum of poly(COT).12 The peak at 743 cm-1 can be attributed to the cis
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Figure B.4: UV-Vis spectrum of telechelic polyene 6a in CH2Cl2.

C-H out-of-plane vibrational mode while the peak 1011 cm-1 is due to the trans

C-H mode.31 The presence of a much larger trans peak at 1011 cm-1 supports the

mechanism of trans-selective catalyst 2 backbiting into the polymer chain to attach

the endgroups and form telechelic polymers or to simply isomerize cis olefins to

their trans counterparts.

Finally, mass spectrometry was carried out on the telechelic polyenes. Fig-

ure B.6 shows the MALDI-TOF spectrum for 6a acquired from a dithranol matrix.

The first labeled peak with a mass of 628.9 Da corresponds exactly to telechelic

polyene 6a with 13 double bonds. There is a difference of 26.0 amu between

each peak in the series corresponding to a C2H2 unit. The series is easily visible

out to a mass peak of 811.0 amu, corresponding to a species with 20 double

bonds. Furthermore, no other series with 26.0 amu mass differences are observed

suggesting that all of the polyene chains are capped at both ends.

These data provide evidence for the formation of a telechelic polyene with

the CTA functionality successfully placed onto both ends of each polyene chain.

It also shows that catalyst 2 is capable of backbiting into a growing polyene
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Figure B.6: MALDI-TOF MS of polyene 6a ionized from a dithranol matrix.

chain in order to mediate chain transfer. Furthermore, the materials produced

are completely soluble in common organic solvents and allow for much more

detailed characterization of polyenes. These results encouraged us to further

explore the use of CTAs as a method for producing soluble and processable
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PA-based materials. We anticipated difficulties, however, using telechelic PA

as macroinitiators (e.g. entry 10, Table B.1). An alternative route to PA block

copolymers was therefore sought.

B.3.2 Synthesis of PA-containing Block Copolymers

CTAs containing terminal olefins have been previously used with catalyst

2 to form mixtures of monofunctionalized and difunctionalized (i.e., telechelic)

polymers.28 Furthermore, only difunctional materials result when a large excess

of a CTA containing an internal olefin is used. Extending this concept, olefin-

terminated polymers were found to control the ROMP of COT by forming block

copolymers containing PA as one of the blocks (see Equation 3). As in the case

with small molecule CTAs, a polymer with an olefin in the middle of the chain

should lead exclusively to triblock copolymers containing PA as the middle block.

We are currently investigating this possibility, but due to difficutlties in obtaining

absolutely pure polymers containing an internal olefin, we have limited this report

to include only end-functionalized polymers.

toluene
P

P = PS,
PMMA or PEG

P
n

P
P

n

+ + (3)

3

2

The use of olefin-terminated polymers as CTAs allows for a wide variety of

block copolymer compositions, as polymers containing olefin endgroups can be

prepared using numerous techniques.32–35 Atom transfer radical polymerization

(ATRP) was chosen for this work principally for its synthetic ease. Recent advances

in ATRP allow these reactions to be performed without the exclusion of oxygen,

and with monomers that have not been rigorously purified.36 Allyl bromide

and 5-bromo-1-pentene were convenient ATRP initiators for forming PMMA and

PS functionalized with a terminal olefin.33 1H NMR spectroscopic and MALDI-

TOF MS analysis of the polymers confirmed the presence of olefin endgroups,

and molecular weights were determined by GPC and NMR. As with previous
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Figure B.7: Olefin-terminated polymers.

reports in the literature, mass spectral analysis showed that the halogen endgroups

were replaced by hydrogen atoms for many of the polymer chains after long

polymerization times.37, 38 Since ruthenium-based catalysts have been shown to

successfully catalyze ATRP,39 however, the loss of the halogen endgroup was

considered advantageous, reducing the possibility of unwanted side reactions

during the subsequent ROMP step. Indeed, no reaction was observed when the

olefin-terminated polymer was subjected to ATRP conditions in the presence of

COT.

Formation of PA block copolymers was accomplished via the ROMP of COT

in the presence of olefin-terminated polymers 7–11.† Typically, the amount

of solvent was adjusted to ensure an initial monomer concentration, [COT]0, of

approximately 0.2 M. When large amounts of olefin-terminated polymer were

used, however, additional solvent was added to ensure complete dissolution.

Monomer-to-catalyst ratios were typically maintained at 1000:1, although ratios

of up to 21000:1 were found to be viable. After completely dissolving the

olefin-terminated polymers in toluene, COT was added, followed by the catalyst

(either in solid form or from a stock solution). Within minutes, a color appeared

†It is evident from the characterization data that the products of these reactions contain a
significant portion of unmodified polymer; however, the amount of PA that is incorporated is
clearly sufficient to affect the material properties.
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that varied depending on the relative proportions of COT and olefin-terminated

polymer, as well as the molecular weight of the latter. For low proportions of COT,

the color of the reaction was light orange, while for medium proportions it was

deep orange or red and for high proportions it was deep red or black. This color

was maintained throughout the reaction. Isolation of the block copolymer product

was accomplished by precipitation in a non-solvent for the olefin-terminated

polymer such as MeOH or hexanes. Table B.2 shows the colors of the final polymer

products from various reactions. A solution of product polymer, when left on

the benchtop, became clear over the period of many weeks, indicating eventual

decomposition of the conjugated structure. However, the solid polymers maintain

their color for months if protected from light and oxygen.

Table B.2: Variation in composition of PA block copolymers.

CTA [COT]/[CTA] [COT]/[2] product color % yielda polymerb

7 4 900 orange 18 7a
7 20 4000 dark rust 26 7b
7 100 21000 brown/black 13 7cc

8 200 800 dark grey 82 8ad

8 1000 4000 faded black 71 8b
9 2 1000 light orange 44 9ad

9 5 1000 orange 20 9b
9 20 1000 deep red 58 9c
9 40 1000 black 52 9d

10 1 500 dark red 62 10a
10 4 1600 brown/black 39 10b
10 7 1400 brown/black 28 10c
10 20 4000 brown/black 22 10d
11 20 4000 brown 36 11a

aCalculated based on total mass of reactants and recovered product. bAll reactions were carried out
in toluene with [COT]0=0.2 M unless otherwise noted. c[COT]0=1.1 M. d[COT]0=0.03 M.

For most block copolymer compositions, solubility of the final product was

identical to that of the olefin-terminated polymer. All of the entries in Table B.2

yielded completely soluble block copolymers. When very large amounts of COT

were used in conjunction with a low molecular weight non-conjugated block (for
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example, samples 7c, 9d and 10d), some solid product was deposited on the walls

of the reaction flask. This material was redissolved upon sonication, indicating

that the solubilizing effect of the nonconjugated block is sufficient to keep the block

copolymers soluble, even in cases where significant crystallization of the PA blocks

is possible.

Yields of the block copolymer products varied widely depending on the

proportions of COT and olefin-terminated polymer, as well as the molecular

weight of the latter (see Table B.2). Yields exceeded 80% when higher molecular

weight olefin-terminated polymers were used, or if lower proportions of COT were

used. As the proportion of COT was increased, however, a corresponding increase

in the ratio of [COT]/[2] led to decreased yields (see, for example, sample 7c).

Thus, as described for small molecule CTAs, the generally low yields reported in

Table B.2 are likely due to incomplete incorporation of COT. This observation is

further supported by the 1H NMR spectra of the block copolymers (vida infra).

B.3.2.1 Characterization of Block Copolymers

Characterization of the block copolymers by UV-vis spectroscopy provided

the clearest evidence for the presence of extended PA blocks. Figure B.8 shows

the UV spectra for three types of block copolymers—PS-b-PA, PMMA-b-PA, and

PEG-b-PA. For comparison, the absorption spectra of the homopolymers (i.e., the

olefin-terminated polymer) are also shown. The absorbance bands previously seen

for polyenes containing 10–15 double bonds20 were observed in block copolymers

made from small amounts of COT (e.g., sample 9a). These details are lost, however,

when larger amounts of COT are used. The smooth spectra that result indicate the

presence of a wide range of conjugation lengths. In addition, as the proportion

of COT is increased, the absorption region corresponding to the PA block shifts to

longer wavelengths, while the absorption due to the nonconjugated block remains

unchanged. These data indicate that increasing the amount of COT in the reaction

produces PA blocks with longer conjugation lengths.
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Figure B.8: UV-vis spectra of PA-containing block copolymers in CH2Cl2 solution.
(a) PMMA (9), PMMA-b-PA (9a–d). (b) PEG (10), PEG-b-PA (10a–d), bis(hydroxy)-
terminated PEG reaction product (10e). (c) PS (7), PS-b-PA (7a–c).
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To show that PA is covalently attached to the olefin terminated polymers

in these reactions, the ROMP of COT was carried out in the presence of a

bis(hydroxy)-teminated PEG. A significant amount of insoluble, black solid formed

during the reaction. This solid was removed by filtration, and the remaining

polymer product (white) was isolated by precipitation. The UV-vis spectrum of

the resulting polymer is shown in Figure B.8b (sample 10e). The lack of absorbance

above 320 nm indicates that no PA was present in the product.

Characteristic IR absorption bands of polyCOT produced with catalyst 2

include 1010, 992, 930, 773, and 745 cm-1.12 Unfortunately, absorption from the

nonconjugated polymer segments often obscured these absorption bands in the

PA block copolymers. For PMMA-b-PA, however, absorption of the PA segment at

1012 cm-1 is clearly visible and overlays with the absorption spectra of the olefin-

terminated homopolymer (see Figure B.9).
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Figure B.9: FT-IR spectra of 9 and 9c.
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For samples of PMMA-b-PA and PEG-b-PA, it was possible to observe char-

acteristic peaks in the polyene region of the 1H NMR spectra that appeared very

similar to the peaks shown in Figure B.3.‡ In general, integration of the polyene

region indicated far smaller PA blocks than would be expected from the ratio of

COT to olefin-terminated polymer. For example, integration for sample 9b showed

an average of four or fewer (–C=C–) units per polymer chain, whereas 20 (–C=C–)

units would be expected from the initial reactant ratio. As discussed previously,

this low incorporation can be attributed to two likely sources: the ROMP of COT

does not reach completion, and/or benzene formed from backbiting leads to an

effective loss of monomer. In all NMR spectra, however, a significant amount

of unreacted olefin endgroups remained visible after block copolymer formation,

indicating that some polymer chains have no attached PA blocks. This observation

makes it very difficult to speculate on the average conjugation length of the PA

blocks.

Along with the trends observed in UV-vis spectra, AFM afforded a method

for observing changes in the relative sizes of conjugated segments between

samples. Phase separation in PA-containing block copolymers has been observed

previously.19, 40–42 Tapping Mode (TM) AFM images of PS-b-PA films show a

phase separated morphology consisting of isolated domains against a uniform

background. These domains, which were absent in films formed from the olefin-

terminated homopolymer, were randomly distributed in space, but fairly regular

in size and shape. Furthermore, the sizes of the domains exhibited a dependency

on the relative proportions of COT and olefin-terminated polymer used in the

preparation of the block copolymers. Figure B.10 shows TM AFM height images

of films made by spin coating 0.4 wt% toluene solutions of 8a and 8b. Clearly,

the domains (appearing as white spots) are larger for 8b which contains a greater

percentage of conjugated material, implying that the white spots in Figure B.10

represent PA domains. As shown by the side views of these images (Figure B.10b

‡Observance of these peaks was impossible for PS-b-PA samples due to the intense resonances
from the phenyl protons of polystyrene.
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and d), the domains appear to be directed perpendicular to the film surface. These

domains are highly stable: annealing the polymer films under vacuum at 130 ◦C for

24+ hours only reduced their height and spatial density. Furthermore, the domains

could also be observed using contact mode.§ We believe that these images, the UV

spectra of the two copolymers, and the fact that the solution of 8b was darker in

color than that of 8a are evidence for a variation in the conjugation length of the

PA blocks that relates to the relative amount of COT used in the polymerizations.

It should be reiterated, however, that these polymers remained completely soluble

in common organic solvents.

§This morphology is possibly a result of the fast evaporation of solvent that occurs when the
films are made. With films that were formed by slowly evaporating the solvent (i.e., not spin
coating), the spiked morphology was not observed. Rather, a highly disordered morphology with
large, randomly placed crystal-like structures was seen.
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Figure B.10: TM AFM height images. (a, b) Sample 8a, produced from 8 and 200

equivalents of COT. (c, d) Sample 8b, produced from 8 and 1000 equivalents of

COT. In (a), (b), and (c) the same height scale applies (0–15 nm), while in (d) the

height scale is 0–20 nm.

B.4 Conclusions

The synthesis of telechelic polyenes via the direct ROMP of COT in the presence

of a CTA with catalyst 2 has been demonstrated. The telechelic polyenes remained

completely soluble in common organic solvents and were characterized in detail

using solution and solid-state spectroscopic methods. Furthermore, PA block

copolymers were synthesized in one step from olefin-functionalized commodity

polymers. As a consequence of their solubility, all of these block copolymers

were amenable to spin coating and subsequent AFM investigation. We hope that
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the tunablity and improved processability of these materials may soon lead to

their commercialization; investigations of their electronic properties are currently

underway.

B.5 Experimental Section

General Procedures. NMR spectra were recorded on a Varian Mercury 300

(300 MHz for 1H and 75 MHz for 13C). All NMR spectra were recorded in CD2Cl2 or

CDCl3 and referenced to residual proteo species. Gel permeation chromatography

(GPC) was carried out on three AM GPC Gel columns, 15 µm pore size, (American

Polymer Standards Corp.) connected in series with a Type 188 differential

refractometer (Knauer). Molecular weights were calculated relative to polystyrene

standards. MALDI-TOF mass spectra were recorded using an Applied Biosystems

(ABI) Voyager DE-PRO time-of-flight mass spectrometer. A 20 Hz nitrogen laser

(337 nm, 3 ns pulse width) was used to desorb the sample ions that were prepared

in a dithranol matrix. Mass spectra were recorded in linear (or reflector) delayed

extraction mode with an accelerating voltage of 20 kV and a delay time of 100 ns.

The low mass cut-off gate was set to 500 Da to prevent the lower mass matrix ions

from saturating the detector. Calibration was external using a peptide mixture

provided by the instrument manufacturer covering the mass range of interest. Raw

spectra were acquired with an internal 2 GHz ACQIRIS digitizer and treated with

Data Explorer software provided by ABI. Tapping Mode atomic force microscopy

images were obtained in air using a Nanoscope IIIa AFM (Digital Instruments,

Santa Barbara, CA) with silicon cantilever probes (Veeco Metrology, Santa Barbara,

CA). To improve image quality, height and amplitude images were flattened using

commercial software (also from Digital Instruments). AFM samples were prepared

using dilute solutions of polymer (either 0.4 or 1 wt/wt %) in either toluene or

CH2Cl2. A 35 µL aliquot of the solution was spin coated onto freshly cleaved

mica substrates (1 cm2) at 3000 rpm. FT-IR Spectra (KBr pellet) were recorded

on a Perkin-Elmer Paragon 1000 or on a Bio-Rad Excalibur FTS 3000 spectrometer
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controlled by Win-IR Pro software. UV-Vis spectra were obtained on a Beckman

DU 640 Spectraphotometer in either THF or CH2Cl2.

Materials. Toluene and CH2Cl2 were dried by passage through solvent pu-

rification columns.43 1,3,5,7-Cyclooctatetraene (COT) (3) (generously donated by

BASF) was dried over CaH2 and distilled prior to use. Cis-1,4-diacetoxy-2-butene

(96%) (5b) (Aldrich) was dried over CaH2 and distilled prior to use. Cis-2-butene-

1,4-diol (95%) (5d) (Aldrich) was distilled prior to use. Cis-Cyclooctene (Aldrich)

was degassed by freeze/pump/thaw cycles before use. Vinyl-terminated PS (11)

(Mn = 1900, Mw/Mn = 1.11), and vinyl terminated PEG (10) (Mn = 1120, Mw/Mn

= 1.17) were purchased from Polymer Source, Inc. (PCy3)2(Cl)2Ru=CHPh (1)44

and (IMesH2)(PCy3)(Cl)2Ru=CHPh (2)45 [Mes = 2,4,6-trimethylbenzene]as well as

CTAs 5a46 and 5c47 were synthesized according to literature procedure. All other

materials were used as received.

Procedure for the ROMP of COT (3) with CTA 5a (in solution). A stir bar

was placed in an oven-dried small vial with a teflon screw cap. Under an argon

atmosphere, 0.5 mL (4.44 mmol) of COT and 1.6 mL (4.34 mmol) of CTA 5a were

added by syringe. Subsequently 1.0 mL (8.84 x 10-3 mmol) of a 7.5 mg/mL solution

of 2 in CH2Cl2 was added by syringe. The vial was placed in a 55 ◦C oil bath. The

yellow solution turned dark orange within 5 min. After 24 h, the reaction vial was

removed from the heating bath and the solution was precipitated into 100 mL of

stirring MeOH and filtered through a Büchner funnel to yield a red solid. The solid

was dried under reduced pressure, yielding 91 mg of polymer (20%). Alternatively,

the precipitate in MeOH solution was placed in centrifuge tubes and a number

of centrifuge-decant-wash with MeOH cycles were performed until the decanted

liquid was colorless. The red solid was then dissolved in CH2Cl2, transferred to an

amber vial, and the solvent was removed under reduced pressure.

Procedure for the ROMP of COT with CTA 5a (neat). An oven-dried small vial

with a teflon screw cap was charged with a stirbar and 7.3 mg (8.61 x 10-3 mmol)

of catalyst 2. Under an argon atmosphere, 0.5 mL (4.44 mmol) of COT and 0.55 mL

(1.49 mmol) of the CTA 5a were added by syringe. The vial was placed in an
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aluminum heating block set to 55 ◦C. The yellow solution immediately turned dark

reddish-orange. After 24 h, the solution was removed from the heating block and

dissolved in CH2Cl2. The solution was precipitated into 100 mL of stirring MeOH

and filtered through a Büchner funnel to yield a purple solid. The solid was then

dried under reduced pressure, yielding 124 mg of polymer (27%).

Synthesis of vinyl-terminated polystyrene (7). To a small round bottom

flask containing a stirbar was added 0.365 g (4.62 mmol) 2,2’-dipyridyl, 0.299 g

(4.70 mmol) copper powder, 0.114 g (0.511 mmol) CuBr2, 0.4 mL (4.62 mmol)

allyl bromide, and 3.0 mL (44.6 mmol) styrene. The flask was sealed with a

rubber septum, purged with argon for 5 min, and heated to 110 ◦C. After 15 min,

the reaction mixture turned bright green. The reaction was terminated after

24 h by cooling down to room temperature, dissolving the mixture in THF, and

precipitating in MeOH. The resulting solid was isolated by filtration, dissolved in

THF, and passed through a plug of alumina before reprecipitating in MeOH. The

isolated white product was dried in vacuo.

Synthesis of vinyl-terminated polystyrene (8). As for 7, but with 5-bromo-1-

pentene as initiator.

Synthesis of vinyl-terminated polymethylmethacrylate (9). As for 7. To main-

tain lower reaction viscosity, however, an amount of diphenylether equivalent to

the amount of methyl methacrylate monomer (by mass) was added.

Synthesis of PA block copolymers. In a typical procedure, the olefin termi-

nated polymer chain transfer agent was added to a small vial containing a stirbar.

The vial was purged with argon for 10–15 min, toluene was added, and the mixture

was stirred to completely dissolve the polymer. COT was then added, followed by

the appropriate amount of a stock solution of catalyst in toluene. The solution

was heated up to 55 ◦C and left stirring under an argon atmosphere for 24 h.

The reaction mixture was cooled down to room temperature and precipitated in a

nonsolvent such as MeOH or hexane. The resulting solid was isolated by filtration,

dried under reduced pressure, and stored in an amber vial under an atmosphere

of argon.
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Appendix C

Synthesis of Polymer Dielectric
Layers for Organic Thin-Film
Transistors via Surface-Initiated
Ring-Opening Metathesis
Polymerization

This has previously appeared as: Rutenberg, I. M.; Scherman, O.A.; Grubbs, R. H.;

Jiang, W.; Garfunkel, E.; Bao, Z. Journal of the American Chemical Society, 2004, 126,

4062–4063.
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C.1 Abstract

Polymer-based dielectric layers for use in electronic devices such as thin-

film transistors (TFTs), capacitors, and other logic elements have attracted much

attention for their low cost, processability, and tunable properties. Current

methods for incorporating organic materials into these devices are either not ideal

or not possible when applied to the deposition of polymer dielectric materials.

The living ring-opening metathesis polymerization (ROMP) of strained, cyclic

olefins can provide a method for growing organic polymers from a surface.

ROMP would allow for pinhole-free dielectrics with controlled layer thickness

and tunable electronic and surface properties by growing a covalently attached

polymer from the surface. Furthermore, ROMP from surfaces is unique in its

ability to polymerize monomers from either solution or vapor phase and can be

performed under mild ambient conditions, afford polymer growth in minutes,

and allow for flexibility in polymer structure and dielectric layer composition. We

have shown the feasibility of producing TFTs and capacitors using surface attached

ROMP polymers as a layer of dielectric material. Preliminary results indicate that

this method will allow for highly tunable materials with desired properties. The

ability to grow conformal polymer layers on any topology will be very important

as device dimensions and applications change.

C.2 Introduction

The use of organic materials in electronic devices such as field effect transistors

(FETs) and light emitting diodes (LEDs) has become an attractive approach toward

decreasing weight and cost, simplifying production, and increasing versatility of

these devices. Electronic devices containing polymer layers have been incorpo-

rated into applications such as active-matrix displays1–3 and integrated circuits.4, 5

For optimal FET performance, a polymer dielectric layer should be chemically

and electrically compatible, with the organic semiconductor facilitating a smooth
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interface between adjacent layers.∗ Low leakage and tunable dielectric properties

are also desirable. This requires that the layer be pinhole-free, with controlled

thickness and composition.

Current methods for depositing polymer layers include spin-coating, ink-jet

printing, and screen printing.7–9 Unlike these methods, surface-initiated polymer-

izations can produce densely packed, conformal layers over any surface topology.

Compared with other surface-initiated polymerization methods, ring-opening

metathesis polymerization (ROMP) allows mild conditions and short reaction

times. Therefore, we have chosen to investigate surface-initiated ROMP (SI-

ROMP) as a method for forming polymer dielectric layers.

SI-ROMP has been demonstrated from Au, Si, and Si/SiO2 surfaces using

catalyst 1 and a variety of linking molecules.10–12 Conformal block copolymers

grown on Au nanoparticles demonstrated the living nature of SI-ROMP with

catalyst 1.13 We report here that SI-ROMP polymer layers can be used as the

dielectric layer in electronic devices, either alone or in tandem with an inorganic

dielectric layer. We also report that, as with solution-phase ROMP,14 catalyst 2 is

more active than catalyst 1 in SI-ROMP (Figure C.1).

Cl

Ru

PCy3

Cl

NN

PhCl

Ru

PCy3

Cl

Ph

Cy3P

SiCl3 SH

SH
6

1 2 3 4 5

Figure C.1: Catalysts and linking molecules employed in SI-ROMP.

Polymer dielectric layers covalently attached to Au or Si/SiO2 surfaces were

formed via ROMP from surface-tethered metathesis catalysts (Scheme C.1). Ex-

posure of a self-assembled monolayer (SAM) of a linking molecule (3, 4 or 5)†

∗Performance as measured by mobility and on/off ratio – see Katz and Bao.6
†In general, films produced with linker 4 were thicker than those produced with linker 5.

Catalyst attachment is likely more efficient with 4; the reasons for this are currently under
investigation.
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Scheme C.1: Construction of an FET using a SI-ROMP polymer dielectric layer (4
shown as example linker).
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(Figure C.1) to a solution of catalyst (1 or 2), followed by subsequent exposure to

a solution of monomer, generated the polymer film. Between each of these steps,

the surfaces were extensively rinsed with solvent to remove chemically unbound

material.

Many variables were found to significantly affect the thickness and uniformity

of SI-ROMP polymer films. Most importantly, catalyst 2 is far more active than

catalyst 1. Given identical reaction conditions, films produced from catalyst 2

are up to 10 times thicker than those produced from catalyst 1. For example,

using 4 as the linker, films produced after 15 min of exposure to a 3 M solution of

norbornene at room temperature (rt) are nearly 2.5 µm in thickness using catalyst

2, versus 250 nm with catalyst 1. Furthermore, catalyst 2 produces polymer films

greater than 300 nm thick from 1 M monomer solutions, whereas catalyst 1 requires

concentrations in excess of 3 M to produce equivalent films.

Polymerization conditions were also found to affect SI-ROMP films. Decreased

thicknesses result for polymerizations conducted above rt, or for prolonged

periods of time (> 1 h). Almost no film remains after 24 h of polymerization

time, suggesting that, as in solution-phase ROMP, secondary metathesis (chain

transfer) reactions are occurring between growing chains. Slower than ROMP, and
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promoted by elevated temperature,15 secondary metathesis in SI-ROMP would

lead to chain termination and generation of polymer fragments that are no longer

covalently attached to the substrate.

Smooth, pinhole-free dielectric films are important, since the overlaying semi-

conductor layer of an FET must continuously bridge the source and drain con-

tacts.16 Electrical shorting between the gate and drain and/or source electrodes

was observed due to pinholes present in untreated SI-ROMP polynorbornene

films. Annealing at 135 ◦C for 15 min densifies the films and significantly reduces

the number of pinholes, resulting in relatively smooth, unshorted films.

Construction of FETs (as shown in Scheme C.1) was demonstrated using the

lamination method.17 A SI-ROMP polymer dielectric layer was grown on a Au

strip gate electrode (1000 Å thick, 1 mm wide) using linker 4, catalyst 2, and a

3 M norbornene solution. The thickness of the resulting polynorbornene film was

1.2 µm with a capacitance of 3 nF cm-2 measured at 20 Hz. After annealing, a 400 Å

layer of pentacene was vapor deposited over the polymer dielectric. This was

pressed against a separate PDMS substrate containing parallel Au strips as drain

and source electrodes spaced 240 µm apart. A representative current-voltage (I/V)

diagram for the resulting FETs is shown in Figure C.2. Ranges for mobility and

on/off ratio were 0.1–0.3 cm2 V-1 s-1 and 10–100, respectively.6 Little to no hysteresis

was observed for these devices (see inset of Figure C.2), indicating minimal charge

buildup between the dielectric and semiconducting layers.

In addition to the lamination method, direct deposition of Au drain/source

electrodes over the pentacene semiconducting layer also produced functioning

FETs. Example I/V characteristics for these devices are shown in Figure C.3. As

seen in previous studies, mobilities and on/off ratios (up to 10-2 cm2 V-1 s-1 and

100, respectively) were lower than those for the laminated devices due to partial

degradation of the pentacene layer by the metal deposition.17 The capacitance of

the SI-ROMP dielectric films for these devices was found to have no significant

frequency dependence down to 20 Hz (see inset of Figure C.3).
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Figure C.2: Current-voltage characteristics of an FET produced by lamination,
containing a SI-ROMP polynorbornene dielectric layer. The drain bias was swept
from 0 to -100 V and back at gate biases between 40 and -100 V in 20 V steps. Inset
shows drain current as gate voltage was swept from 40 to -100 V and back.

Finally, FETs were constructed using a SI-ROMP polymer dielectric layer

covalently bound to a Si/SiO2 (either native or thermally grown oxide) surface.

Working devices were constructed using either catalyst (1 or 2), linker 3, and 2 M

norbornene solutions.

Apart from washing extensively with solvent, no effort was made to remove

residual (covalently bound or imbedded) catalyst from the polymer films. Ruther-

ford backscattering spectroscopy (RBS) and medium energy ion scattering (MEIS)

measurements, however, indicated exceptionally low surface concentrations of

Ru for catalyst-functionalized SAMs as well as the washed films. Increasing the

concentration of ruthenium bonded to the SAM may result in denser films and

less leakage.

These devices demonstrate that surface-initiated polymer dielectric layers are

both chemically and electrically compatible with other FET component layers. In

general, a high yield (> 90%) of working TFTs was obtained only with annealed

dielectric films at least 1 µm thick. Further optimization of polymer growth

conditions, yielding higher graft densities and reduced surface roughness, should
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Figure C.3: Current-voltage characteristics of an FET produced by direct deposi-
tion of the semiconductor layer and Au drain/source electrodes over a SI-ROMP
polynorbornene dielectric layer grown from a Au gate electrode. The drain bias
was swept from 0 to -60 V at gate biases between 0 and -60 V in 5 V steps. Inset
shows capacitance of a polynorbornene capacitor as a function of frequency. The
leakage current is due to the unpatterned gate and organic semiconducting layers.

allow the use of thinner films as well as improve the compatibility between the

polymer film and organic semiconductor.‡

For devices using patterned (e.g., striped Au) substrates, the SI-ROMP polymer

grows conformally over the gate electrode, eliminating the need to pattern the

dielectric. Furthermore, spin-coated dielectric layers tend to be thinner at the edges

of the electrode, leading to a lower breakdown voltage. In contrast, the thickness

of the surface-grown polymer layer can be about the same at the edges as for the

flat surface, illustrating a clear advantage of SI-ROMP.

In conclusion, construction of FETs using SI-ROMP polymer dielectric layers

has been demonstrated. Mild reaction conditions, short reaction times, and simple

solution processing methods make SI-ROMP an attractive method for constructing

polymer dielectric layers. Layer thicknesses ranging from below 100 nm to above

2 µm are accessible simply by varying the polymerization conditions. Research

is underway in optimizing FET device characteristics, as well as incorporating SI-

ROMP block copolymers into organic-based FETs.

‡Increased grain-size was observed when pentacene was deposited over SI-ROMP polymer
layers that had been annealed.
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