IOWA STATE UNIVERSITY

Digital Repository

lowa State University Capstones, Theses and

Retrospective Theses and Dissertations Dissertations

1-1-2002

Synthesis and free radical polymerization of disubstituted
functionalized 1,3-butadienes

Melissa Kay Murphy
lowa State University

Follow this and additional works at: https://lib.dr.iastate.edu/rtd

Recommended Citation

Murphy, Melissa Kay, "Synthesis and free radical polymerization of disubstituted functionalized
1,3-butadienes” (2002). Retrospective Theses and Dissertations. 20177.
https://lib.dr.iastate.edu/rtd/20177

This Thesis is brought to you for free and open access by the lowa State University Capstones, Theses and
Dissertations at lowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses
and Dissertations by an authorized administrator of lowa State University Digital Repository. For more information,
please contact digirep@iastate.edu.

www.manaraa.com


http://lib.dr.iastate.edu/
http://lib.dr.iastate.edu/
https://lib.dr.iastate.edu/rtd
https://lib.dr.iastate.edu/theses
https://lib.dr.iastate.edu/theses
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F20177&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/20177?utm_source=lib.dr.iastate.edu%2Frtd%2F20177&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

Synthesis and free radical polymerization of disubstituted functionalized 1,3-butadienes

by

Melissa Kay Murphy

A thesis submitted to the graduate faculty
in partial fulfillment of the requirements for the degree

MASTER OF SCIENCE

Major: Organic Chemistry (Materials Chemistry)

Program of Study Committee:
Valerie V. Sheares (Major Professor)
Dennis Johnson

Richard Larock

Iowa State University
Ames, Iowa

2002



11

Graduate College

Iowa State University

This is to certify that the Master’s thesis of

Melissa Kay Rath-Murphy

has met the thesis requirements of Iowa State University

Signatures have been redacted for privacy



il

TABLE OF CONTENTS

LIST OF FIGURES \
LIST OF SCHEMES vi
LIST OF TABLES vii
LIST OF ABBREVIATIONS ix
GENERAL INTRODUCTION 1
Thesis organization 2
CHAPTER 1. SYNTHESIS AND FREE RADICAL POLYMERIZATION OF 4
2,3-BIS(CYANOPROPYL)-1,3-BUTADIENE
Abstract 4
Introduction 5
Experimental 7
Results and Discussions 11
Conclusions 27
Acknowledgement 28
References 29
CHAPTER 2. CONTROLLED FREE RADICAL POLYMERIZATION OF 31
2,3-BIS(4-ETHOXY-4-OXOBUTYL)-1,3-BUTADIENE
Abstract 31
Introduction 32
Experimental 35
Results and Discussions 41
Conclusions . 51
Acknowledgement 52
References 53
GENERAL CONCLUSIONS 55
APPENDIX A. CHAPTER 1: '"H NMR SPECTRA, *C NMR SPECTRA, GC 57

CHROMATOGRAPH, MS SPECTRA, GPC DATA
AND THERMAL ANALYSIS DATA

APPENDIX B. CHAPTER 2: '"H NMR SPECTRA, ">C NMR SPECTRA, GC 114
CHROMATOGRAPH, MS SPECTRA, GPC DATA
AND THERMAL ANALYSIS DATA



iv

APPENDIX C1. SYNTHESIS OF 2,3-BIS(PIPERIDINYLMETHYL)-
1,3-BUTADIENE
Introduction
Experimental
Results and Discussions
Conclusions
References

APPENDIX C2. 'H NMR SPECTRA, *C NMR SPECTRA, GC
CHROMATOGRAPH AND MS SPECTRA

164

165
166
167
169
170

171



LIST OF FIGURES

Chapter 1

Figure 1. "H NMR spectrum of Poly[CPBD].

Figure 2. 'H NMR spectra of copolymers 6-10 in CD,Cl,.

Figure 3. 'H NMR spectra of copolymers 11-15 in CD,Cl,.

Figure 4. Reactivity ratios of CPBD and styrene.

Figure 5. Reactivity ratios of CPBD and EOBD.

Figure 6. Graph of experimental versus theoretical glass transition temperatures
calculated by the Gordon-Taylor equation for the copolymerization of
CPBD with styrene.

Figure 7. Graph of experimental versus theoretical glass transition temperatures
calculated by the Gordon-Taylor equation for the copolymerization of

CPBD and EOBD.

Chapter 2

Figure 1. 'H NMR spectra of 2-(N, N-dipropylaminomethyl)-1,3-butadiene (16-18).

16

20

21

22

23

26

26

43



vi

LIST OF SCHEMES
Chapter 1
Scheme 1. Synthesis of 2,3-bis(cyanopropyl)-1,3-butadiene (CPBD).
Scheme 2. Bulk and solution free radical polymerization of CPBD.

Scheme 3. Solution copolymerization of CPBD with styrene and
2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene (EOBD).

Chapter 2

Scheme 1. Synthesis of 2,2,5-trimethyl-3-(1’-phenylethoxy)-4-phenyl-3-azahexane,
the alkoxyamine initiator.

Scheme 2. Nitroxide mediated polymerization of 2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene.

Scheme 3. Proposed mechanism for the nitroxide mediated polymerization.

Appendix C

Scheme 1. Synthesis of 2,3-Bis(piperidinylmethyl)-1,3-butadiene.

12

14

19

42

44

46

169



vii

LIST OF TABLES
Chapter 1
Table 1. Homopolymerization of CPBD.
Table 2. Thermal data for the homopolymerization of CPBD.
Table 3. Solubility of poly(CPBD).
Table 4. Solution copolymerization of styrene and CPBD.
Table 5. Solution copolymerization of EOBD and CPBD.
Table 6. Thermal data for the solution copolymerization of styrene and CPBD.
Table 7. Thermal data for the solution copolymerization of EOBD and CPBD.
Chapter 2

Table 1. Homopolymerization of 2-(N,N-dipropylaminomethyl)-1,3-butadiene
using 1.0 mole % initiator for 48 hours.

Table 2. Nitroxide mediated polymerization of EOBD using 1.0 mole % initiator
with a target of 28200 g/mol.

Table 3. Nitroxide mediated polymerization of EOBD using 5.0 mole % free
nitroxide.

Table 4. Nitroxide mediated polymerization of EOBD using 2.5 mole % free
nitroxide.

Table 5. Nitroxide mediated solution polymerization of EOBD.

Table 6. Nitroxide mediated polymerization of EOBD in the presence of
acetic anhydride.

15

15

16

19

20

25

25

43

45

48

48

50

51



viii

ABBREVIATIONS

AIBN 2,2’-Azobisisobutyronitrile

ATRP Atom Transfer Radical Procedures
BHT 2,6-Di-tert-butyl-4-methylphenol
CHCI, Chloroform

CH-,Cl, Dichloromethane

CPBD 2,3-Bis(cyanopropyl)-1,3-butadiene
d Doublet

DBE 1,2-Dibromoethane

dd Doublet of doublets

DSC Differential Scanning Calorimetry
EOBD 2,3-Bis(4-ethoxy-4-oxobutyl)-1,3-butadiene
GC Gas Chromatograph

GPC Gel Permeation Chromatograph

IR Infrared

m Multiplet

<My> Number Average Molecular Weight
<M,> Weight Average Molecular Weight
MHz Megahertz

MS Mass spectrometry

NBR Nitrile Rubber

NMR Nuclear Magnetic Resonance



ppm

PDI

PS

SBR
Sn2

SN2’

TEMPO
TGA

THF

X

Parts Per Million

Polydispersity Index
Polystyrene

Quartet

Singlet

Styrene Butadiene Rubber
Nucleophilic Substitution
Nucleophilic Substitution Bimolecular
Triplet

Glass Transition Temperature
2,2,6,6-tetramethylpiperidinoxy
Thermogravimetric Analysis

Tetrahydrofuran



GENERAL INTRODUCTION

More than 70% of all elastomeric materials produced each year are synthetic. Of this
synthetic rubber, Styrene-Butadiene Rubber (SBR) is the principle elastomer made. SBR is
made by emulsion copolymerization of styrene (25%) and butadiene (75%) at a rate of over 1
million tons per year. Another elastomer produced in large quantities (200 million pounds
per year) is Nitrile Rubber (NBR), which is a copolymer of acrylonitrile and butadiene.
Although SBR and NBR make up the majority of the elastomeric materials, they are limited
by their properties. In order to vary the applications of the materials, it is necessary to
incorporate different properties. One such way to give polymeric materials new properties is
to blend two polymers together. This method is simple and can combine the properties of the
two different materials, but oftentimes the materials do not combine well and lead to product
failure. A number of ways have been explored to overcome this problem, including the use
of compatabilizers such as graft copolymers and block copolymers.

Our group chose a different approach to solving the problem of incorporating various
properties into elastomeric materials. Through the approach of synthesizing a functionalized
diene-based monomer and copolymerizing it with commercially important monomers such as
styrene, we hope to produce polymers that contain the elastomeric properties of butadiene
rubber, but gain new properties such as solvent resistance, increased thermal stability and
improved mechanical properties. The moieties that our group has incorporated into the
backbones of polybutadienes through the functionalization of monomers include nitrile, ester,
carboxylic acid, hydroxy and amino groups. In this thesis, the synthesis of disubstituted

functionalized diene-based monomers, the free radical homopolymerization and



copolymerization of 2,3-bis(cyanopropyl)-1,3-butadiene and the controlled free radical

polymerization of 2,3-bis(4-ethoxy-4oxobutyl)-1,3-butadiene will be discussed.

Thesis Organization

This thesis is divided into two chapters. The chapters are written in the style of a
journal article. Each paper is presented with its own introduction, experimental, results and
discussion, conclusion, acknowledgement and reference sections. Chapter 1 has been
submitted to the journal Macromolecules. Following the last chapter is a general conclusion.

Chapter 1 describes the synthesis and free radical polymerization of 2,3-
bis(cyanopropyl)-1,3-butadiene. The monomer was synthesized in a three-step synthesis
involving the formation of an organozinc complex followed by an SN2’ reaction mediated by
Cu(]) salts to form the respective functionalized dienes. Free radical polymerization
produced moderate molecular weight materials at short reaction times with high solvent
resistance resulting in characterization difficulties. As a result of these limitations, the
copolymerizations of CPBD became more interesting. The solution copolymerization of 2,3-
bis(cyanopropyl)-1,3-butadiene with styrene was examined first. This resulted in high glass
transition temperature materials, which were no longer elastomeric. Consequently, the
functionalized butadiene monomer was copolymerized with 2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene, which has a Ty below room temperature. The resulting polymers were
characterized by '"H NMR, Bc NMR, GPC, DSC and TGA measurements.

Chapter 2 describes the synthesis of the alkoxyamine initiator and the synthesis and

controlled free radical polymerization of 2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene using



this initiator. The resulting polymers were characterized by 'H NMR, °C NMR, GPC, DSC

and TGA measurements.



CHAPTER 1. SYNTHESIS AND FREE RADICAL POLYMERIZATION OF 2,3-

BIS(CYANOPROPYL)-1,3-BUTADIENE

Melissa K. Rath-Murphy and Valerie V. Sheares

Department of Chemistry, lowa State University, Ames, lowa 50010

Abstract

The homopolymerization of 2,3-bis(cyanopropyl)-1,3-butadiene (CPBD) and
copolymerization of CPBD with styrene and 2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene
(EOBD) were studied. CPBD homopolymerization produced materials with <Mp> values of
16 x 10°g/mol and polydispersities ranging from 1.59 to 2.36 in one to two hours. The
polymers exhibited solvent resistance to common nonpolar solvents such as hexanes, ethyl
ether and benzene. At six hours the resulting polymer was crosslinked and insoluble.
Solution copolymerizations of CPBD with styrene or EOBD resulted in materials with <M>
values of 11 x 10° g/mol to 26 x 10° g/mol. The glass transition temperatures increased from
23 to 78 °C as styrene incorporation increased from 5-79% and decreased from 16 to —24 °C
as EOBD incorporation increased from 8-88%. The reactivity ratios of CPBD and styrene of
2.2 and 0.35 and CPBD and EOBD of 1.29 and 0.26 indicated that the dicyano monomer was

more reactive than styrene or EOBD.



Introduction

Functionalized materials have been explored extensively in the literature due to the
possibility of introducing the properties of a functional group into high molecular weight
materials." Despite the large number of potential applications for functionalized diene-based
materials, the attention has been largely directed at styrene-based materials.> This lack of
research on functionalized butadienes is probably due to the difficulty in synthesizing new
diene-based monomers. However, some groups have successfully overcome these difficulties
to synthesize functionalized butadienes. Stadler’s group reported the synthesis and
copolymerization of N,N-dialkylaminoisoprenes with styrene and 1,3-butadiene while
Penelle’s group worked with several siloxy-butadiene derivatives.>” Their work was
primarily focused on the anionic polymerization of these monomers.

Our group is mainly interested in the functionalization of 1,3-butadienes using polar
groups such as cyano, ester and a variety of amines.*'? By utilizing a functionalized
monomer, we avoid some of the drawbacks of chemical modification of polymers including
side reactions during modification and non-uniformity of functionalization. We have taken
our functionalized monomers a step further by synthesizing disubstituted 1,3-butadienes.'® It
is through the incorporation of a disubstituted monomer that the functionality can be doubled
within a given repeat unit. In this paper, the disubstituted functionalized 1,3-butadiene
synthesized is 2,3-bis(cyanopropyl)-1,3-butadiene (CPBD), which is shown below. The
specific functional group was chosen in order to investigate the polar effects of the cyano
group on the monomer reactivity and on the polymer’s final properties. It is also anticipated
that incorporation of the polar monomer as a covalently bound modifier in diene-based

materials will aid in crosslinking or in tailoring existing properties. For example, in nitrile



rubber (NBR), as the acrylonitrile content increases, the resistance to hydrocarbons,
impermeability to gases and thermal resistance increase, but the resilience, the low
temperature flexibility and the solution viscosity decrease.'>'* This indicates that the oil
resistance and low temperature flexibility are mutually incompatible. By incorporating the
cyano functionalized monomer into NBR or styrene-butadiene rubber (SBR), a solution to
this problem could be possible by adding the solvent resistance and oil resistance properties
of the cyano group without decreasing the flexibility of the copolymer. It is also anticipated
that the cyano group can be derivatized to other functional groups, thus increasing the
number of functionalized polymers that could be synthesized. Due to the wide range of
properties that CPBD could bring to polymers, materials made with it could have potential
applications as additives to improve the compatibilities and mechanical properties of polymer
blends, as well as adhesives, packagings and coatings.

In this paper, we report the synthesis of 2,3-bis(cyanopropyl)-1,3-butadiene in a three
step synthesis. Our initial work with this monomer has been in the free radical
polymerization and copolymerization with styrene and 2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene (EOBD). The comonomers were chosen due to the potential applications

mentioned above.

NC/\/>/—\<\/\CN

2,3-bis(cyanopropyl)-1,3-butadiene (CPBD)



Experimental

Materials. All reagents were purchased from Aldrich and used as received unless
otherwise reported. Styrene, benzene, tetrahydrofuran and 1,4-dichloro-2-butyne were
distilled prior to use. 2,3-Bis(cyanopropyl)-1,3-butadiene was purified by flash
chromatography until the '"H NMR spectrum corresponded to the expected structure and the
GCMS showed > 99% purity. AIBN (2,2’-azobisisobutyronitrile) was recrystallized from
methanol.

General Characterization. 'H NMR and '*C NMR spectra were determined in
CDCl; on a VXR-300 at 300 MHz and 75.5 MHz, respectively. A Varian GC fitted with a
Finnigan Mat Magnum mass spectrometer was used for product identification. High-
resolution mass spectrometry was performed with a Kratos MSS0TC at a resolution (R) of
14,300 in electron impact (EI) mode with an electron beam energy of 70 eV. Polymer '*C
NMR spectra were determined in CDCl; on a XR-200. Molecular weights of the polymers
were determined with a Wyatt gel permeation chromatograph using polystyrene standards
and tetrahydrofuran (THF) unless otherwise stated using chloroform. The glass transition
temperatures (T,) were determined with a Perkin-Elmer Pyris differential scanning
calorimeter (DSC) at a heating rate of 10 °C per minute from —75 °C to 150 °C with a
nitrogen purge. Glass transition temperatures were reported on the basis of the second
heating. Weight loss was determined using Perkin-Elmer Pyris thermal gravimetric analysis

(TGA) at a heating rate of 10 °C per minute from 30 °C to 450 °C under nitrogen or air.



Synthetic Procedures

Synthesis of 2,3-Bis(cyanopropyl)-1,3-butadiene.

4-Iodobutyronitrile. Acetone (700 mL) and sodium iodide (90 g, 600 mmol) were
added to a one-necked, 1.0 L round-bottom flask, equipped with a water condenser. 4-
Chlorobutyronitrile (7.9 mL, 110 mmol) was then added and the mixture was refluxed for 12
hours. The solution was cooled and concentrated using a rotary evaporator. Approximately
100 mL of water were added to dissolve the salt. The aqueous layer was extracted twice with
diethyl ether (150 mL), washed with brine, dried over magnesium sulfate and filtered. The
extracts were concentrated and distilled over copper powder under reduced pressure to
provide the liquid product. "H NMR, (CDCl3): 8 2.14 (p, 2H; J =9 Hz, -CH>), 2.55 (t, 2H; J
=9 Hz, -CH,CN), 3.33(t, 2H; J = 9 Hz, -CH,I). >C NMR, (CDCl3): 3.5 (-CH,), 17 (-CH,-
CN), 29 (-CH,D), 118 (-CN).

2,3-Bis(cyanopropyl)-1,3-butadiene. ">'¢ Zinc granules (30 mesh, 39 g, 600 mmol)
and 120 mL of THF were added to a flame-dried argon-purged three-necked, 250 mL round-
bottom flask. Over one hour, 12 mL of 1,2-dibromoethane was added, while refluxing, to
activate the zinc. 4-lodobutyronitrile (39 g, 200 mmol) was added and stirred at 50 °C for 24
h then cooled to room temperature. Lithium chloride (17 g, 400 mmol) was added to a two-
necked, 500 mL round-bottom flask. The flask was evacuated and flame dried several times
to remove any excess water from the salt and from the surface. After purging with argon,
copper cyanide (18 g, 200 mmol) was added to the flask under a strong flow of argon. The
flask was then evacuated and purged with argon three times. After the addition of THF (200
mL), the solution was cooled to —30 °C. The 4-iodobutyronitrile solution was added via

cannula to the cold solution. The solution was then warmed to O °C, held at that temperature



for 10 minutes and cooled to —78 °C. This was followed by the dropwise addition of 1,4-
dichloro-2-butyne (4.4 mL, 45 mmol). The solution was stirred for 12 hours as it warmed to
room temperature. The flask was opened and its contents were poured into a saturated
ammonium chloride solution to quench any residual cuprate. The aqueous layer was
extracted twice with 150 mL of diethyl ether, washed with brine and finally washed with
sodium thiosulfate in order to remove any iodine from the solution. The organic layer was
dried over magnesium sulfate, filtered and concentrated under vacuum to provide a crude oil.
The product was purified by filtration by passing through a basic alumina column followed
by a silica gel column (5% ethyl acetate in hexanes mixture gradually increasing to a 15%
ethyl acetate in hexanes mixture) to produce 5.1 g (27 mmol) of 2,3-bis(cyanopropyl)-1,3-
butadiene in 61% yield and > 99% purity by GC-MS. 'H NMR, (CDCls): & 1.81 (p, 4H; J =
7.3 Hz, -CH,-C-CN), 2.34 (t, 4H; J = 7.1 Hz, -CH,-CH,), 2.41 (t, 4H; J = 7.5 Hz, -CH,CN),
5.94 (d, 2H; J = 0.6 Hz, -CH=), 5.15 (d, 2H; J = 0.6 Hz, -CH=). ’C NMR, (CDCl3): 8 17
(-CH,-C-CN), 24 (-C-CN), 33 (-CH,-C), 114 (-CH=), 120 (CN), 145 (-C=). High-resolution
mass spectrometry: theoretical mass 188.13135, measured mass 180.98882, deviation 1.4

Homopolymer Synthesis.

Bulk and solution polymerization of 2,3-bis(cyanopropyl)-1,3-butadiene. One
gram of 2,3-bis(cyanopropyl)-1,3-butadiene, 0.5 mole % 2,2’-azobisisobutyronitrile (AIBN),
1 mL ofsolvent (for solution polymerizations only) and a stir bar were added to an ampoule.
After three freeze-pump-thaw cycles, the ampoules were sealed under vacuum and then

allowed to warm to room temperature before being placed in a constant temperature oil bath



10

for the allotted time. The ampoules were broken and the reaction was inhibited with 5 mg
2,6-di-zert-butyl-4-methyl-phenol (BHT). The polymer was precipitated twice from
dichloromethane into methanol. The polymer was dried under vacuum and then analyzed. 'H
NMR, (CDCl3): 8 1.6 (m, 4H; -CH,-C-CN), 2.05 (t, 4H; CH,-C=), 2.2 (t, 4H; -CH,-C=), 2.4
(d, 4H; -CH,CN ). *C NMR, (CDCl5): § 17.3 (-CH,-C-CN), 24.9 (CH,-CN), 30.6 (-CH,-
C=), 114.2 (-CH=), 120.1 (CN), 133.5 (-C=). Elemental analysis: 75.87% C, 9.08% H and

14.52% N.

Copolymer Synthesis.

General procedure for solution copolymerization. One gram of 2,3-
bis(cyanopropyl)-1,3-butadiene, 0.5 mole % AIBN and a stir bar were added to an ampoule.
The required amount of styrene or 2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene was added
according to the feed ratio and benzene was added on a one to one ratio by volume. After
three freeze-pump-thaw cycles, the ampoules were sealed under vacuum and then allowed to
warm to room temperature before being placed in a constant temperature bath for the allotted
time. The ampoules were broken and the reaction was inhibited with 5 mg of BHT. The
polymer was precipitated twice from dichloromethane into methanol. The polymer was dried
under vacuum and then analyzed. Poly(CPBD-co-styrene): 'H NMR, (CDCl3): & 1.5 (m, 2H;
-CH,-C-Ph), 1.6 (m, 4H; -CH,-C-CN), 1.8 (m, 1H; -CH-Ph) , 2.05 (t, 4H; CH,-C=), 2.2 (t,
4H; -CH,-C=), 2.4 (d, 4H; -CH,CN ), 6.5-7.2 (6H, aromatic). °C NMR: 17.3 (-CH,-C-CN),
24.7 (CH-Ph), 24.9 (CH»-CN), 30.6 (-CH,-C=), 114.2 (-CH=), 120.1 (CN), 133.5 (-C=),
126.6, 128.0, 128.5, 134.5 and 144.4 (aromatic). Poly(CPBD-co-EOBD): 'H NMR,

(CDCls): 6 1.25 (t, 6H; CHj3), 1.6 (m, 4H; -CH,-C-CN), 1.68 (m, 4H; -CH>), 2.05 (t, 4H;
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CH,-C= and t, 4H, -CH,-COy), 2.09 (t, 4H, -CH,-C=), 2.2 (t, 4H; -CH,-C=), 2.29 (t, 4H, -
CH,-C=), 2.4 (d, 4H; -CH,CN), 4.12 (q, 4H; -OCH,). *C NMR (CDCl3): & 14 (-CHs), 17.3
(-CH,-C-CN), 24.9 (CH,-CN), 30.6 (-CH,-C=), 31 (-CH,-CO,), 31.5 (-CH,C=), 34 (-CHa-

C=), 60 (-OCHy), 114.2 (-CH=), 120.1 (CN), 133 (-C=C), 133.5 (-C=), 174 (-CO,).

RESULTS AND DISCUSSION

Monomer Synthesis. The three-step synthesis of CPBD is a versatile synthetic
method that can be used to produce a number of disubstituted 1,3-butadienes, shown in
Scheme 1. The SN2’ reaction with 1,4-dichlorobutyne provides an efficient process by which
the disubstituted 1,3-butadienes can be formed. By using a wide variety of cuprates, this
process allows for different functionalities to be added to the butadiene in high yield and high
purity. The resulting CPBD is reactive and must be kept at a temperature lower than 0 °C in
order to avoid unwanted polymerization. The first step in the synthesis is an SN2 reaction on
4-chlorobutyronitrile to form 4-iodobutyronitrile (A). The halogen exchange was used to
provide the next step with higher reactivity starting material. The zinc powder in THF was
activated by the addition of 1,2-dibromoethane (DBE) and subsequently 4-iodobutyronitrile
was added to form the zinc inserted product (B). The next step led to a copper complex with
the iodozinc compound by the addition of copper cyanide and lithium chloride. Once the
copper complex was formed, the final product was made by the addition of 1,4-
dichlorobutyne to initiate the Sy2’ insertion. The final product was purified by column
chromatography resulting in an overall yield of 72%. The monomer was characterized by 'H
NMR and "*C NMR and was found to be greater than 99% pure by GC/MS. High resolution

mass spectrometry also verified that CPBD had a deviation of 1.4 ppm. The monomer is
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2. 1,4-Dichlorobutyne
-718°C, 12 h Yield = 72%, Purity (by GC/MS) = > 99%

Scheme 1. Synthesis of 2,3-bis(cyanopropyl)-1,3-butadiene (CPBD).

easily purified by column chromatography, thus we have been able to overcome the difficulty
in synthesizing new functionalized 1

Homopolymer Synthesis. Bulk and solution free radical polymerization methods
were used to synthesize poly(CPBD), as shown in Scheme 2. The results of these
polymerizations performed at 75 °C and 0.5 mole % are shown in Table 1. The 75 °C
temperature was chosen based on the ten hour half-life associated with AIBN. Bulk free
radical polymerization resulted in materials with moderate molecular weights (8.6 x 10°
g/mol and 15.5 x 10°g/mol), polydispersities of 1.59 and 2.36 and low yields (9% and 14%)
for one and two hours, respectively. Crosslinked material was produced after 6 hours.
Several limitations are evident from the homopolymerization of CPBD: the polymer’s
polydispersity index (PDI) increases from 1.59 to 2.36 when the time is increased from one
hour to two hours and the polymer is easily crosslinked. Thus the control of this
polymerization is problematic. The solution polymerizations in acetonitrile and benzene also
resulted in moderate molecular weight materials (13.8 x 103g/m01 and 10.2 x 10° g/mol) and

polydispersities of 1.49 and 1.52 respectively, with some precipitation occurring in benzene.
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The thermal gravimetric analysis (TGA) data for all uncrosslinked homopolymers
showed a five percent weight loss of 337 + 5 °C and 330 + 5 °C under nitrogen and air,
respectively (Table 2). The glass transition temperature (T,) of these homopolymers was
found to be 13 4+ 3 °C. This is higher than our other functionalized diene based materials
such as poly(2,3-bis(-4-ethoxy-4-oxobutyl)-1,3-butadiene) (Tg = -37 °C), poly(2-
cyanomethyl-1,3-butadiene) (Tg = - 18 °C) and poly(2-[(N-benzyl-N-methylamino)methyl]-
1,3-butadiene (-14 °C) 81012 gince the T, is close to room temperature, the material when
crosslinked is likely to be less flexible decreasing the elastomeric properties runs.

The uncrosslinked homopolymer was insoluble in many nonpolar solvents such as
ethyl ether, benzene and hexanes, as well as being insoluble in methanol. The homopolymer
also exhibited decreased solubility in tetrahydrofuran (THF), which had a solubility of 0.33
g/L as seen in Table 3. The solvent resistance causes a number of characterization
difficulties such as decreasing the number of viable solvents for gel permeation
chromatography (GPC). The 'H NMR (Figure 1) of the polymer shows that all materials
contained (as shown by the absence of peaks in the region of 5-7 ppm) 1,4-microstructure.
The 1,4-microstructure is believed to be a result of the steric bulk around the two and three
positions of butadiene. Despite the benefits of solvent resistance and relatively short
polymerization times, these properties cause difficulties in characterization and processing of
the polymers.

As a result of these limitations, the copolymerizations of CPBD are more interesting.
Through the copolymerization it was determined that many of the limitations are lessened or
eliminated completely. Upon copolymerization of CPBD, the solvent resistance that caused

characterization difficulties in the homopolymers is decreased, the monomers are able to
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polymerize for longer times without crosslinking and the yields are increased. When CPBD
is copolymerized with EOBD the glass transition temperatures are decreased. EOBD was
chosen for copolymerization with CPBD because of its low T, as well as functionality. It is
anticipated that by combining CPBD with EOBD, the resulting material will combine the
solvent resistance of CPBD with the flexibility and processability of EOBD.
Copolymerization of 2,3-Bis(cyanopropyl)-1,3-butadiene. The first copolymers
(6-10, shown in Table 4) were synthesized from CPBD and styrene in order to make a
material similar in structure to styrene-butadiene rubber (SBR) (Scheme 3). SBR is made by
emulsion polymerization and consists of 25% styrene and 75% butadiene. The properties of
SBR are limited to properties associated with these two monomers. By copolymerizing the

functionalized butadiene monomer with styrene, a functionalized SBR was made. It was

NCH,C)3 (CH,):CN

/A

0.5% AIBN
75°C
1:1 Solvent (Solution polymerization)

(CH,);CN
NCH,C)3 (CH,)3;CN
/
— + n
n (CHp);CN
Cis1,4 Transl,4

Scheme 2. Bulk and solution free radical polymerization of CPBD.
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Table 1. Homopolymerization of CPBD.

Entry  Time Solvent <M, >* <M,>* PDF Conv. GPC
# h 1:1 Volume Ratio x 10~ g/mol  x 10~ g/mol wt. %  G#
1 1.0 NA 15.5 24.6 1.59 9 G1
2 2.0 NA 8.6 20.2 2.36 14 G2
3 6.0 NA c - - - -
4 24 Acetonitrile 13.8 20.5 1.49 38 G3
5 24 Benzene” 10.2 15.4 152 37 G4

* run in CHCl;, by GPC based upon poly(methyl methacrylate) standards, samples 1 mg/mL
® some precipitation occurred
¢ crosslinked, insoluble

Table 2. Thermal data for the homopolymerization of CPBD.

Entry T, Weight Loss Nitrogen Weight Loss Air
# 'C C [e
5% 10% 5% 10%
=1 15 a8 36 333 348
2 13 336 353 328 349
4 13 337 357 335 357
5 10 335 358 330 351
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Figure 1. "H NMR spectrum of Poly(CPBD).

Table 3. Solubility of poly(CPBD)."

Solvent Solubility
(g/L)
Hexanes 0
Methanol 0
Benzene 0
Ethyl Ether 0
Tetrahydrofuran 0.33
Acetonitrile >1
Acetone >1
Methylene Chloride >1
Chloroform >1

" Conditions: polymers were stirred for 24 h at 500 rpms in solvent at a concentration of 1 mg/mL. Then the
solvent was poured off, the remaining polymer was dried under vacuum for 24 h and weighed.
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anticipated that the resulting materials would have added properties from the
nonfunctionalized SBR such as increased solvent resistance. The results of the
copolymerization are shown in Table 4. As can be seen, when the CPBD feed composition
increased from 10% to 90%, the copolymer composition increased in CPBD from 21% to
95% in 24 hours. The incorporation of CPBD is always higher than the feed. This behavior
1s consistent with the reactivity ratios of the pair of monomers, which will be discussed later.
The <M,> values range from 15.5 x 10° g/mole to 31.5 x 10° g/mole and the PDIs range from
1.49 to 1.64. These molecular weights are close to the number-average molecular weights
obtained during homopolymerization under the same conditions. The conversion of
copolymers 6-10 increases from 30 to 72%. The conversion increase can be explained by the
apparent decreased rate of polymerization of the functionalized butadiene over styrene.

The '"H NMR spectra (300 MHz, CDCl,) of copolymers 6-10 are shown in Figure 2.
The peaks could be assigned by comparison with the 'H NMR of polystyrene (PS) and
poly(CPBD) homopolymers. The aromatic regions (7.0-7.3 ppm) were attributed to the
phenyl group of the styrene repeat unit. The peaks associated with the aliphatic region of PS
overlap with those of poly(CPBD). Thus, the styrene aliphatic hydrogens were subtracted
from the total aliphatic region, which allowed for the calculation of the incorporation ratio of
CPBD to styrene. The "H NMR clearly shows that as the feed ratio of CPBD decreases, the
incorporation of CPBD decreases. In all cases, no obvious 1,4-microstructure was seen.

The copolymerization of CPBD and styrene resulted in glassy materials. In order to
maintain the material’s elastomeric properties, the polymer must have a glass transition
below room temperature. Therefore, CPBD was copolymerized with EOBD (T = -37 °C) to

lower the glass transition temperatures of the polymers. EOBD was also chosen for its ease
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of derivatization and functionality which can then further adjust the material’s properties.
The series of copolymerizations combining CPBD and EOBD (11-15) were synthesized in
THF and their results are shown in Table 5. As can be seen, when the feed composition of
CPBD increased, the incorporation composition also increased. Similar to the poly(2,3-
bis(cyanopropyl)-1,3-butadiene-co-styrene), the CPBD composition was always higher than
the EOBD composition. However, the differences were not as great as those observed in the
copolymerization with styrene. These materials are in a similar molecular weight range as
those found in the previous copolymer system. These molecular weights range from 11.4 x
10° g/mol to 25.5 x 10° g/mol as shown in Table 6. The polydispersities range from 1.33 to
1.56 with the PDIs < 1.5 attributed to the loss of low molecular weight material during work-
up.

The 'H NMR spectra (300 MHz, CD,Cl,) of the copolymers 11-15 are shown in
Figure 3. The peaks could be assigned by comparison with the "H NMR of poly(EOBD) and
poly(CPBD). The peaks at 1.25 and 4.1 were attributed to the hydrogens on the ethyl group
of the ester. The methylene peaks from both poly(CPBD) and poly(EOBD) overlap (1.5-
which allowed for the calculation of the incorporation ratio of CPBD to EOBD. 'H NMR
clearly shows that as the feed ratio of CPBD decreases, the incorporation also decreases.

Reactivity Ratios. The composition of a copolymer is dependent upon the
concentration of the monomers and the reactivity of the monomers relative to the propagating
chain ends, thus it is imperative to determine the reactivity ratios of the monomers in a
copolymerization system. There are two methods that have been used to calculate the

reactivity ratios of comonomers in the literature.'”'® The first method is based on the
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NC(H,C), (CH,);CN

< /\/ \/\
EtO,C(H,C);  (CH,);CO,Et

0.5% AIBN ’/ \\
75°C
1:1 Benzene

NC(H,C)3 (CHy),CN NCH,C); (CH,);CN

EtO,C(H,C); (CH,);CO,Et

Scheme 3. Solution copolymerization of CPBD with styrene and 2,3-bis(4-ethoxy-4-

oxobutyl)-1,3-butadiene (EOBD).

Table 4. Solution copolymerization of styrene and CPBD.

Entry Feed <M,>* <M,>*  PDP  Inc’ Conv. GPC
# % CPBD x 107 g/mol x 10 g/mol % CPBD wt. % G#
6 90 15.5 232 1.49 95 30 G5
7 75 18.0 27.2 1.51 85 45 G6
8 50 31.5 51.5 1.63 65 47 G7
9 25 26.4 42.4 1.61 45 65 G8
10 10 25.5 41.9 1.64 21 72 G9

® run in THF, by GPC based upon polystyrene standards
® calculated by 'H NMR
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Figure 2. 'H NMR spectra of copolymers 6-10 in CD,Cl.

Table 5. Solution copolymerization of EOBD and CPBD.

Entry  Feed <M,>* <M,>* PDF  Inc. Conv. GPC
# % CPBD x10°g/mol x 107 g/mol %CPBD wt.% G#
11 90 16.8 24.9 1.48 92 24 G10
12 75 17.5 25.3 1.45 81 30 Gl11
13 50 22.6 31.7 1.40 62 15 GI12
14 25 11.4 17.9 1.56 33 24 G13
15 10 25.5 33.9 1.33 12 11 G4

*run in THF, by GPC based upon polystyrene standards
® calculated by 'H NMR
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Figure 3. 'H NMR spectra of copolymers 11-15 in CD,Cl,.

copolymer composition and conversion. The second method uses information obtained from
monomer sequencing. Since it is difficult to determine a monomer sequence by NMR, this
method is seldom used.

We have chosen to use NMR techniques combined with the first method and the
Mayo-Lewis equation to determine the reactivity ratios. This equation allows for
conversions higher than 10%, unlike the traditional calculations that require conversions
Jower than 5%.'"'® Upon plotting the reactivity ratios of these two monomers, the r values
can be approximated to r; = 2.2 +£ 0.1 and r; = 0.35 + 0.05 for CPBD and styrene,
respectively (Figure 4). For the best results the lines should cross at one point, but in this
graph the result is a narrow range in which the actual ratios are located. One of the reasons
for this inaccuracy could be the higher monomer to polymer conversions, however, there is

also a higher instrumental error associated with determining the reactivity ratios from NMR
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1.7 19 21 23 25 27 29 31 33 35 3.7

Iy

2,3-Bis(cyanopropyl)-1,3-butadiene

Figure 4. Reactivity ratios of CPBD and styrene.

than other methods such as gas chromatography, which requires very low conversions (<
10%).

The same method was used to determine the reactivity ratios of CPBD and EOBD.
Upon plotting the reactivity ratios of these two monomers, the r values are shown to be r; =
1.29 and r, = 0.26 for CPBD and EOBD, respectively (Figure 5). This method shows very
good accuracy in determining the reactivity ratios, which is shown by the lines all
intersecting at one point. The calculated reactivity ratios for both copolymerizations are
consistent with the observed incorporation data in which CPBD incorporated preferentially to
styrene and EOBD, thus the copolymer will always be richer in CPBD than styrene or
EOBD. However, r; was greater in the copolymerization with styrene than with EOBD.
This indicates that there is a propensity for the functionalized butadienes to homopropagate

rather than cross propagate.
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2,3-Bis(4-ethoxy-4-oxobutyl)-1,3-butadiene
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2,3-Bis(cyanopropyl)-1,3-butadiene

Figure 5. Reactivity ratios of CPBD and EOBD.

Thermal Properties. The thermal properties of copolymers 6-10 (CPBD
incorporation decreasing from 95 to 21%) are shown in Table 6. The thermal gravimetric
analysis (TGA) shows a small increase as the CPBD incorporation decreases (346 to 325 °C
and 340 to 319 °C in nitrogen and air, respectively) for the 5% weight loss. The increase in
the thermal stability of the copolymer with increasing CPBD incorporation may be due to the
increase in nitrile groups; thus increasing the polar interactions between the molecules.
While there is a small increase in the TGA values of copolymers 6-10, copolymers 11-15
exhibit larger increases from 248 to 341 °C and from 234 to 339 °C for the 5% weight loss in
nitrogen and air, respectively, with increasing CPBD incorporation (Table 7). This could be
due to styrene having a less detrimental effect on the thermal stability because the benzene

ring is more stable.
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Also shown in Tables 6 and 7 are the glass transition temperatures (T,) of copolymers
6-15. As the feed ratio of CPBD is decreased in copolymers 6-10, the T, increases from 23
to 78 °C. All the materials made from CPBD and styrene are glassy and therefore cannot be
used as a rubber. For copolymers 11-15, as the feed ratio of CPBD is decreased, the T,
decreases from 16 to —24 °C. With the decrease in glass transition temperature, the materials
synthesized are rubbery and thus have potential applications in the adhesive, packagings and
coatings industry. Each copolymer has only one T, indicating that the polymer is random
rather than block in structure. Figures 6 and 7 illustrate the dependence of the T, on the
incorporation of CPBD, whereby the theoretical values of the T, were calculated using
Equation 1. The Gordon-Taylor equation (k = 0.6, W; = weight percent of CPBD
incorporated, W, = weight percent of styrene or EOBD incorporated) has been shown to be
useful in calculating theoretical glass transition temperatures for other butadiene and styrene
copolymers because of its versatility for comonomers that have significantly different glass
transition temperatures. There is a good correlation between the experimental and the
theoretical Ty as the theoretical line generally falls within the error bars of the experimental

and follows the same trends as the experimental for each copolymer series.

Ty = (W Tg1 + kWoT)/(W) + kW2) Equation 1
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Table 6. Thermal data for the solution copolymerization of styrene and CPBD.

Entry T, Weight Loss Nitrogen Weight Loss Air

# °C °C °C

5% 10% 5% 10%
6 23 346 362 340 359
7 37 341 359 336 355
8 48 347 361 337 354
9 66 329 351 325 351
10 78 325 357 319 351

Table 7. Thermal data for the solution copolymerization of CPBD and EOBD.

Entry T, Weight Loss Nitrogen Weight Loss Air
# °C °C °C
5% 10% 5% 10%
1 6 3 30 330 34
12 12 335 352 333 351
13 -6 261 304 270 315
14 -16 2775 311 246 292

15 -24 248 282 234 264
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CONCLUSIONS

Poly[2,3-bis(cyanopropyl)-1,3-butadiene], poly[2,3-bis(cyanopropyl)-1,3-butadiene-
co-styrene] and poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene] have been successfully polymerized via free radical bulk and solution
polymerization, and the copolymerization behavior was investigated. The reactivity ratios of
CPBD with styrene and EOBD were determined by the Mayo-Lewis equation. The cyano-
substituted monomer had a higher reactivity than styrene and EOBD. The resulting
copolymers’ glass transition temperatures were dependent on the copolymer composition and
fit the Gordon-Taylor equation. All the copolymers obtained were random, noncrystalline
polymers, which showed only one T, on DSC.

Although this paper focuses on the copolymerization of CPBD with one other
monomer, the potential to utilize CPBD as a third monomer in commercial materials, such as
SBR and NBR is evident. The high reactivity of CPBD should allow it to add readily to such
materials. In addition to the high reactivity, the cyano group’s good solvent resistance and
thermal stability should lend new properties to the resulting materials while maintaining the
flexibility of the rubber. These properties combined into the elastomers should extend the
potential applications of these materials to include adhesives, packagings and coatings. the

potential applications of this material to include adhesives, packagings and coatings.
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CHAPTER 2. CONTROLLED FREE RADICAL POLYMERIZATION OF 2,3-BIS(4-

ETHOXY-4-OXOBUTYL)-1,3-BUTADIENE

Melissa K. Rath-Murphy and Valerie V. Sheares

Department of Chemistry, Iowa State University, Ames, Iowa 50010

Abstract

The nitroxide mediated free radical polymerization of 2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene (EOBD) was studied. Using 1.0 mole % free nitroxide, the conversions
increased from 18 to 53% with increasing time (12 to 36 hours), as expected for a controlled
free radical polymerization. After 36 hours the polymerization terminated. Upon addition of
5 mole % free nitroxide, higher conversion (71%) was achieved with 1.0 mole % initiator.
However, at lower initiator concentrations of 0.5 and 0.1 mole %, termination was seen at 49
and 20 % conversion, respectively. Decreasing the free nitroxide concentration to 2.5 mole
% allowed for greater conversions of 59 and 70 % conversion at 0.5 and 0.1 mole %,
respectively. However, for 1.0 mole % initiator the data resembled that from the
polymerization with no free nitroxide added, whereby the conversion terminated at 59 % at
24 hours. The molecular weight for these polymerizations ranged from 1.2 x 10% to 3.9 x 10*
g/mol. When higher molecular weights were achieved polydispersities increased to as high
as 2.37. Under bulk polymerization conditions, conversions as high as 86% were achieved
with 2 mole % acetic anhydride with PDIs ranging from 1.31 to 1.97. Further

experimentation is needed to gain control of this system.
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Introduction

There continues to be significant interest in incorporating functionality into polymeric
materials. Through this incorporation, one can tailor a polymer’s physical and mechanical
properties. Our group has been particularly interested in producing polar functionalized
diene-based materials. Functionalities such as amines, nitriles, esters and silyl ethers have
already been incorporated onto diene-containing polymer backbones.''® There are two
methods that have been used to incorporate such functionality into the polymer backbone.
The first method utilizes chemical modification of the existing polymer. However, the
uniformity of functional group incorporation cannot be guaranteed. The second method can
guarantee uniformity by the polymerization of a functionalized monomer. Our group has
investigated a number of substituted dienes with moieties including dialkylamines, nitriles

and esters.” %1516

Previous work on these monomers by our group has included traditional
bulk, solution and emulsion free radical studies.

Due to the lack of control of the molecular weight and polydispersities offered by
these polymerization techniques, it was necessary to look elsewhere for the desired control.
It is anticipated that anionic and nitroxide mediated polymerization will produce controlled
molecular weights, low polydispersities (< 1.4) and an extendable chain end for the
polymerizations of our functionalized 1,3-butadienes. The extendable chain end will allow
us to synthesize block copolymers. Stadler et al. anionically polymerized a number of linear,
branched and cyclic 2-(N, N-dialkylaminomethyl)-1,3-butadienes (dialkylaminoisoprenes)
and discovered that bulkier monomers led to more cis-1,4 incorporation than the smaller, less

bulky amine monomers. In the anionic homopolymerizations, high molecular weight

polymers and quantitative conversions were not easily achieved. Quantitative conversions
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were achieved upon copolymerization with styrene when small concentrations of the
aminoisoprenes were used. Beyond the random copolymers, dialkylaminoisoprenes have
been incorporated into a triblock copolymer with styrene and #-butyl methacrylate, where the
t-butyl methacrylate was later converted to poly(methacrylic acid) producing triblock
coamphilytes." Anionic polymerization remains a good option for polymerizing
dialkylaminoisoprenes in a controlled fashion, but is limited by functionality.

Our substituted 1,3-butadienes containing polar functionalized groups such as esters
and nitriles are not viable options for anionic polymerization. These groups have a-acidic
hydrogens to the functional group that could easily be removed, terminating the
polymerization. It is for this reason that we chose to explore controlled free radical
techniques. There are several controlled free radical techniques that are currently being
employed: atom transfer radical procedures (ATRP), 2,2,6,6-tetramethylpiperdinoxy
(TEMPO) and other nitroxide mediated polymerizations.”'19 Despite the number of
controlled free radical techniques, only one option is currently feasible for the controlled
polymerization of these functionalized monomers. ATRP and TEMPO are limited by the
presence of diene monomers; whereas the nitroxide mediated polymerizations described by
Hawker are neither limited by the presence of a diene nor the presence of a functional group.

Benoit et al. studied a wide variety of alkoxyamines in pursuit of a universal
initiator."® Their experimentation produced an o-hydrido alkoxyamine (I) that when used to
polymerize a number of different monomers resulted in polymers with controlled molecular
weights, low polydispersities and extendable chain ends. Through the use of this initiator,
Benoit er al. were able to successfully polymerize diene-based monomers such as isoprene,

butadiene and acrylates.20 Since this nitroxide mediated polymerization can be utilized with
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diene and functionalized acrylate monomers, we projected that this system would be
successful with our functionalized 1,3-butadiene monomers. Prior to this nitroxide mediated
system, the block copolymerization of our nitrile and ester monomers was not a possibility.
Benoit et al. showed that they were able to synthesize random and block copolymers utilizing
monomers that were either diene-based or functionalized.”® The block copolymerization of
isoprene and styrene showed greater efficiency and lower polydispersities when styrene was
used as the initial block. However, during the block copolymerization of styrene and z-butyl
acrylate, it was necessary to use the acrylate as the starting block. Incomplete initiation was
observed when the polymer was grown in the opposite direction. Through this new
nitroxide mediated technique, Benoit et al. have expanded the potential applications of
functionalized monomers to include those associated with block copolymers.

In this paper the bulk and solution polymerization of 2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene (EOBD) will be discussed. Upon block copolymerization these polymers have
potential applications in phase separation membranes, packagings, coatings and blend

compatabilizers.
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Experimental
Materials
All reagents were purchased from Aldrich and used as received except when reported.
Styrene, benzene, tetrahydrofuran and ethyl 4-chlorobutyrate were distilled prior to use. 2,3-
Bis(4-ethoxy-4-oxobutyl)-1,3-butadiene was purified by flash chromatography until the 'H

NMR corresponded to the expected structure and the GCMS showed > 99% purity.

Characterization

General. '"H NMR and ">C NMR spectra were determined in CDCl; on a VXR-300 at 300
MHz and 75.5 MHz, respectively. A Varian GC fitted with a Finnigan Mat Magnum mass
spectrometer was used for product identification. High-resolution mass spectrometry was
performed with a Kratos MS50TC at a resolution (R) of 14,300 in electron impact (EI) mode

with an electron beam energy of 70 eV.

Svynthetic Procedures

Synthesis of 2,3-Bis(4-ethoxy-4-oxobutyl)-1,3-butadiene.

Ethyl 8-iodobutyrate.® Acetone (700 mL) and sodium iodide (90 g, 600 mmol) were
added to a one-necked, 1.0 L round-bottom flask, equipped with a water condenser. Ethyl &-
chlorobutyrate (14 mL, 100 mmol) was then added and the mixture was refluxed for 12
hours. The solution was cooled and concentrated using a rotary evaporator. Approximately
100 mL of water was added to dissolve the salt. The aqueous layer was extracted twice with
diethyl ether (150 mL), washed with brine, dried over magnesium sulfate and filtered. The

extracts were concentrated and distilled over copper powder under reduced pressure to
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provide the liquid product (23.5 g, 98 %yield). '"H NMR (N8), (CDCl3): 6 1.25 (t,3H; J=6
Hz, -CH,), 2.10 (dd, 2H; J = 6 and 9 Hz, -CH,), 2.45(t, 2H; J = 9 Hz, -CH,-CO,), 3.22 (t,
2H; J = 6 Hz, -CH,), 4.14 (q, 2H; J = 6 Hz, -OCH,). *C NMR (N9), (CDCl,): 8 6 (-CH3),
14 (-CH), 29 (-CH,-COy), 35 (-CH-D), 61 (-OCHy), 172 (-COy).

2,3-Bis(4-ethoxy-4-oxobutyl)-1,3-butadiene.®*""** Zinc granules (30 mesh, 26 g,
400 mmol) and 80 mL of tetrahydrofuran (THF) were added to a flame-dried argon-purged
three-necked, 250 mL round-bottom flask. The zinc was activated by refluxing in 8 mL of
1,2-dibromoethane. Ethyl d-iodobutyrate (24 g, 100 mmol) was added and the reaction was
heated to 50 °C for 24 hours. Before the next step, the alkyl zinc iodide solution was cooled
to room temperature. Lithium chloride (8.5 g, 200 mmol) was added to a two-necked, 500
mL round-bottom flask. The flask was evacuated and flame dried several times to remove
any excess water from the salt and from the surface. After purging with argon, copper
cyanide (9.0 g, 100 mmol) was added to the flask under a strong flow of argon. The flask
was then evacuated and purged with argon three times. After the addition of 80 mL THF, the
solution was cooled to —30 °C and the alkyl zinc iodide solution was added via cannula. The
solution was warmed to 0 °C, held at that temperature for 10 minutes and cooled to —78 °C.
This was followed by the dropwise addition of 1,4-dichloro-2-butyne (4.4 mL, 45 mmol).
The solution was stirred for 12 hours as it warmed to room temperature. The flask was
opened and its contents were poured into a saturated ammonium chloride solution to quench
any residual cuprate. The aqueous layer was extracted twice with 150 mL of diethyl ether,
washed with brine and finally washed with sodium thiosulfate to remove any iodide ions
from the solution. The organic layer was dried over magnesium sulfate, filtered and

concentrated under vacuum to provide a crude oil. The product was purified by filtration
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with basic alumina on a sintered glass funnel (the eluent was a 15% ethyl acetate in hexanes
mixture) followed by column chromatography (the eluent was a 5% ethyl acetate in hexanes
mixture gradually increasing to a 15% ethyl acetate in hexanes mixture). Yield: 82%. Purity
>99% by GCMS (M3). 'H NMR (N10), (CDCl3): & 1.26 (t, 6H; J = 6 Hz, -CH»), 1.80(q,
4H; J =9 Hz, -CH»), 2.28 (t, 4H; J = 9 Hz, -CH,-CO,), 2.30 (t, 4H; J = 9 Hz, -CH,-C=), 4.12
(q, 4H; J = 6 Hz, -OCH,), 4.96 (d, 2H, -CH=C), 5.11 (d, 2H, -CH=C). >C NMR (N11),
(CDCl3): & 14 (-CH3), 24 (-CH,), 33 (-CH,-COs), 34 (-CH,-C=), 60 (-OCH,), 113 (-CH,=C),
146 (-C=CH,), 174 (-CO,). High-resolution mass spectrometry (M4): theoretical mass

282.183676, measured mass 280.98242, deviation 2 ppm.

Initiator Synthesis.

Synthesis of N-tert-butyl-a-isopropylnitrone.”” To a 1 L round-bottom flask, 2-methyl-2-
nitropropane (20.6 g, 200 mmol) and iso-butyraldehyde (14.4 g, 200 mmol) were added
while stirring. To this mixture was added ammonium chloride (11.8 g, 220 mmol) and 400
mL of water. The reaction was cooled to O °C in an ice bath and 300 mL of ethyl ether was
added to dissolve the ammonium chloride. Zinc powder (52 g, 800 mmol) was added in
small portions over an hour. After stirring at room temperature for 24 hours, the mixture was
filtered through a sintered glass filter that contained one inch of celite. The cake was washed
generously with water and dichloromethane and the product was extracted four times with
dichloromethane. The organic layers were combined and washed with a saturated sodium
chloride solution. The product was dried over magnesium sulfate, filtered and concentrated
using a rotary evaporator (water bath is not to exceed 30 °C) to obtain a clear liquid in 80%

yield (2.3 g, 16 mmol). "H NMR (N12), (CDCl3): 8 1.21 (s, 9H; -C(CHs)3), 1.42 (d, 6H; -
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C(CHas)), 2.10 (m, 1H, -CH-(CH3),), 6.52 (d, 1H; -CH-CH(CH3),). *C NMR (N13),
(CDCl3): 8 26.1 (-C(CHs)3), 28.5 (<C(CHs)2), 30.7 (-C-(CHa)s), 69.2 (-CH-(CHs),), 139.6 (-

CH-CH(CHa)»).

Synthesis of 2,2,5-trimethyl-4-phenyl-azahexane-3-nitroxide.”’ To a 500 mL, flame dried,
two neck round-bottom flask equipped with a vacuum adapter and an addition funnel, N-tert-
butyl-a-isopropylnitrone (21.21 g, 148 mmol) and 170 mL of tetrahydrofuran (THF) were
added while stirring. The reaction was cooled to 0 °C in an ice bath and 120 mL of phenyl
magnesium bromide was added dropwise via the addition funnel. Then the reaction mixture
was warmed to room temperature and allowed to stir for twelve hours under argon. The
excess grignard reagent was decomposed by the addition of concentrated ammonium
chloride while being chilled in an ice bath. The organic layer was separated and the aqueous
layer was extracted twice with dichloromethane. The organic layers were combined, dried
over magnesium sulfate, filtered and concentrated via rotary evaporation (water bath not to
exceed 30 °C). The residue was treated with 800 mL of methanol, 60 mL concentrated
ammonium hydroxide and 1.8 g copper acetate (9.2 mmol). A stream of air was bubbled
through the mixture for one hour until the solution turned dark blue and then the mixture was
concentrated. The residue was dissolved in 800 mL of chloroform, 200 mL of saturated
sodium bisulfate and 800 mL of water. The organic layer was separated and the aqueous
layer was extracted twice with dichloromethane. The organic layers were combined, washed
with saturated sodium bicarbonate solution, dried over magnesium sulfate, filtered and
concentrated. The crude product was purified via flash column chromatography. The

column was loaded with hexanes then run with hexanes until first spot came through and
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then run with 98:2 hexanes: ethyl acetate to collect the product. The nitroxide was collected
as an orange oil that crystallizes at temperatures below 4 °C in 67% yield (22 g, 99 mmol).
'H NMR (N14), (CDCLy): 8 1.20 (d, 6H; -C(CHz),), 1.44 (s, 9H; -C(CHs)3), 2.28 (m, 1H, -
CH-(CH3)y), 3.41 (d, 1H; -CH-CH(CH3),) 725-7.60 (m, 5H, Ph). >C NMR (N15), (CDCl)
in the presence of pentafluorophenyl hydrazine: ¢ 18.5, 20.5, 21.5, 26.9, 30.2, 31.2, 31.5,

59.1,63.3,71.3,73.4,126.6, 127.3, 127.8, 128.4, 128.77, 129.5, 136, 141.2, 142.06, 154.3.

Synthesis of 2,2,5-trimethyl-3-(1’-phenylethoxy)-4-phenyl-3-azahexane (I).”° In a 1000
mL round -bottom flask, air was bubbled through 340 mL of a 1:1 ethanol : toluene solution
for one hour. Styrene (3.74 g, 36 mmol) and 2,2,5-trimethyl-4-phenyl-azahexane-3-nitroxide
(6.78 g, 30 mmol) were added sequentially to the solution. Jacobsen’s catalyst (2.96 g, 4.66
mmol), [N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-cyaclohexanediamino] manganese (III)
chloride, was added in one portion followed immediately by sodium borohydride (2.32 g,
60.8 mmol). The mixture was bubbled through with air for at least six hours. The reaction
was then filtered through a sintered glass filter funnel with a bed of silica gel in it. The silica
gel was washed with 350 mL of dichloromethane and the solution was evaporated to dryness.
Following the evaporation, 100 mL of chloroform was added to the residue and evaporated to
remove the remaining ethanol. The crude product was purified by flash column
chromatography by initially running with hexanes and then switching to 9:1 hexanes :
methylene chloride. The pure product was obtained as a colorless oil in 81% yield (7.9 g,
24.3 mmol). 'H NMR (CDCl;, both diastereomers) (N16): & 0.22 (d, 3H, minor
diastereomer), 0.54 (d, 3H, major diastereomer), 0.77 (s, 9H major diastereomer), 0.92 (d,

3H, minor diastereomer), 1.04 (s, 9H, major diastereomer), 1.31 (d, 3H, major diastereomer),
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1.54 (d 3H, minor diastereomer), 1.62 (d, 3H, major diastereomer), 2.35 (two m, 2H both
diastereomers) 3.29 (d, 1H, minor diastereomer), 3.41 (d, 1H, major diastereomer), 4.90 (g +
q, 2H, both diastereomers), 7.5-7.1 (m, 20H, aromatic). °C NMR (CDCls, both
diastereomers) (N17): 8 21.1, 21.3, 22.1, 23.2, 23.3, 24.8, 28.3, 28.5, 31.7, 32.1, 60.5, 60.6,
72.2,72.3,82.09, 83.6,126.3, 126.4, 126.7, 127.1, 127.3, 127.4, 127.5, 128.2, 131.0, 142 4,

142.6, 145.1, 145.9.

Homopolymer Synthesis.

General procedure for bulk and solution polymerization of 2,3-bis(4-ethoxy-4-
oxobutyl)-1,3-butadiene. EOBD (1.0 g, 3.54 mmol), 1.0 mole % I (11.5 mg, 0.0354 mmol),
solvent (for solution polymerizations only), free nitroxide (mole % based on initiator
concentration) and a stir bar were added to an ampoule. After three freeze-pump-thaw
cycles, the ampoule was sealed under argon and then placed in a constant temperature oil
bath for the allotted time. The polymer was precipitated twice from dichloromethane into
hexanes. The polymer was dried under vacuum and then analyzed. '"HNMR (CDCl,): &
1.25 (t, 6H; CHs), 1.68 (m, 4H; -CH,), 2.05 (t, 4H, -CH,-CO,), 2.09 (t, 4H, -CH,-C=), 2.29
(t, 4H, -CH,-C=), 4.12 (q, 4H; -OCH,). ">C NMR (CDCls): § 14 (-CH3), 31 (-CH,-COy),
31.5 (-CH,C=), 34 (-CH;,-C=), 60 (-OCH,), 133 (-C=C), 174 (-CO,). Elemental analysis:

67.25% C, 8.86% H.
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RESULTS AND DISCUSSIONS

2,3-Bis(4-ethoxy-4-oxobutyl)-1,3-butadiene (EOBD) was synthesized according to
Beery et al.® The synthesis of the alkoxyamine initiator, I, was performed according to
Benoit et al.”’ and is shown in Scheme 1. The first step reductively condensed 2-methyl-2-
nitropropane to N-tert-butyl-o-iso-propyl nitrone. The nitrone then underwent a Grignard
reaction with phenyl magnesium bromide to form the free nitroxide (2,2,5-4-phenyl-3-
azahexane-3-nitroxide), which was converted to I in the presence of Jacobsen’s catalyst,
styrene and sodium borohydride. Purification of the final product yielded a clear liquid in
38% overall yield. This initiator was important because of its ability to polymerize not only
diene-based monomers, but functionalized monomers as well. It is through this combination
that we chose to utilize this initiator for our functionalized butadiene monomers.

Previously, we have seen the formation of the Diels-Alder product during free radical
polymerization of our monosubstituted butadienes with as much as 10% Diels-Alder product
formed at 125 °C.'® In deciding which functionalized 1,3-butadiene to first explore the
nitroxide mediated polymerization, we attempted to polymerize 2-(N,N-
dipropylaminomethyl)-1,3-butadiene. Upon polymerization using 1.0 mole % I at 125 °C,
there was 33% conversion to polymer and 25% conversion to the Diels-Alder product as
verified by 'H NMR (Table 1). Lowering the temperature did decrease the amount of Diels-
Alder product formed (6% and a negligible amount when reducing to 100 °C and 75 °C,
respectively) but it also greatly decreased the conversion to the polymer (12 to 1.7%).
EOBD was chosen because we have not seen any formation of the Diels-Alder product with
our disubstituted monomers. We attribute the lack of the Diels-Alder product to the steric

bulk of the monomer. In addition to the lack of the Diels-Alder product, poly(EOBD) is easy
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Scheme 1. Synthesis of 2,2,5-trimethyl-3-(1’-phenylethoxy)-4-phenyl-3-azahexane, the

alkoxyamine initiator.
to process and characterize. Poly(EOBD) is stable in light and lacks the solvent resistance
that we have seen with poly[2,3-bis(cyanopropyl)-1,3-butadiene].
Previously our group has explored the bulk and solution polymerization of EOBD
using different initiators and temperatures.® At 125 °C, high molecular weights were

achieved (8.0 x 10* =13.2 x 10* g/mol). However the PDIs were large as well, ranging from
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Table 1. Homopolymerization of 2-(N, N-dipropylaminomethyl)-1,3-butadiene using 1.0

mole % initiator for 48 hours.

Entry Temp. Conv. % Diels Alder
°C wt. %° formed °
16 125 33 25
17 100 12 6
18 75 1.7 negligible

# calculated by (weight of polymer/weight of monomer) x 100
® determined by "H NMR

T lJL | jH
o |1 N

7.0 6.0 5.0 4.0 3.0

Figure 1. 'H NMR spectra of 2-(N,N-dipropylaminomethyl)-1,3-butadiene (16-18).

2.57 to 3.94 depending on the initiator concentration. Through the use of the alkoxyamine
initiator (Scheme 2), we have been able to decrease the PDIs of this homopolymer to as low
as 1.10. Table 2 shows the molecular weight data for the nitroxide mediated polymerization
of EOBD at various times with calculated molecular weights. The calculated molecular
weights were determined by multiplication of the conversion and the target molecular

weight. The conversions of polymers 19 through 21 increased from 18 to 52% with
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increasing time (12 to 48 h) as expected for a controlled free radical polymerization. The
target molecular weight was 2.8 x 10* g/mol for all samples based on quantitative
conversions. In all cases, the molecular weight was greater than the calculated molecular
weight. We believe this may be due to termination by coupling. The PDIs for these samples
were also very low (1.1-1.26) in comparison with traditional free radical polymerization of
this monomer. After 36 h, the polymerization appeared to shut down as evidenced by the
lack of increase in molecular weight and conversion after this time. The thermal data for
these materials followed normal trends. As the molecular weight increases from 1.15 x 10
to 2.85 x 10 * g/mol, the 5% weight loss in air increased from 283 °C to 308 °C and the glass
transition temperature of this material remained at —-37 °oc?

In an effort to overcome the problem of polymerization termination, free nitroxide
was added to shift the equilibrium towards the nitroxide end-capped polymer. The
mechanism for this polymerization is shown in Scheme 3. By increasing the free nitroxide
concentration, the rate of polymerization should decrease, but should still be greater than the

rate of termination. The rate of polymerization (Equation 1) is first order while the rate of

Y

O + ; g 125°C

I
Scheme 2. Nitroxide mediated polymerization of 2,3-bis(4-ethoxy-4-oxobutyl)-1,3-

butadiene.
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Table 2. Nitroxide mediated polymerization of EOBD using 1.0 mole % initiator

with a target of 2.8 x 10* g/mol.

Entry Time <M,>* PDI* Calc.” Conv. GPC
# h x 107 g/mol M, x 107 wt. % Gi#
g/mol
19 12 14.9 1.10 5.1 18 G15
20 24 11.5 1.19 7.6 27 G16
21 36 32.7 1.21 13.4 48 G17
22 48 22.9 1.35 14.7 52 G18
23 60 28.2 1.53 16.6 59 G19
24 72 28.5 1.65 16.1 57 G20

* run in THF, by GPC based upon polystyrene standards
® calculated based on conversion multiplied by target molecular weight

termination is second order (Equation 2), thus even though the rate of termination increases,
the ratio of the rate of polymerization to the rate of termination (Equation 3) will increase.”
The resulting system obtained higher conversions with more reasonable molecular weights,
when compared to the calculated molecular weights, as seen in Table 3. For 1.0 mole % free
nitroxide added, the polymer reached 71% conversion at 48 hours, whereas in the absence of
free nitroxide 59 % yield was the greatest reached. The molecular weights at 1.0 mole %
initiator also show greater correlation to those calculated based upon conversion. However,
at lower initiator concentrations of 0.5 mole % and 0.1 mole %, the polymerizations resulted
in termination at 24 hours with 49 and 20% yield, respectively. For 0.5 mole % there is also
better correlation between the experimental molecular weights and the calculated molecular

weights than was seen previously with 1.0 mole % in the absence of free nitroxide but this
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Scheme 3. Proposed mechanism for the nitroxide mediated polymerization.
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trend was not seen with the 0.1 mole % initiator concentration. The 0.1 mole % initiator
concentration showed lower experimental molecular weights than calculated, which was an
indication that the polymerization has some degree of control. However, it lacked the desired
control. In all cases, the PDIs are lower, ranging from 1.16 to 1.54, than was seen in
traditional free radical polymerization of this monomer but it was not as low as many of the
polymers formed in the absence of free nitroxide. One possible explanation for this observed
trend is that too much free nitroxide could have been added and thus shifted the equilibrium

too far causing the polymer not to propagate.

Ry =kp [M][M] Equation 1
R = 2kr[M]? Equation 2
Ry/Rt = kp[M1/2k1[M] Equation 3

One way to test whether too much free nitroxide was added was to decrease the free
nitroxide concentration from 5 mole % of the initiator to 2.5 mole %. In this system there
was evidence that the amount of free nitroxide needed was dependent on the initiator
concentration. In the 5 mole % free nitroxide experiments the best results were seen with 1.0
mole % initiator concentration. In the 2.5 mole % free nitroxide (Table 4), 1.0 mole %
initiator molecular weight data was more similar to the data seen from the absence of free
nitroxide, in that the conversion plateaus at 59%. The conversions for the lower initiator
concentrations of 0.5 mole % and 0.1 mole % were as high as 59% and 70%, respectively.
However, with those higher conversions came greater PDIs, as high as 1.64, and far less

correlation between experimental molecular weight and calculated molecular weight.
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Table 3. Nitroxide mediated polymerization of EOBD using 5.0 mole % free nitroxide.

Entry %[I° Time <M, >’ PDI° Calc.¢ Conv. GPC

# h x 10 g/mol M, x 10° wt. % G#
g/mol
25 10 24 175 Lle 126 4 Ga

26 1.0 48 22.6 1.32 20.0 71 G22
27 0.5 24 24.7 1.37 27.6 49 G23
28 0.5 48 16.6 1.53 26.5 47 G24
29 0.1 24 25.2 1.54 50.8 18 G2§
30 0.1 48 39.5 1.33 57.5 20 G26

* % I = mole percent initiator
® run in THF, by GPC based upon polystyrene standards
¢ calculated based on conversion multiplied by target molecular weight

Table 4. Nitroxide mediated polymerization of EOBD using 2.5 mole % free nitroxide.

Entry %I*  Time <M>° PDI° Calc.* Conv. GPC
# h x 107 g/mol M, x 107 wt. % G#
g/mol
31 1.0 24 22.6 1.17 16.1 57 G27
32 1.0 48 17.9 1.37 16.6 59 G28
33 0.5 24 29.6 1.31 25.8 46 G29
34 0.5 48 21.6 1.58 33.2 59 G30
35 0.1 24 28.4¢ ? 66.6 24 G31
36 0.1 48 14.8 1.64 211.5 70 G32

® % 1 = mole percent initiator

® run in THF, by GPC based upon polystyrene standards

¢ calculated based on conversion multiplied by target molecular weight
9 molecular weight is <M,>
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One explanation for this lack of control could be that in bulk polymerization as
viscosity increases, hot spots can form. In order to explore this theory, solution
polymerizations were performed, shown in Table 5. For 1.0 mole % initiator concentration
in 1:1 volume ratio monomer: solvent, as time increased the molecular weight did not change
significantly from 24 to 48 hours, maintaining a molecular weight around 1.6 x 10" g/mol,
but did increase to 2.9 x 10* g/mol at 72 hours. The conversion from 24 to 72 hours also did
not increase. The PDIs did increase from 1.1 to 1.34, which were not as high as the PDI of
1.65 in bulk polymerization at 72 hours under the same conditions. When the monomer to
solvent ratio was increased to 2:1, the conversion increased to 53 %, the molecular weight
increased to 2.2 x 10* g/mol and the PDI increased slightly to 1.24. However, in all solution
polymerizations the desired correlation between the calculated molecular weights and the
experimental molecular weights was not seen.

In examining how solvent affects the polymerization at lower initiator concentrations,
there was not a significant difference in molecular weights or conversions between the bulk
polymerization and solution polymerization of EOBD using 0.1 mole % initiator. With the
addition of 1:1 THF, the PDI did decrease significantly from 1.55 to 1.24. However, if the
solvent ratio was decreased to 2:1 monomer to solvent the PDI jumped to 2.37, but the
conversion increased to 38% at 48 h. With the addition of 5 mole % free nitroxide, there was
not a significant difference between this polymer’s data and that of the bulk homopolymer.
In all cases of 0.1 mole % initiator, the experimental molecular weights were lower than the
calculated molecular weights.

The solution polymerization did produce some higher molecular weight materials but

still did not result in controlled polymerizations. One reason for this may be due to the lack
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Table 5. Nitroxide mediated solution polymerization of EOBD.

Entry %1I* Time Solvent’ <M, >° PDI° Calc.® Conv. GPC
# h x 102 g/mol M, x 107 wt. % Gi#
g/mol
37 1.0 24 1:1 THF 16.3 1.11 8.5 30 G33
38 1.0 48 1:1 THF 15.5 1.20 9.0 32 G34
39 1.0 72 1:1 THF 28.9 1.34 9.9 35 G35
40 1.0 48 2:1 THF 21.9 1.24 14.9 53 G36
41 0.1 48 None 26.5 1.55 35.8 13 G37
42 0.1 48 1:1 THF 23.8 1.25 31.0 11 G38
43 0.1 48 2:1 THF 56.1 2.37 107.2 38 G39
44 0.1¢ 48 1:1 THF 28.6 1.52 42.3 15 G40

? % I = mole percent initiator

® monomer: solvent ratio by volume

¢ run in THF, by GPC based upon polystyrene standards

¢ calculated based on conversion multiplied by target molecular weight
¢ 5 mole % free nitroxide added

of control of the endcapping process. Acetic anhydride should interact with the nitrogen-
oxygen bond to facilitate the easier removal of the endcap, as well as the breaking apart of
the initiator. It is through this interaction that the free radical polymerization should occur at
a faster rate and thus give the process a higher degree of control. Table 6 shows the results of
adding 2 mole % acetic anhydride to the polymerization reaction. Higher conversions of 74
and 86% were obtained using 1.0 mole % initiator at 24 and 48 hours as well as greater
conversions for 0.5 and 0.1 mole %, as high as 76 and 55%, respectively. The PDIs are
lower than traditional free radical techniques at this temperature ranging from 1.31 to 1.97,

increasing as the initiator concentration decreased and the time increased.
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Table 6. Nitroxide mediated polymerization of EOBD in the presence of acetic anhydride.”

Entry %I° Time <M,>* PDI Calc.* Conv. GPC
# h  x 107 g/mol Max10% wt. % G#
g/mol
45 1.0 24 29.5 1.31 20.8 74 G41
46 1.0 48 21.9 1.63 24.3 86 G42
47 05 24 43.8 1.68 28.2 50 G43
48 05 48 36.8 1.77 429 76 G44
49 01 24 48.4 1.65 62.0 22 G45
50 01 48 39.9 1.97 155 55 G46

 acetic anhydride is used at twice the mole % of initiator

* % I = mole percent initiator

¢ run in THF, by GPC based upon polystyrene standards

¢ calculated based on conversion multiplied by target molecular weight

CONCLUSIONS
2,3-Bis(4-ethoxy-4-oxobutyl)-1,3-butadiene was successfully homopolymerized
using the alkoxyamine initiator. Under bulk conditions the polydispersities ranged from 1.10
to 1.65, which is much lower than polydispersities achieved under traditional free radical
techniques at 125 °C (2.37-3.94). Prior to this system it was impossible to have controlled
polymerizations or block copolymers with functionalized monomers such as EOBD. These
preliminary results indicate that EOBD has significant potential in blend compatabilizers,

amphiphilic materials, block elastomers and phase separation membranes.
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GENERAL CONCLUSIONS

This thesis is a fundamental study of the free radical polymerization and nitroxide
mediated free radical polymerization of functionalized disubstituted 1,3-butadienes. It has
been shown that the disubstituted 1,3-butadienes can be synthesized utilizing Rieke
chemistry and nucleophilic substitution reactions to produce the monomers in high purity and
high yield.

Poly[2,3-bis(cyanopropyl)-1,3-butadiene], poly[2,3-bis(cyanopropyl)-1,3-butadiene-
co-styrene] and poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene] have been successfully polymerized via free radical bulk and solution
polymerization, and the copolymerization behavior was investigated. The reactivity ratios of
CPBD with styrene and EOBD were determined by the Mayo-Lewis equation. The cyano-
substituted monomer had a higher reactivity than styrene and EOBD. The resulting
copolymers’ glass transition temperatures were dependent on the copolymer composition and
fit the Gordon-Taylor equation. All the copolymers obtained were random, noncrystalline
polymers, which showed only one T, on DSC.

Although this paper focuses on the copolymerization of CPBD with one other
monomer, the potential to utilize CPBD as a third monomer in commercial materials, such as
SBR and NBR is evident. The high reactivity of CPBD should allow it to add readily to such
materials. In addition to the high reactivity, the cyano group’s good solvent resistance and
thermal stability should lend new properties to the resulting materials while maintaining the
flexibility of the rubber. These properties combined into the elastomers should extend the
potential applications of these materials to include adhesives, packagings and coatings. the

potential applications of this material to include adhesives, packagings and coatings.
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2,3-Bis(4-ethoxy-4-oxobutyl)-1,3-butadiene was successfully homopolymerized
using the alkoxyamine initiator. Under bulk conditions the polydispersities ranged from 1.10
to 1.65, which is much lower than polydispersities achieved under traditional free radical
techniques at 125 °C (2.37-3.94). Prior to this system it was impossible to have controlled
polymerizations or block copolymers with functionalized monomers such as EOBD. These
preliminary results indicate that EOBD has significant potential in blend compatabilizers,

amphiphilic materials, block elastomers and phase separation membranes.



57

APPENDIX A:
Chapter 1. Data
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N1
4-lodobutyronitrile (CDCl,)
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N2
4-Jodobutyronitrile (“C, CDCl,)



60

7.0

N3
2,3-Bis(cyanopropyl)-1,3-butadiene (CDCls)
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N4
2,3-Bis(cyanopropyl)-1,3-butadiene (*C, CDCl;)
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N5
Poly[2,3-bis(cyanopropyl)-1,3-butadiene] (*C, CDCl;)
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N6
Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] (*C, CDCls)



64

l

T T il T { ¥ T T

190 170 150 130 110 90 70 50 30 10 oom

N7
Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene]
(C, CDCLy)
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M1
GCMS chromatograph for 2,3-bis(cyanopropyl)-1,3-butadiene
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Manual Peak Matching Report
For Accurate Mass Determination

* The deviation is obtained from the following equation:

experimental mass - theoretical mags
deviations

nominal mass

Where sominal mass takes in account only 120, 1H, 160, 14N cre...

Theoretical mass correspond to the mass of the most abundant isotope peak

M2

High resolution mass spectrometry for 2,3-bis(cyanopropyl)-1,3-butadiene
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G1
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene] (CDCl3) from 0.5 mole % AIBN for 1
hour at 75 °C
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G2
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene] (CDCl3) from 0.5 mole % AIBN for 2
hours at 75 °C
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G3
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene] (CDCl;) from 0.5 mole % AIBN for

24 hours at 75 °C in Benzene
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G4
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene] (CDCl;) from 0.5 mole % AIBN for
24 hours at 75 °C in Acetonitrile
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Millennium Sample Information

Project Name: Edmund
Sample Name: mkrd3la
Vial: 6 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00
Channel: SATIN Run Time: 50.0 min
Date Acquired: 12/03/01 08:36:27 PM Date Processed: 12/04/01 02:57:27 PM
SampleWeight: 1.00000 Dilution: 1.00000
Acq Meth Set: methodsetl
Processing Method: northshore
MP: 21119 Mn: 15538 Mw: 23202 Polydispersity: 1.493241
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GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 90:10
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Millennium Sample Information

Prcject Name: Edmund

Sample Name: mkr431lb

Vial: 7 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/03/01 09:30:11 PM Date Processed: 12/04/01 02:56:33 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acg Meth Set: methodsetl

Processing Method: northshore
MP: 23250 Mn: 17996  Mw: 27162 Polydispersity: 1.509316
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Go6
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 75 25
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Millennium Sample Informatdion

Project Name: Fdmund

Sample Name: mkr43lc

Vial: 8 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50,0 min

Date Acquired: 12/03/01 10:23:55 PM Date Processed: 12/04/01 02:56:09 PM
SampleWeight: 1,00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore
MP: 36670 Mn: 31505 Mw: 51415 Polydispersity: 1.631931
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G7
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 50:50
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkr432a

Vial: 9 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/03/01 11:17:3%9 PM Date Processed: 12/04/01 03:39:04 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore
MP: 31545 Mn: 26350 Mw: 42396 Polydispersity: 1.608989
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GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 25:75
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkr432b

Vial: 10 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/04/01 12:11:23 AM Date Processed: 12/04/01 02:55:29 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore
MP: 32077 Mn: 25495 Mw: 41889 Polydispersity: 1.643005
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G9
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 10:90
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkri27a

Vial: 1 Sample Type: Broad Unknown
Injection: 2 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/03/01 04:07:38 PM Date Processed: 12/04/01 02:59:28 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore
MP: 20683 Mn: 16779 Mw: 24865 Polydispersity: 1.481503
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G10
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 90:10
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkrd27b

Vial: 2 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/03/01 05:01:29 PM Date Processed: 12/04/01 02:59:03 PM
SampleWeight : 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore
MP: 20510 Mn: 17478 Mw: 25309 Polydispexsity: 1.448026
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G11
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 75:25
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkrd27c

Vial: 3 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/03/01 05:55:14 PM Date Processed: 12/04/01 02:58:41 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acqg Meth Set: methodsetl

Processing Method: northshore
MP: 27944 Mn: 22605 Mw: 31749 Polydispersity: 1.404465
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G12
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 50:50
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Millennium

Sample

Information

Project Name:
Sample Name:

Vial:

Injection:
Channel:

Date Acquired:
SampleWeight:

Acg Meth Set:
Processing Method:

MP: 160596

Edmund
mkr428a
4

1

SATIN

12/03/01 06:48:58 PM

1.,00000

methodsetl

northshore
Mn: 11445

Mw: 17853

Sample Type:
Volume:

Run Time:

Date Processed:
Dilution:

Polydispersity: 1.559806

Broad Unknown
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12/04/01 02:58:12 PM
1.00000
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G13

I
40,00

butadiene] from feed ratio 25:75

GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
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{
i

! Millennium Sample Information %

Project Name: Bdmund

Sample Name: mkr428b

Vial: 5 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/03/01 07:42:43 PM Date Processed: 12/04/01 02:57:51 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore
MP: 25918 Mn: 25500 Mw: 33854 Polydispersity: 1.329214
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G14
GPC of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 10:90
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene]
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 90:10
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 75:25
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 50:50
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 25:75
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 10:90
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 90:10
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 75:25
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 50:50
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 25:75
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TGA of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-1,3-
butadiene] from feed ratio 10:90
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 90:10



94

I 3153 -
l 81 A
L
= .
E- 80
=
o
2 79
S Halt Cp Extrapolated = 37.444 °C
=
2 = ®
= g o Delta Cp = 0.21 4 Jig*°C
E _l ~ M
X JUE ot
77 A
TE1 v T T r d

1646 40 EO 80 91.3:
Tempearature (“C)

D3
DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 75:25
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 50:50
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 25:75
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed ratio 10:90
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene] from feed ratio 90:10
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene] from feed ratio 75:25
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene] from feed ratio 50:50
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-
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DSC data for Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-oxobutyl)-
1,3-butadiene] from feed ratio 10:90
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CHNS SAMPLE SUBMISSION FORM

612100 swv

NAME: Mulgsa ‘W\ Group: \i\\ N s i

ClA#: Y, - ¥4 -3 E-mail: o kyedtih (@) jashek ¢l
Lab# 291U blnn Phone: ¢/ -J(3s~

Date: _2./1%/o2

Sample ID: _ MK - 4334 Formula:

Crystallization solvent(s):

Theoretical weight percents (we can calcuate these for you if you wish):

-

%C= v~ %H= .~ %N= .~  %S=

Number of runs requested . You are charged for each run. The default is two.

Check here if you absolutely require %S. Tnis s not the normal configuration of the instrument, and
you may have to wait a couple of weeks for these resuits. Check here if you would like a CHN analysis prior to the
CHNS analysis. You will be charged for each run.

Special combustion conditions (if you have literature references or other specific information that would help
us get better results on your sampie, use this space, or attach the information to this form).

RERAEAXKRRERRRERTARREAREAIKRRAK Rk dk ik ki kR kkikiokdokdofd kdd kdkddonkdedckdide ik Kk dek ket i ddededodedode dededede ke ke ke kk

RATES: CHN =$11.00 per run CHNS = $15.50 per run

Fedededodedsdedsdedededo b dodo b dodc dodo ek dode e dododc Fodud b dedo g v ek de gt dede dede e e e de o e de do e d e e ke d oo dede e s de & o o Jede o dede e o ke dode ok dede ke Ko de do dede Ko de

RESULTS
#1 #2 #3 #4 AVG
%C N 7587
%H 2. o 2.0&
%N yrx /Y 2
%S
wat (mg) /. FPs— /. 263 date:_2/5 1/b2

comments M ,nr(‘}\"{j?on

EAl
Elemental Analysis for Poly[2,3-bis(cyanopropyl)-1,3-butadiene]
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CHNS SAMPLE SUBMISSION FORM

62100 swv

NAME: Ml ssa Kadh Group: YInedires
ClA#: 47k - 7Y -4 > E-mail: _yy &y i Fh
Lab# 23/l Cnlvaass Phone: 4/ 35~
Date: _ 213 /02,

Sample ID: _pAKE - Y35 A Formula:

Crystallization solvent(s):

Theoretical weight percents (we can calcutate these for you if you wish):

%C= o %H= L Y N /’%s=

Number of runs requested - You are charged for each run. The defaut is two.

Check here ___if you absolutely require %S. This s rot the normal configuration of the instrument, and
you may have to wait a couple of weeks for these results. Check here if you would like a CHN analysis prior to the
CHNS analysis. You wiil be charged for each run.

Special combustion conditions (if you have literature references or other specific information that would help
us get better results on your sample, use this space, or attach the information to this form).

RATES: CHN = $11.00 per run CHNS = $15.50 per run

RESULTS
#1 #2 #3 #4 AVG
%G FhLT Té. i
%H 704 £.25
%N 3.9 (258
%S
wgt (mg) | rye {724 date:_2/51/p2
comments 2apd Drecee
7 ¥
EA2

Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed
ratio 90:10
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CHNS SAMPLE SUBMISSION FORM

6/21/00 swv
NAME: _adese (ot Group: S higiyes
Cia#: Atk - 79 -434% E-mail: _ Ly o)
Lab# _ 72514 Glwwn Phone: __4{—{/3¢"
Date : z}[ plot
Sample ID:_M KR - Y315 Formula:

Crystallization solvent(s):

Theoretical weight percents (we can calculate these for you if you wish):

%C= " %H= 7 %N= o %S=

Number of runs requested - You are charged tor each run. The default is two.

Check here if you absolutely require %S. This s not the norma configuration of the instrument, and
you may have 1o wait a couple of weeks for these resuits. Check here if you would like a CHN analysis prior to the
CHNS analysis. You will be charged for each run.

Special combustion conditions (if you have literature references or other specific information that would help
us get better results on your sample, use this space, or attach the information to this form):

TR RARAR * e dodesk *: * *: e ek ok s e

RATES: CHN=$11.00 per run CHNS = $15.50 per run

aaaaaaaaaaaaaaaaaaaa *dk *kk Fedk kAR dedkk Mk

RESULTS
#1 #2 #3 #4 AVG
%C 25.2.9 2294
%H Pl ol P ES
%N [2.24 (2.23

%S

wat{mg) /. J72¢ L5t date: 1,5324@3

comments ;m,f/ et

EA3
Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed
ratio 75:25
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CHNS SAMPLE SUBMISSION FORM

8/21/00 swv

NAME: W] > <d. Qoal%\ Group: £ Ayt s

Cia#: Y - 34 —42(3 E-mail: - tdan
Lab# ZZE &y oo Phone: 744 '
Date : 12 2loa - e ®

Sample ID: M1 ~\u3y £, Formuia%p by b, Cy b,

Crystallization solvent(s):

Theoretical weight percents (we can calculate these for you if you wish):

%c= " ogH= o oN= gs=

Number of runs requested

. You are charged for each run. The default is twa.

Check here ___ if you absolutely require %S. Tnis is not the normal configuration of the instrument, and

you may have to wait a coupie of weeks for these results. Check here if you would like a CHN analysis prior to the .- -
CHNS analysis. You will be charged for each run. .

Special combustion conditions (if you have literature references ar other specific information that would he!p
us get better results on your sample, use this space, or attach the information ta this farm).

ddkrfkkAkk ko

..............

--------------- L L] Ahdhk

RESULTS
#1 #2 #3 #4 AVG
%C P8 Yl a
%H 9 P
%N 799 L8l
%S
wat(ma)  zoer-  fpp date:_7 /esor 0
comments
EA 4

Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed
ratio 50:50
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CHNS SAMPLE SUBMISSION FORM

6/21/00 swv
NAME: Mé.-}»"bc_-a, Qqu Group: S'W.&A:w
ClA#: Qe ~"1d~-4 2% E-mail: ks ta(@® oty i
Lab# _Z81Iv  Giiwan Phone: _ 4125
Date: __2i2z]u 2. . N AN o

‘ = T _
Sample 1D _MKK - Y324 Formula: _—€ L5, N -Lg Hi); ‘

Crystaliization solvent(s):

Theoretical weight percents (we can calculate these for you if you wish):

%C= YoH= YoN= %S=

Number of runs requasted . You are charged for each run, The default is two.

Check here if you absolutely require %S. Thisis not the normal configuration of the instrument, and

you may have to wait a couple of weeks for these results. Check here if you would like 2 CHN analysis prior to the |
CHNS analysis. You will be charged for each run. -

Special combustion conditions (if you have literature references or other specific information that would heip
us get better resuits on your sample, use this space, or attach the information to this form): ]

-------- * hkkkk Fedekk £ *;

----------------------------

Fdeddek KRk iRk

RESULTS
#1 #2 #3 #4 AVG

%C Vvl isd Fons 7

%H P36 F3IH

%N “ 8] @20

%S o
wat(ma) L g.274 date:_z/oifor T2
comments

EAS

Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed
ratio 25:75
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CHNS SAMPLE SUBMISSION FORM

8/21/00 swv

1., .
NAME: _NWlad issa izw‘h Group: Y hijues
Cla#: 3 -9 -J3473 E-mail: ki
Lab# 25|y Glnan Phone: 4 ~{/3¢”
Date: 7 //3/ pe
Sample ID: _MEZ - 432 A Formula:

Crystallization solvent(s).

Theoretical weight percents (we can caiculate these for you if you wish):

o= L o= wNe " %s=

-

Number of runs requested . You are charged for each run. The default is two.

Check here if you absolutely require %S. This is not the normal configuration of the instrument, and
you may have to wait a couple of weeks for these results. Check here if you would like a CHN analysis priof to the
CHNS analysis. You will be charged for each run.

Special combustion conditions (if you have literature references or other specific information that would heip
us get better results on your sample, use this spacs, or attach the information to this form):

te o deok e deeo de e de ok e e dede dedededededede de e dodede e A de e do e Ao dek dook Rk *

RATES: CHN = $11.00 per run CHNS = $15.50 per run

nnnnnnnnnnn ek kR kkkkkk kR kEkkRh RkR Rk kdkdkk i ]

RESULTS 1k <WWatimn
RN AT

#1 #2 #3 #4 AVG
%C £9.40 $9.01 5587 £9.01
%H 206 g 2o Iy SryT
%N 243 242 230 2.2
%S . Gsel :
| ,
wot (ma) ;. onv (838 2 2 [ F2 date._z /20 1(/'/

C'vw/ Ojr-remm-f b Autem CRVS colomn & CHM cofviman vedvifr. £/
2/1-//1:*—~

EAG6
Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-styrene] from feed
ratio 10:90
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CHNS SAMPLE SUBMISSION FORM

6/21/00 swv
. ) a
NAME: Mefiosa Uﬁ*) Group: _J drcs
CiA#: YTl ~74 ~43,% E-mail: _I'n pyodh
Lab# _2¥(le  oinmpan Phone: _4/ -1124"
Date : z,m{fa@
Sample ID: _AM[cE. — 23 A Formula:

Crystallization solvent(s):

Theoretical weight percents (we can calcuiate these for you if you wish):

o= up= v on= < o=

Number of runs requested . You are charged for each run. The default is two,

Check here ___if you absolutely require %$S. This is not the normal configuration of the instrument, and

you may have to wait 8 couple of weeks for thase resuits. Check here if you would fike a CHN analysis prior to the
CHNS analysis. You will be charged for each run.

Special combustion conditions (i you have literature references or other specific information that would help
us get better results on your sample, use this space, or attach the information to this form).

--------------

RATES: CHN = $11.00 per run CHNS = $15.50 per run

RESULTS
#1 #2 #3 #4 AVG

%C 7398 237272

Y%H 2.3 Fa a4

%N (2. 39 2.4

%S
wgt (ma} 7 9/9 [ E8E3 date:_2./2 /02
comments gowd e st

o ¥
EA7

Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-
oxobutyl)-1,3-butadiene] from feed ratio 90:10
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CHNS SAMPLE SUBMISSION FORM

8/21/00 swv
Ml sse Kidd Sl
NAME: {550 4] Group: 3[\pues
CiA#: Y9G — FY-Y3(,7 E-mail: ik coth
Lab# _1O¥{v ey Phone: 4 ~y/ 36~
Date: _2]13[02
Sample ID: M (L ~4 2 F 3 Formula;

Crystallization solvent(s):

Theoretical weight percents (we can calculate these for you if you wish):
b s
%C=__ v %H= %N=_ " %S=

Number of runs requested - You are charged for each run. The default is two.

Check here ___ if you absolutely require %S. This is not the normai configuration of the instrument, and

you may have to wait a couple of weeks for these results. Check here if you would like @ CHN analysis prior to the
CHNS analysis. You wiil be charged for each run.

Special combustion conditions (if you have literature references or other spexific information that would heip
us get better resuits an your sample, use this space, or attach the infermation to this form).

ek dededo Ak ARk i e Ak dede ke ke Aok ke bk koo Aok b ko dk ok ok ke dkedekok kA ko kk

------------------------------------------

RESULTS
#1 #2 #3 #4 AVG
%C =2, (4 2. 5%
%H 732 .22
%N JE Y] (P50
%S
wat(mq) 2 ..w¢ L ELD date.__a2/2 1 /o

comments 20l Pooenis g
V ¥

EAS8
Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-
oxobutyl)-1,3-butadiene] from feed ratio 75:25
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CHNS SAMPLE SUBMISSION FORM
6/21/00 swv

NAME: P25 Q&% Group: _ s

Cla#: _ Y3 —#Y —Y303 E-mail: _Mmkvadth @ fusfuts . eolie
Lab# _ 231, Glinaoun Phone Y-135

Date:_2{ 22|02 : /\@—xq\u;}

O R A VNG =0

Sample ID: MK - Y42 ¢ C Formula: <€ €. yp Wi Mo Ct<b‘4 szi)P\

Crystallization soivent(s):

Theoretical weight percents (we can calculate these for you if you wish):
we= 7 e e o %s=

Number of runs requested

. You are charged for each run. The default is two.

Check here ___ if you absolutely require %S. This is not the normal configuration of the instrument, and

you may have to wait a couple of weeks for these resuits. Check here if you wouid like a CHN analysis prior.to' the
CHNS analysis. You will be charged for each run. B

Special combustion conditions (i you have literature references or other specific information that would help
us get better resuits on your sampie, use this space, or attach the information to this form).

RATES: CHN=$§11.00 per run CHNS = $15.50 per run

nnnnnnnnnnnn

nnnnn

RESULTS
i #2 #3 #4 AVG
%G 4625 (528
%H P 2. 75" S
%N 651 6-42 "
%S ‘
wat(mg) (- £e4 AL date: 3/ sve
comments
EA9

Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-
oxobutyl)-1,3-butadiene] from feed ratio 50:50
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CHNS SAMPLE SUBMISSION FORM

6/21/00 swv

NAME: [udsno K Group: ’(: hgfiun

Cla#: U — 7 B3 E-mail oy o dh G el A

Lab# 28\ e Phone: _ 4-4125

Date: 2 21}0’2, :

Sample ID: UKL - Y194 Formula: { Cog b, Ny = Chro o p Dy,
L

Crystallization solvent(s):

Theoretical weight percents (we can calculate these for you if you wish):

%C= %H= oN= . %S=

Number of runs requested - You are charged for each run. The default is two.

Check here ___ if you absolutely require %S. Tnisis not the norma configuration of the instrument, and

you may have to wait a couple of weeks for these results. Check here if you would like a CHN analysis prior to the. .
CHNS analysis. You will be charged for each run. -

Special combustion conditions (if you have literature references or other specific information that would help
us get better results on your sample, use this space, or attach the information to this form).

RATES: CHN=3$11.00 per run CHNS = $15.50 per run

e o e e e T el ke s e i s s e e s e e e e s e e ¢ sl e e e sk ok e i ol e A ke o oo el ke ekt e e ke i e ek dlesie Sk Sk e el de e e s de de e e e deok ek de ek A

RESULTS
#1 #2 #3 #4 AVG
%C L8 2 bf 337
%H HoiH 288
%N S22 i
%S
wgt (mg) £ G757 £ PG date: 3/0*/0 L._-f‘/
comments
EA10

Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-
oxobutyl)-1,3-butadiene] from feed ratio 25:75
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CHNS SAMPLE SUBMISSION FORM

6/21/00 swv
NAmE: Wudissa Kith Group: _Shudipe g
Ciagt: & }(z‘l - FY - YR E-mail: _vnLradh
Lab#: 27 bilpaien Phone: __ & ~// 25"
Date: 7/ I%//Z?"z,,
Sample ID: MUl - Y2518 Formuila:

Crystallization solvent(s):

Theoretical weight percents (we can calculate these for you if you wish):
%C=__ L~ %H=_L %N=_ < %S=

Number of runs requested . You are charged for each run. The default is two.

Check here ___if you absolutely require %S. This is not the normal configuration of the instrument, and

you may have to wait a couple of weeks for these resuits. Check here if you would like a CHN analysis prior to the
CHNS analysis. You will be charged for each run.

Special combustion conditions (it you have literature references ar other specific information that would help
us get befter results on your sample, use this space, or attach the information to this form).

RATES: CHN =3$11.00 per run CHNS = $15.50 per run

RESULTS
#1 #2 #3 #4 AVG
%C LEH] £4. 35
%H .16 9 L
%N ;.36 29
%S
wat{mg) 2z.05% 42141 date:_2 /> //p2
comments Grod _putolima
7 v

EA1l11l
Elemental Analysis of Poly[2,3-bis(cyanopropyl)-1,3-butadiene-co-2,3-bis(4-ethoxy-4-
oxobutyl)-1,3-butadiene] from feed ratio 10:90
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APPENDIX B:
Chapter 2. Data
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N8
Ethyl é-iodobutyrate (CDCl;)
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i

180

yree

160

¥

T

140
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120 100 80 60

N9
Ethyl 3-iodobutyrate (**C, CDCL,)
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N10
2,3-Bis(4-ethoxy-4-oxo-butyl)-1,3-butadiene (CDCl;)

ppm
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3 ¥ (& ] £ & ¥ i + 1 ¥ ¥ S + 1

180 160 140 120 100 8 60 40 20 ppm

N11
2,3-Bis(4-ethoxy-4-oxo-butyl)-1,3-butadiene (*C, CDCls)
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70 60 S0 40 30 20 1.0

N12
N-tert-Butyl-o-iso-propylnitrone (CDCl;)

ppm
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140 120 100 80 60 40 20 opopm

N13
N-tert-Butyl-a-iso-propylnitrone (**C, CDCls)
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N14
2,2,5-Trimethyl-4-phenyl-3-azahexane-3-nitroxide (CDCls)
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170 150 130 110 90
N15

2,2,5-Trimethyl-4-phenyl-3-azahexane-3-nitroxide (*C , CDCl,)
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J* L W

¥ T T T T T H T

70 60 50 40 30 20 10  ppm

N16
2,2,5-Trimethyl-4-phenyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane (CDCl;)
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|
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160 140 120 100 80 60 40 20 oom

N17
2,2,5-Trimethyl-4-phenyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane (13C, CDCly)
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70 60 50 40 30 20 1.0  ppm

N18
Poly[2,3-Bis(4-ethoxy-4-oxo-butyl)-1,3-butadiene] (CDCl;)
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t

200 160 120 80 40 pDM

N19
Poly[2,3-Bis(4-ethoxy-4-oxo-butyl)-1,3-butadiene] (**c, CDCly)



127

Clronatogran Plot C \HAGHUHHKRMOH Date: 8919481 14:13:32
Scan No: 1600 Retention Tine: 28:88 RIC: 3474 Hase Range: 45 - 287
63948539

Plotted: 1 to 1688 Range: 1 to 1688 188z -
m;g =
]
1014 L
i
I
{
o
T L b 1 L Ll 1 T
468 HH 1288
5 :HH 19:80 15:88
Spectrun Plot C \HAGNURNHKRHON Date: 89/19/81 14:13:32

Conmont : HKH HON

Scan Ho: 1831 Retention Timo: 12:53 RIC: 9360024 MHass Range: 45 - 438
B Peaks: 200 Base Pk: 237 loniz: 42 us Int : 597023 188 .88x = S97823
168y 237

121 191

INT - 173 -

M3
GC-MS chromatograph of 2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene
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Manual Peak Matching Report
For Accurate Mass Determination

(Theoretical Experimental  |PFK matching |Deviation® |
L mass Mass | mass :
S SE— P ]

* The deviation Is obtained from the following eguation:

experimental mass - theoretical mass

deviationmea
gosninnl mass

Where nominal mass tekes in account ondy 312G, TH, 160, 1IN e,

Theoretical mass correspond to the mass of the most abundant isotope peak

M4
High resolution mass spectrometry for 2,3-bis(-4-ethoxy-4-oxobutyl)-1,3-butadiene
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Millennium Sample Information

Project Name
Sample Name:
Vial:
Injection:
Channel:
Date Acquire
SanmpleWeight
Acq Meth Set
Processing M

H Edmund
mkrd24
[ Sample Type: Broad Unknown
1 Volume: 300.00
SATIN Run Time: 50.0 min
d: 11/06/01 04:47:42 PM Date Processed: 11/07/01 10:11:29 BAM
: 1.00000 Dilution: 1.00000
H methodsetl

ethod: northshore
MP: 16096 Mn: 14850 Mw: 16310 Polydisg ity: 1.098262

120.00—

80.00 —

60.00 —

E 40.00

20.00 —

I ]
0 20.00 40.00
Minutes

G15
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkr409

Vial: 1 Sample Type: Broad Unknown
Injection: 2 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 10/13/01 02:44:05 PM Date Processed: 10/15/01 09:48:45 AM
SampleWeight: 1.00000 Dilution: 1.00000

Acg Meth Set: methodset ]

Processing Method: northshore
MP: 13171 Mn: 11486 Mw: 13654 Polydispexsity: 1.188798

60.00-—

50.00—

40,00

30.00—

] ]
0.00 20.00 40.00
Minutas

G16
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Millenniun Sample Information

Project Name: Tdmund2

Sample Name: mkr4gec

Vial: 3 Sample Type: Broad Unknown
Tnjection: 1 Volume: 300.00

Channe. SATIN Run Time: 50,0 min

Date Acquired: 03/25/02 03:51:37 BM Date Processed: 03/26/02 11:44:09 AM
SampleWeight @ 1.00000 Dilution: 1.00000

Acg Meth Set: nethodsetl

Processing Method: Thunderbay

MP: 44463 Mn: 32707 Mw: 39562 Polydispersity: 1.209606

110.00—

.g

% 90.00
80.00
70.00

60.00

50.00

40.00

l.!ll|[llll|lllllllll’lll\]lllllllll

30.00

1 [
20.00 40.00
Minutes

o
1=y
(=]

G17
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Millennilunmn Sampl e Infeormation

Proiect Name: Edmund

Sampie Name: mkr412

Vial: 2 Sample Type: Broad Unknown
Injections 1 Volume: 300.06

Channel: SATIN Run Time: 50.0 min

Date Acquired: 10/13/0% 03:37:55 PM Date Processed: 10/15/01 09:49:11 AM
SampleWeight: 1.00000 Dilution: 1.000¢C0

Acg Meth Set: mathodsetl

Processing Method: northshore
MP: 27480  Mn: 22903 Mw: 30953  Polydispersity: 1.351515

27.067 274

-
k=]
Pl
«Q

o
o
o

t
-
o
o

llllTlLlllllll

U
N
=3
o
1.t 1’

~-30 .09:

1
Fs
L]

©
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I

o

b
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Faa By

|
20.00 40.00
Minutes

Q
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o

G18
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkrd26

Vial: 1 Sample Type: Broad Unkrniown
Injection: 2 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 11/13/01 03:11:19 BM Date Processed: 11/14/01 09:00:32 AM
SampleWeight: 1.00000 Dilution: 1.00000

Acqg Meth Set; methodsetl

Processing Method: mnorthshore
MP: 34584 Mn: 28202 Mw: 43256 Polydispersity: 1.533791

i I
0.00 20.00 40.00
Minutes

G19
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Millennium Sample Information

¢ Name: Edmund
Sample Name: mkrd192
Vial: 1 Sample Type: Broad Unknown
Injection: 2 Volume: 300.00
Channel: SATIN Run Time: 50.0 min
Date Acquired: 10/24/01 02:57:05 PM Date Processed: 10/25/01 09:39:43 aM
SampleWeight: 1.00000 Dilutien: 1.00000
Acg Meth Set: methodset1

Processing Method: northshore
MP: 35463 Mo: 28462 Mw: 46941 Polydispersity: 1.649216

26.558 3548

P
=
o
o
|

(=]
o
(=]

lll?]llllllll

-10.0

I |
0.00 20.00 40,00
Minutas

G20



Millenniunmn S

135

ample Information

Project Name:

Sample Name:

Vial:

Injection:

Channel:

Date Acquired:
SampleWeight:
Acqg Meth Set:
Processing Method:

H
o
o
o
3
|

90.

80.

70.

60.

50.

mv

40.

30.

20.

10.

00

[e1s]

oo

oo

o0

09

09

Q0

00

=3
Q
Q

-16.00

[=]
.

Edmund

mkr44Ca

14

1

SATIN

12/04/01 03:46:19 AM
1.00000

methodsetl
northshore

MP: 21296 Mn: 17541 Mw: 20388

Sample Type: Broad Unknown
Volume: 300.00

Run Time: 50.0 min

Date Processed: 12/04/01 02:53:44 PM
Dilution: 1.00000

Polydispersity: 1.162346

Ill‘lllll!'lllllillj

ll'llll'l!liIllllllll(lllll[l(]lllll(

0

I
20.00

]
40.00

Minutes

G21
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Millennium Sample Informa

tion

Project Name:

Sample Name:

Vial:

Injection:

Channel:

Date Acquired:

SampleWelight:

Acq Meth Set:

Processing Method:
MP: 27480

Edmund
mkr440b
15
1
SATIN
12/04/01 04:40:01 AM
1.00000
metnodsetl
northshore
Mn: 22562 Mw: 29835

Sample Type:
Volume:

Run Time:

Date Processed:
Dilution:

Polydispersity: 1.322361

Broad Unknown

300.00

50.0 min

12/04/01 02:53:19 PM
1.00000

80. 00—

70.00-—

60. 00~

I I I

§0. 00

40.00—

nV
i

30.00—

20. 00—

10.00

o
o
<

I
20.00

I
40.00

Minutes

G22
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Millenniunm

Sample

Information

Project Name: Edmund
Sample Name: mkrd4dla
Vial: 1s Sample Type: Broad Unknown
Injection: 1 Volume: 300.00
Channel: SATIN Run Time: 50.0 min
Date Acquired: 12/04/01 0D5:33:44 AM Date Processed: 12/04/01 02:52:54 PM
SampleWeight: 1.00000 Dilution: 1.00000
Acq Meth Set: methodsetl
Processing Method: northshore
MP: 34729 Mn: 24731  Mw: 33812  Polydisparsity: 1.367202
80.00—
70.00—
60.00—]
$0.00—]
40.00
30. 00—
3
2 20.00—]
10.00—]
0.00 —
~10.06
~20 .66
3
=
-30.006-
-40. 06
T T T T T T T T T
0.00 20.00 40.00
Minutes

G23
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; Millennium Sample Information

Project Name: Edmund

Sample Name: mkrddlb

Vial: 17 Sample Type: Broad Unknaown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/04/01 06:27:28 AM Date Processed: 12/04/01 02:52:28 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore

80.00 MP: 24651 Mn: 16620 Mw: 25410 Polydispersity: 1.528916
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkr4d2a

Vial: 18 Sample Type: Broad Unknown
Injection: 1 Volume: 300,00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/04/01 07:21:12 aM Date Processed: 12/04/01 02:51:13 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore
MP: 31677  Mn: 25211  Mw: 38797  Polydispersity: 1.538855
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Millennium Sample Information

Project Name: Bdmund

Sample Name: mkr442b

Vial: 19 Sample Type: Broad Unknown
Injection: 1 Volume : 300.00

Channel: SATIN Runt Time: 50.0 min

Date Acquired: 12/04/01 08:14:56 AM Date Processed: 12/04/01 02:50:47 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acqg Meth Set: methodsetl

Processing Method: northshore
MP: 48944 Mn: 39573 Mw: 52686 Polydispersity: 1.331351
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i
! Millennium Sample Information

Project Name: Edmund

Sample Name: mkr452a

Vial: 6 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 01/24/02 09:27:58 PM bDate Processed: 01/25/02 02:07:57 pM
SampleWeight.: 1.00000 Dilution: 1.00000

Acg Meth Set: methodsetl

Procesgsing Method: northshore

MP: 26466  Mn: 22614  Mw: 26486 Polydispersity: 1.171203
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Millennium Sample Information

Froject Name: Bdmund

Sample Name: mkrd52b

Vial: 7 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50,0 min

Date Acquired: 01/24/02 10:21:42 PM Date Processed; 01/25/02 02:08:24 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acg Meth Set: methodsetl

Processing Method: northshore

MP: 27366 Mn: 17943 Mw: 24648 Polydispersity: 1.373633
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Sample Name:

Vial:

Injection:
Channel:

Date Acquired:
SampleWeight:

Acg Meth Set:
Processing Metheod:

mV
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Valume:
Run Time:

Date Processed:

Dilution:
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$0.0 min

01/25/02 02:08:59 PM
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Millennium Sample Information

Project Name: Edmund

Sample Name: wkrd53b

Vial: 9 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50,0 min

Date Acquired: 01/25/02 12:09:09 AM Date Processed: 01/25/02 02:09:22 M
SampleWeight : 1.00000 Dilution: 1.00000

Acg Meth Set: methodsetl

Processing Method: northshore

MEF: 30127 Mn: 21602 Mw: 34159 Polydispersity: 1.581300

110,00
100.60
90.00
80.00
C 70.00

60.00

50.00

40.00

30.00

20.00

10.00

o
o
o

lllllllllll!!lllllillll!l“lllllllllll!lll(!H]l’llll‘ll(

I ]
20.00 40.00
Minutes

o
(=3
=]

G30



145

Millennium Sample Information

Project Name: Edmund

Sample Name: mkrd54a2

Vial: 10 Sample Type: Broad Unkpnown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 nmin

Date Acquired: a1/25/02 01:02:51 AM Date Processed: 01/25/02 02:09:57 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: northshore

MP: 28415 Mn: Mw: Polydisparsity:
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| Millennium Sample Information

Project Name: Edmund

Sample Name: mkrd54b

Vial: 11 sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: $0.0 min

Date Acquired: 01/25/02 01:56:37 AM Date Processed: 01/25/02 02:10:46 FM
SampleWeight: 1.60000 Dilution: 1.00600

Acg Meth Set: methodsetl

Processing Method: northshore

MP: 22113 Mn: 14803 Mw: 24271 Polydispersity: 1.639618
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkrd 624

Vial: 2 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channpel: SATIN Run Time: 50.0 min

Date Acquired: 02/06/02 12:23:23 M Date Processed: 02/07/02 11:36:40 AM
SampleWeight: 1.00000 Dilution: 1.00000

Acqg Meth Set: methodset1

Processing Method: northshore

MP: 18246 Mn: 16254 Mw: 18110 Polydispersity: 1.114162
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Millennium Sample Information

Praject Name: Edrmuaric

Sample Name: mkrd628
vial: 3 Sample Type: Broad Unknown
iony 1 Valume: 300.00
Channel : SATIN Rurr Time: 50.0 min
Date Acquired: 02/06/02 01:17:06 Py Date Processed: 02/07/02 11:37:07 AM
SampleWeight: 1.00000 Dilution: 1.00000
Acg Meth Set: methodsetl

Processing Method: northshore

MP: 16029 Mn: 18508 mw: 18558 Polydispersity: 1.196692
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Millennium Sanmple Infoxrmation

Project Name: Edmund

Sample Name: mkrd6lc

vial: 2 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel : SATIN Run Time: 50.0 min

Pate Acquired: 02/13/02 01:37:12 AM Date Processed: 02/13/02 09:43:30 MM
SampleWeight: 1.00000 Dilution: 1.00000

Acq Meth Set: methodsetl

Processing Method: mnorthshore

MP: 36213 Mn: 28948 Nw: 38886 Polydispersity: 1.343295
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Millennium Sample Information

Praoject Name: Edmund

Sample Name: mkr463

vial: 4 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 02/06/02 02:10:49 PM Date Processed: 02/07/02 11:37:42 aM
SampleWeight: 1.00000 Dilution: 1.06000

Acg Meth Set: methodsetl

Processing Methed: nerthshore

MP: 23741  Mn: 21920 Mw: 27173 Polydispersity: 1.239644
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Millennium Sample Information

Project Name: Edmund

Sample Name: mkr439

Vial: 13 Samplie Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 12/04/01 02:52:33 AM Date Processed: 12/04/01 02:54:07 PM
SampleWeight: 1.00000 Dilution: 1.00000

Acqg Meth Set: methodsetl

Processing Method: ndérthshore
MP: 32346 Mn: 26542 Mw: 41215 Polydispexsity: 1.552802
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Millennium Sampl e Information

Project Name: Fdmund

Sample Name: mkrd70a

Vial: 3 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 02/13/02 02:30:5% AM Date Processed: 02/13/02 09:42:05 PAM
SampleWeight : 1.00000 Dilution: 1.00000

Acg Meth Set: methodsetl

Processing Method: northshore

MP: 22864 Mn: 23601  Mw: 29835  Polydispersity: 1,253520
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Millenniumnm Sample I'mformation

Project Name: Edmund

Sample Name: rkrd70b

Vial: 1 Sample Type: Broad. Unknown
Injection: 3 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 02/13/02 03:24:38 AM Date Processed: 02/13/02 09:42:41 AM
SampleWeight : 1.00000 Dilution: 1.00000

Acy Meth Set: mathodsenl

Pracessing Method: northshore

MP: 129064 Mn: 56121 Mw: 133458 Polydispersity: 2.378036
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1 Millennium Sample Information

Project Name: Bdmund

Sample Name: mkr464

Vial: S Sample Type: Bread Unknown
Injection: 1 Volume: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 02/06/02 03:04:32 PM Date Processed: 02/07/02 11:38:14 AM
SampleWeight: 1.00000 Dilution: 1.00000

Acg Meth Set: methodsetl

Processing Method: norithshore

MP: 31413 Mn: 288527 Mw: 43270 Polydisparsity: 1.516843
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Project Name:
Sample Name:

Vial:

Injection:

Channel:

Date Acquired:
SampleWsight:
Acq Msth Set:

Processing Method:
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i Millennium Sample Imformation

Project Name: Ednund2

Sample Name: mkrd3da

vial: 2 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00

Chann SATIN Run Time: 50.0 min

Date Acquired: 03/14/02 06:14:01 BM Date Processed: 03/15/02 01:57:40C £M
SampleWeight: 1.00000 Dilution: 1.0000¢C

Acq Meth Set: methodsetl

Thunderbay

MP: 30623 Mn: 21947 Mw: 35770 Polydispersity: 1.629868
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i

Project Name
Sample Name:
Vial:
Injection:
Channel:

Date Acquired:
SampleWeight:
Acg Meth Set:
Processing Method:
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Millennium Sample Information

Project Name: Edmund2
Sai kr484b
i 3 Sample Type: Broad Unknown

1 Volume; 300.00
SATIN Run Time: $0.0 min

Date Acq : 03/14/02 07:07:43 oM Date Processed: 93/15/02 01:58:11 PM

eWeight : 1.¢0G00 Dilution: 1.00000
Set.: methodset]

sing Method: Thunderbay

MP: 60552 Mn: 36780 Mw: 64964 Polydispersity: 1.766311
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Millennium Sample Information

Project Name: Edmurnd

Sample Name: mkr476c

Vial: 1 Sample Type: Broad Unknown
Injection: 3 Volune: 300.00

Channel: SATIN Run Time: 50.0 min

Date Acquired: 02/19/02 03:35:43 BM Date Processed: 02/20/02 09:37:13 aM
SampleWeight: 1.00000 bilution: 1.00000

Acq Meth Set: methodsetl

Processaing Method: northshore

MP: 63194 Mn: 4B375 Mw: 79959 Polydisparsity: 1,652811
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Millenniunmn Sample Information

Project Name: Edmund?
Sample Name: mkr4Bic
Vial: 4 Sample Type: Broad Unknown
Injection: 1 Volume: 300.00
Channe SATIN Run Time: 50.0 mip
03/14/02 €8:01:26 EM Date Processed: 03/15%/02 01:58:32 PM
SampleWeight 1.06000 Dilution: 1.00000
Acg Meth Set: methodsetl
Processing Method: Thunderbay

MP: 62371 Mn: 39887 NMw: 78447 Polydispersity: 1.966724
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TGA data for Poly[2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene]
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I 8372 -
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33.0 4

52,5

Delta Cp = 0153 Jig*C Haif Cp Extrapolated = -38.249 °C

Heat FlowErdo Up (m)
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D12
DSC data for Poly[2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene]
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CHNS SAMPLE SUBMISSION FORM

6/21/00 swv
NAME: V] dissa_ Kuth Group: _Shifiats
CiA#:_ Y36 - 74 -3 % E-mail: _m keath @ josladi. 708
Lab# _ 23\ Glman Phone: _ Y-{(35~
Date : 2] ‘2'7.')().7-— - 5"}%5 :\(:):\Q/\L.ol‘er h
Sample ID: Wkl —424 Formuta: __~( ¢y, Hy O,

Crystallization solvent(s):

Theoretical weight percents (we can calcuiate these for you if you wish):

%e= o %H= o %N= %S=

Number of runs requested - You are charged for each run. The defauit is two.

Check here ___if you absolutely require %S. This is not the normal contiguration of the Instrument, and

you may have o wait a couple of waeks for these results. Check here if you would liks a CHN analysis prior to the &~
CHNS analysis. You will be charged for each run. i -

Special combustion conditions (it you have literature references or other specific information that would !
us get better resuits on your sample, use this space, or attach the information to this form}:

RATES: CHN=$11.00perrun CHNS = $15 50 per run

kkkhkhhkikik KA dede Rk dededs e ek ek

RESULTS
#1 #2 #3 #4 AVG

%C £2:.25 be 42

%H 2.£6 .22

%N -

O/OS : - s PR

. comments
EA12

Elemental Analysis of Poly[2,3-bis(4-ethoxy-4-oxobutyl)-1,3-butadiene]
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APPENDIX C1:
Synthesis of 2,3-bis(piperidinylmethyl)-1,3-butadiene
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Introduction

In the recent years, our group has synthesized a number of N,N-
dialkylaminoisoprenes."* The amines have been widely studied due to their chemical and
structural versatility. By changing the substituents on the amine, one can change the
properties exhibited by its polymer. For example, by polymerizing bulkier monomers
significantly more cis-1,4 was formed.>* These polymers have the unique ability to crosslink
via ionic and covalent bonding. This makes them potentially useful for ionomers, which can
then be used in applications such as membranes, packagings, adhesives and dispersants.
Stadler has explored many dialkylaminoisoprenes including 2-piperidinylmethyl-1,3-
butadiene.** Our group is interested in taking these dialkylaminoisoprenes one step further
to the disubstituted 1,3-butadienes. By synthesizing a disubstituted monomer corresponding
to each dialkylaminoisoprene, we plan to compare the polymer properties resulting from each
of these monomers. Through the polymerization of the functionalized disubstituted
butadiene we hope to achieve an enhancement of the properties that make the amines
interesting. We have successfully synthesized a new monomer, 2,3-bis(piperidinylmethyl)-
1,3-butadiene (I), which is the first of the amine functionalized disubstituted 1,3-butadienes

to be made.

Oy O
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Experimental
Materials
All reagents were purchased from Aldrich and used as received except when reported.
Acetonitrile was distilled prior to use. 2,3-Bis(piperidinylmethyl)-1,3-butadiene was purified

by distillation and recrystallization until the '"H NMR corresponded to the expected structure.

Synthetic Procedures

Synthesis of 2,3-Bis(piperidylmethyl)-1,3-butadiene.
2,3-Bis(chloromethyl)-1,3-butadiene.’ Anhydrous copper(Il) chloride (53.8 g, 400
mmol), palladium (II) chloride (0.130 g, 0.5 mmol) and acetonitrile (160 mL) were added to
a 500 mL,, teflon-stoppered round bottom flask with vigorous stirring. After three freeze-
pump-thaw cycles, allene (10.0 g, 250 mmol) was condensed into the reaction flask at —78
°C. The reaction was allowed to warm to room temperature while stirring for 24 hours. The
resulting brown mixture was poured into 200 mL ether and filtered to remove the black
precipitate. The filtrate was concentrated using the rotary evaporator and diluted with 100
mL of ether to remove the remaining brown precipitate. The solution was again concentrated
via the rotary evaporator to yield a dark brown solid. The solid was dissolved in n-pentane
and filtered through silica gel in a sintered glass funnel. Upon concentration, 2,3-
bis(chloromethyl)-1,3-butadiene was obtained as a white solid in 95 %yield (35 g, 237
mmol). 'H NMR (N20), (CDCls): 84.27 (s, 4H; -CHCl), 5.48 (s, 2H; =CH), 5.49 (s, 2H;,

=CH). >C NMR (N21), (CDCls): § 45.8 (CH,Cl), 119 (=CH,), 141 (-C=C).
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2,3-Bis(piperidinylmethyl)-1,3-butadiene. 2,3-Bis(chloromethyl)-1,3-butadiene (41.9 g,
278 mmol) was dissolved in 250 mL of acetonitrile in a 500 mL round bottom flask.
Piperidine (65.5 mlL, 56.3 g, 662 mmol) was added dropwise to the mixture and allowed to
stir for 1 hour. The mixture then was added to 45 mL of piperidine (38.6 g, 454 mmol) with
200 mL of acetonitrile in a 1000 mL round bottom flask and was allowed to stir for 12 hours
at room temperature. Following this, a sodium hydroxide solution (25 g in 150 mL) was
added to the flask to dissolve the piperidyl salt crystals that were formed during the reaction.
The acetonitrile was then removed using the rotary evaporator to obtain some white crystals
and then the mixture was placed in the refrigerator overnight to allow more crystals to come
out of solution. The mixture was then distilled under vacuum and 500 mL of water was
added to the distillate. The resulting solution was placed in the refrigerator overnight,
filtered and dried under vacuum to result in 22% yield (15.4 g, 62 mmol) in greater than 99%
purity by GC/MS (MS). 'H NMR (N22), (CDCL): & 1.4 (m, 2H; -CH,), 1.55 (m, 4H; -CH,),
2.3 (m, 4H; CH,N), 3.0 (s, 2H, NCH,-C=), 5.05 (s, 2H; =CH), 5.27 (s, 2H; =CH). BC NMR
(N23), (CDCls): & 25 (-CHy), 27 (-CHy), 55 (-CH,N), 63 (NCH,-C=), 115 (=CH,), 145

(-C =). High-resolution mass spectrometry (M6): theoretical mass 248.22525, measured

mass 248.22566, deviation 1.7 ppm.

RESULTS AND DISCUSSION
The synthesis of 2,3-bis(piperidinylmethyl)-1,3-butadiene is an efficient synthesis
that could also be used to make a number of different disubstituted 1,3-butadienes. It is the
versatile product, 2,3-bis(chloromethyl)-1,3-butadiene, from the first step that can undergo

different Sn2 reactions that has the potential to form a variety of functionalized disubstituted
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1,3-butadienes. The resulting monomer was made in low yield (22%) with high purity
through this two-step synthesis.

The first step of this synthesis involved forming the n-allyl palladium complex with
allene that was then oxidatively cleaved by treatment of copper (II) chloride to 2,3-
bis(chloromethyl)-1,3-butadiene in 95% crude yield and 70% pure yield. The 2,3-
bis(chloromethyl)-1,3-butadiene was purified by column chromatography to produce clean
white crystals. The second reaction displaces the chlorine with the piperidine group via an
Sn2 reaction to produce 2,3-bis(piperidinylmethyl)-1,3-butadiene in 24% yield. The
resulting product was a solid, which was then purified by distilling off the excess amine and
recrystallization in water. This synthesis is shown in Scheme 1. The monomer was
characterized by TH NMR (N22) and *C NMR (N23) and was found to be greater than 99%
pure by GC/MS (MS). High resolution mass spectrometry also verified that 2,3-
bis(piperidinylmethyl)-1,3-butadiene had a deviation of 1.7 ppm (M6). These monomers
were chosen because of their potential applications in adhesives, packagings and coatings as
well. The piperidyl group has a unique feature; it has the groups tied back from the nitrogen
that allows the unshared pair of electrons to be more exposed. This might help to quaternize
the amine, thus making the polar monomer water soluble and increasing the ability to be
utilized as an ionomer. The polar groups should also increase the attractive forces between
the chains upon polymerization, thus increasing the T, and thermal stability. These same
forces should also increase the adhesion properties between the polymer and various

surfaces.
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PdCl,, CuCl, cl cl
H,C=C=CH, >
Cl—>_(CI HN:> . < :N N: >
7/ \ CH,CN N

Scheme 1. Synthesis of 2,3-Bis(piperidinylmethyl)-1,3-butadiene.

By using a disubstituted monomer we can double the functionality within a given
repeat unit. This should allow us to diminish the actual number of functionalized repeat units
within the polymer while maintaining the same effect from the functionality. The other
feature resulting from the disubstituted monomer is in the resulting microstructure of the
polymer. Many of the monosubstituted 1,3-butadienes exhibit cis and trans microstructure as
well as 1,2 and 3,4 microstructure in the polymer. With the disubstituted monomers, our
group has previously shown that only 1,4-microstructure was produced upon polymerization.
All of these aspects make these disubstituted functionalized 1,3-butadienes good candidates

for tailoring polymers to the desired application.

CONCLUSIONS
In a palladium catalyzed synthesis followed by an Sn2 reaction, 2,3-
bis(piperidinylmethyl)-1,3-butadiene was made. This monomer was produced in low yield
and high purity. Upon polymerization, materials made with this monomer should have

potential applications in adhesives, packagings, coatings and ionomers.
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GC-MS chromatograph of 2,3-bis(piperidylmethyl)-1,3-butadiene
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Manual Peak Matching Report
For Accurate Mass Determination

Theoretical Experimental |PFK matching |Deviation*
mass mass mass

246, 22525 | 2yt z2 568 | 24286 L3 gone

* The deviation is obtained from the following equation:

experimental mass - theoretical mass

deviation=
nominal mass

‘Where nominal mass takes in account only 12C, 1H, 160, 14N etc...

Theoretical mass correspond to the mass of the most abundant isotope peak

M6
High resolution mass spectrometry of 2,3-bis(piperidylmethyl)-1,3-butadiene
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