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ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF POLYMERIC MATERIALS
DERIVED FROM MULTIFUNCTIONAL
ALKYL a-HYDROXYMETHYLACRYLATES
by
Jean-Frangois Morizur
May 2008

The research presented in this dissertation covers the investigation of new
materials derived from alkyl a-hydroxymethylacrylates (RHMA).

The first project exposed in Chapter |l involves the synthesis,
characterization of RHMA-based reactive surfactants and their successful
incorporation in acrylic latexes. The amphiphilic monomers testify of a good
copolymerization behavior with other acrylic monomers such as methyl
methacrylate and butyl acrylate although their extensive bulkiness. They led to
the formation of well-defined polymeric particles via a seeded emuision
polymerization process and permitted decreasing significantly the water
sensitivity of the resuiting films as compared to film incorporating conventional
emulsifier such as sodium dodecyl sulfate.

The research presented in Chapter Ill focuses of the use of such reactive
surfactant as compatibilizer in polymer/TiO, nanocomposites. Their incorporation
led to an increase in the overall UV-absorption properties of the resulting
polymeric materials correlated by an enhancement of filler dispersion within the

matrix.



The synthesis, characterization of RHMA-based cationic surfmers is
discussed in Chapter IV. Their incorporation in poly(methyl methacrylate)/clay
nanocomposites as compatibilizers is studied and the impact of the
polymerization technique and of the film formation method used on the
composite’s properties investigated. Emulsion polymerization led to enhanced
filler dispersion when a solvent-casting method was used to form the
corresponding film.

Chapter V describes the synthesis and polymerization of alkyl 2-carbo-
ethoxyhydroxymethylacrylates. Such alkenes display interesting reactivity in
radical polymerization compared to other hindered RHMA analogs however, the
resuiting homo- and copolymers still testify of low yields and molecular weights.
This behavior is attributed to some degree of chain transfer to monomer that may
involve the allylic proton.

Chapter VI presents the synthesis of polyfunctional 2-pyrrolidinone
derivatives from a variety of new alkyl 2-carboethoxyhydroxymethylacrylates via
a very efficient Michael addition/cyclization reaction sequence. Fast, clean,
quantitative, and leading to compounds with no need for subsequent purification,
this “click” reaction opens up a brand new synthetic window to the preparation of
new optically active derivatives.

The preparation of new 2-pyrrolidinone acid derivatives is described in
Chapter VIi. The separation of the cis and trans isomers composing the resulting

product were successfully separated by simple recrystallization technique. The



study of hydrogen bonding interactions intrinsic of such heterocycle allowed
confirming the respective isomer structures.

The synthesis and photopolymerization kinetics of new pyrrolidinone
methacrylate monomers are described in Chapter Vill as well as the
characterization of the corresponding homopolymers. The importance of
hydrogen-bonding interactions in the polymerization kinetics as well as on the
final polymer properties are discussed. Responsible for enhancing the
polymerization rate of the pyrrolidinone-containing monomers prepared,
hydrogen-bonding interactions led to the apparition of a pseudo beta transition
for the resulting homopolymers.

Chapter IX involves the synthesis of bis-pyrrolidinone acid derivatives. It
was found that such derivatives display Tgs during thermal analysis. This
polymer-like behavior is attributed to non-covalent supramolecular associations.

The final part of this dissertation involves the kinetics study of the Michael
addition/cyclization reaction sequence and polymerization involving alkyl 2-carbo-
ethoxyhydroxymethylacrylates and primary amines. This new polymerization
route led to the formation of a new class of poly(ester amide)s with potential

applications as biodegradable coatings.
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CHAPTER |
INTRODUCTION

The research presented in this dissertation covers the investigation of new
materials derived from alkyl a-hydroxymethylacrylates (RHMA). Each chapter is a
self-contained project that includes an abstract, introduction, results and
discussion, experimental, conclusions and references section. Chapter Il deals
with the synthesis of new acrylate-based reactive surfactants and their
incorporation in acrylic latexes. Chapter Il concentrates on the copolymerization
of such reactive surfactant with methyl methacrylate via catalytic chain transfer
polymerization to form well-defined amphiphilic macromonomers that are
evaluated as polymeric surfactant in TiO,/PMMA nanocomposites. The synthesis
of new cationic reactive surfactants and a gemini analog is presented in Chapter
IV and their incorporation in polymer/clay nanocomposite evaluated. Chapter V
describes the synthesis and polymerization study of alkyl 2-carboethoxyhydroxy-
ethylacrylates. Chapter VI presents the synthesis of new multifunctional 2-
pyrrolidinones from alky| 2-carboethoxyhydroxymethylacrylates via a very
efficient Michael addition/cyclization sequence. The following chapter (VII)
describes the synthesis of new 2-pyrrolidinone acid derivatives and the efficient
separation of the corresponding cis and frans isomers. The synthesis and
photopolymerization kinetics of new pyrrolidinone methacrylate monomers are
described in Chapter VIl as well as the characterization of the corresponding
homopolymers. The synthesis of 2-pyrrolidinone acid derivatives led to the

subsequent discovery of pyrrolidinone acid-based supramolecular associations



(Chapter IX). Finally, the kinetic study of the Michael addition/cyclization reaction
sequence and polymerization involving alkyl 2-carboethoxyhydroxymethyl-
acrylates and primary amines is described in Chapter X as well as the formation
of new poly(ester amide)s derived from these newly formed alkenes. This
introductory chapter briefly summarizes RHMA chemistry and current research in
the domains of reactive surfactant synthesis, polymeric surfactants, polymer
nanocomposites, multifunctional 2-pyrrolidinone derivatives, supramolecular
assemblies and poly(ester amide)s.
RHMA Chemistry

The majority of acrylate and methacrylate monomers and crosslinkers are
built on simple syntheses and contain a single pendent group. Alkyl
hydroxymethylacrylate esters, derived from alkyl a-hydroxymethylacrylates
(RHMA), shown in Figure 1.1 are vinyl monomers which present a very high
radical polymerizability when R=H. This high reactivity can be retained (or

caused) by the large number of functional groups present in the molecule.

R)\"/LO/R-

Figure 1.1. Alkyl a-hydroxymethylacrylates.
RHMA monomers allow the manipulation of at least two different
functional groups. Specifically, the presence of the hydroxyl group and the
carboxylic acid ester group permit further reactions to modify or substitute the

basic functionalities.



RHMA monomers can be readily synthesized via the Baylis-Hillman
reaction involving commercial acrylates. Other reactions have been reported by
Villieras,! Rosenthal® and Ferris.? The Baylis-Hillman reaction involves
conjugated compounds such as esters that add to aldehydes via the a-carbon in
the presence of a catalyst to give allylic alcohols as shown in Scheme 1.1.*°

o} o) Catalyst G OH
R'\o)‘\" + R)LH > R'OJ\”AR
Scheme 1.1. The Baylis-Hiliman reaction.

This type of reaction has great synthetic utility as it converts simple starting
materials into densely functionalized products, although it sometimes suffers
from low reaction rates and low yields, especially for acrylates. The rate and
conversion of the Baylis-Hillman reaction can be significantly improved by the
use of nucleophilic non-hindered bases such as 1,4-diaza[2.2.2]bicyclooctane

(DABCO, Figure 1.2) rather than simple tertiary amines.

/ .
lNJ lN
Figure 1.2. DABCO (left) and 3-quinuclidinol (right).

Further improvement has been achieved using 3-quinuclidinol (Figure
1.2). This is apparently due to the stabilization of the zwitterionic intermediate by
the formation of an intramolecular hydrogen bond (Figure 1.3).° It has also been
reported that an increase in the reaction rate is obtained by adding acetic acid’ or

methanol® to the reaction mixture, thus inducing the formation of intermolecular



hydrogen bonds. The presence of a hydroxyl group within the acrylate showed

similar same effects on the reaction rate and conversion.?

6]
L/ )
OMe
Figure 1.3. Stabilization of the zwitterionic intermediate by the creation of a
intramolecular hydrogen bond.
The use of non-nucleophilic bases such as 1,8-diazabicyclo[5.4.0]lundec-
7-ene (DBU) may also improve both reaction rate and chemical yield.'® Several

non-amine catalysts/systems such as dimethyl sulfide/TiCl,,'""* TiCl,,">"*
trialkylphosphines and metal complexes such as RhH(PPh,), and RuH,(PPh,),

have also been successfully utilized for coupling activated alkenes and carbon
electrophiles.™

It has also been demonstrated that the use of formaldehyde (R=H,
Scheme 1.1) results in monomers that polymerize radically as fast as, or faster
than, typical methacrylates.'® This formulation allows having functional
monomers that are readily available from commercial acrylates with a wide array
of R groups.

The polar, resonance, and steric effects of the substituents play an
important role in the reactivity of RHMA monomers. For instance, acrylate
monomers having a-alkyl substituents greater than methyl show poor or no .

polymerizability under free radical polymerization conditions due to steric



effects.’'®In contrast, the substitution of an oxygen atom B atom to the double
bond increases the reactivity of the monomer by overcoming steric effects.®
RHMA monomers show excellent polymerizability, giving very high molecular
weight polymers, due to a combination of hydrogen bonding and electronic
effects of the ester group that increases propagation while decreasing chain
transfer.”
Reactive Surfactants in Heterophase Polymerization

Polymeric dispersions are used in a wide range of applications such as
synthetic rubber, paints, adhesives, binders for non-woven fabrics, impact
modifiers for plastic matrices, additives for construction materials, flocculants,
and rheological modifiers. Environmental concerns and government regulations
are making it necessary to substitute solvent-borne systems with water-borne
systems, leading to important developments in the field of aqueous polymeric
dispersion. This interest grows also due to the fact that polymeric dispersions
have some unique properties that meet a wide range of application requirements
and compared with other polymerization processes, polymerization in dispersed
media presents substantial advantages concerning the controllability of the
processes used. Dispersed polymers can be produced via different processes
such as emulsion polymerization, inverse emulsion polymerization, dispersion
polymerization, miniemulsion polymerization, microemulsion polymerization, and
by emulsification of preformed polymers.?"**
Emulsion polymerization is the most common process for the production

of dispersed polymers, also called latexes. This process requires the use of



amphiphilic molecules or surfactants that have great importance in the production
and applications of the dispersed polymers. Surfactants play an important role in
the the nucleation of the latex particles, the emulsification of monomer droplets
and/or preformed polymer, and the stabilization of the polymer particles during
the polymerization and the shelf life of the product. They can, however, have
adverse effects such as inducing foam?® or migration through tﬁe aqueous
phase, causing destabilization of the latex particles in certain latex-based
formulations for example.?® This can induce further problems during processing
of the latexes, for example when the latex is coated the surfactant can desorb
under the influence of the intensity of the shear and cause destabilization. This
migration phenomenon can lead to segregation®” and concentration of the
surfactant molecules in pockets, which increases percolation by water and water
sensitivity. The surfactant can also migrate to the film-air surface of the film*® and
affect gloss, or to the film-substrate interface, affecting adhesion. Mechanical
properties such as hardness? can then be greatly affected by the segregation of
these small molecules. A common way to reduce the amount of surfactant is to
replace it partially with functionalized monomers such as methacrylic acid,
methacrylamide and sulfonated monomers derivatives such as 2-sulfoethyl
methacrylate. However, relatively large amounts of these comonomers are
needed to obtain sufficient stabilization effects, and this can impact the overall
properties of the polymer.

A more promising way to reduce the negative effects of surfactants comes

from the use of reactive surfactants, also called polymerizable surfactants. In this



case, the surfactant is covalently bound to the polymer matrix, which leads to a
decrease of the migration phenomenon in the polymer film. These reactive
surfactants can be a combination of a surfactant and an initiator (inisurf),?*>' a
surfactant and a transfer agent (transurf),*>*° or a surfactant and a monomer,
referred to as a surfmer or polymerizable surfactant.*® Another advantage coming
from the use of reactive surfactants resides in the potential reduction of the
amount of surface-active matter used in the reaction process.?

It should be pointed out that the stability of the system cannot be adjusted
independently by varying the reactive surfactant concentration, as can be done
with conventional non-reactive surfactants, without strongly affecting the
polymerization rate and the molecular weight distribution.>

Catalytic Chain Transfer Polymerization (CCTP)

It was Enikolopyan, et al. that discovered in the early 1980’s that certain
cobalt complexes were able to catalyze the chain transfer to monomer reaction in
methacrylate polymerizations.®”* This polymerization modification allowed
decreasing the molecular weight of the product with little effect on the yield while
requiring only ppm quantities of the corresponding catalyst. Further
developments in the use of these catalysts have led to a polymerization
technique that is now widely used for the production of low molecular-weight
polymers and macromonomers.*® The complexes that show catalytic chain

transfer activity are primarily cobaloximes and porphyrins (see Figure 1.4 below).



Figure 1.4. Cobalt porphyrins (left) and cobaloximes (right).

Other compounds such as molybdenum and chromium complexes have also
been studied, but cobalt-based species have remained the most popular and
effective. The mechanism was for some time a matter of conjecture, but is now
generally assumed to involve the cobalt hydride*® as shown in Figure 1.5.
Polymerization starts by the addition of an initiating species, which produces
propagating radicals. Chain transfer occurs when one of these radicals
encounters the catalyst (Co(ll)). The catalyst abstracts a hydrogen atom from the
growing chain end, producing a dead polymer with an unsaturated terminal bond
and the cobalt hydride (Co(ll)-H). The reinitiation/regeneration step occurs when
the hydrogen atom is transferred to a monomer, thereby regenerating the

catalyst and forming a new propagating species.
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Figure 1.5. Catalytic chain transfer polymerization mechanism.

The chain-transfer catalysts are very sensitive to the presence of oxygen,
so that degassing of reaction solutions is required and peroxide initiators cannot
generally be used. Catalysts are usually sensitive to the solvent used during the
reaction and the pH. Prediction of molecular weights in chain-transfer reactions

generally make use of the Mayo equation:***!

Equation 1.1. Mayo equation.

11 +cr,[co(11)]
DP, DP, [M]
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where DF, and DF, are the number-average degree of polymerization with and

without the addition of chain-transfer agent.

One of the largest areas of application for catalytic chain transfer (CCT) is
in the production of macromonomers. The terminal double bond in CCT products
makes them particularly useful for applications like paints requiring low-viscosity
materials that can be further reacted.**** Further end-group functionalization of
the macromonomer formed can be realized by reaction of the terminal double
bond 394344

Polymer Nanocomposites

Polymer-layered silicate nanocomposites. Polymer nanocomposites
have recently attracted intense industrial and academic interest due to their
remarkably enhanced properties compared to unfilled resins or to more
conventional composite materials. Such materials incorporate inorganic fillers
usually composed of sheets, with a thickness of one to a few nanometers and a
length of 30 nm to several micrometers. Among these materials, clays have been
widely used in the formation of nanocomposites. Clay minerals contain active
sites such as hydroxyl groups located at the edge and are also characterized by
the presence of exchangeable metal cations such as sodium, lithium, and
calcium located in the interlayer spacing. Consequently, cationic surfactants can
be electrostatically attached onto clay surfaces by a cation exchange process.
The preparation of polymer/clay nanocomposite materials was first reported in
1961 by Blumstein, demonstrating the polymerization of vinyl monomers

intercalated into Montmorillonite (MMT).* However, it was the work of



researchers at the Toyota Central Research laboratories that opened great
perspective for the developement of nanocomposites. They reported that
incorporation of small amounts of MMT into nylon-6 resulted in a remarkable
enhancement of the thermal and mechanical properties of the nanocomposite
material.***” Since then, a huge number of works have been published in this
field.*¢*"

The physical properties of polymer nanocomposites mainly depend on th
degree of dispersion of the filler and on the ability to produce intercalation or

exfoliation of the clay layers within the polymer matrix (Figure 1.6).

Intercalated Exfoliated

Figure 1.6. Nanocomposite morphologies.

Different methods to prepare polymer/clay nanocomposites are reported:
exfoliation/adsorption, in situ polymerization, and melt intercalation. Typical clay
modifiers for melt intercalation processes are quaternary alkyl ammonium salts,
which are incorporated onto the clay surface through cation exchange to impart
hydrophobicity to the clay layers. In situ polymerization mostly involves the
incorporation of organic groups capable of reacting with polymers or initiating
polymerization of monomers in order to create a chemical link between the

inorganic phase and the polymeric matrix. Amongst the pioneering works in this

11
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field are those of Giesenking,®' Hendricks,®> and Grim and Allaway®® who
showed that the structural inorganic cations of bentonite could be successfully

replaced by organic cations. Henry and Dekking®**°

reported in a series of
papers the modification of bentonite and kaolinite by adsorption of 2,20-
azobisiso-butyramidine hydrochloride (AIBA) by means of an ion exchange
reaction and the subsequent polymerization of methyl methacrylate, styrene,
styrene-butadiene, vinyl acetate, chloroprene, acrylamide, and acrylonitrile. More
recently, Fu and Qutubuddin®® intercalated vinylbenzyl dimethyl
dodecylammonium chloride (VDAC) into MMT through cation exchange,
dispersed the organoclay in styrene, and performed polymerization in bulk. Fan
et al.®’ reported the synthesis of mono- and bicationic free radical initiators and
their intercalation into the MMT galleries to initiate the free radical polymerization
of styrene from the clay surface. In a related strategy, Weimer, et al., synthesized
delaminated PS/silicate nanocomposites by anchoring a living free radical
polymerization initiator into the silicate layers followed by bulk polymerization.>®
Velten, et al. recently reported the intercalation of various tert-butylammonium
peroxides, and their use as polymerization initiators to produce exfoliated
nanocomposites.>®

Another promising method to enhance the degree of dispersion of the filler
in the polymer matrix was described first by Bougeat-lami and coworkers.?® They
reported the formation of colloidal nanocomposite particles by in situ emulsion
polymerization, leading to enhanced dispersion of the inorganic filler within the

polymeric matrix.
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Polymer-TiO2 nanocomposites. TiO, nanoparticles are widely used in
paint, paper making, plastic, cosmetic, and pharmaceutical industries due to its
outstanding physicochemical properties. Pigments in paint serve to provide color,
hide the substrate, and modify application and/or performance properties. The
paint industry was reported in 1999 to be the most important titania pigment
consumer of the global pigment consumption.®’

Recent regulations in paint formulations restricting the use of organic
solvents have seen the rapid development of water-based formulations. This is in
spite of the fact that achieving high levels of gloss with aqueous paint systems
remains a complex task. Complete dispersion of pigments in water-based paints
is fraught with difficulty; if aggregates are present, the end-use properties
including gloss, opacity, tint strength, color distribution and storage stability will
be highly affected. Incomplete dispersion of pigment particles causes uneven
coloring and the optimum effect of the pigments is not fully utilized.

Polymeric dispersants are generally used to disperse titania pigment
particles.62 lonic dispersants can stabilize titania pigment particles in the aqueous
phase, with the stabilization performance being pH and ionic strength dependent.
For example, the ionized state of ionic dispersants cannot be maintained during
the drying process of water-based paint film, leading to pigment aggregation in
the resultant dry films.®? Non-ionic dispersants reduce pigment particle
interactions through steric stabilization and are generally not sensitive to pH or

ionic strength changes.
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Polyfunctional 2-Pyrrolidinones

Polyfunctional pyrrolidinones are optically active molecules that have
received a great amount of attention in the past two decades. They have been
principally examined as intermediates for synthesizing more complex biologically
important molecules.®*® 2-Pyrrolidinone moieties have been used in the past
and are still used extensively as psychotropic, anti-hypertensive agents,
inhibitors of proteolytic catalysis, and antimuscarinic agents.?®% More
specifically, hydroxyl-substituted 2-pyrrolidinones have been used for the
treatment of brain insufficiencies, as cognition activators and as valuable building
blocks for medicinally important compounds.

Much interest resides in developing new routes that can lead to chiral
pyrrolidinones with multiple functional groups. Among these routes are three
important synthetic schemes that lead to the formation of multifunction
pyrrolidinone derivatives. First, Jiang and Ma reported the chemical routes shown
in Scheme 1.2 that lead to the formation of 5-alkyl-4-carboethoxy-3-hydroxy-
pyrrolidinones via coupling of N,N-disubstituted amino esters with ethyl

glyoxylate.®

Ph

Ph ., Ph .
B8 R COOR B 1. LDA then B(OMe); P Pd/C,H, ROOG  ,OH
Me rl\l/\Ph ——————>Me¢~ "N~ “Ph Me™ N7 "Ph I—L
: 2. Ethyl glyoxylate -
Li R\w“‘K/COOR ¥l glyoxy o biCOOR =y o
HO™ “COOEt

Scheme 1.2. Synthesis of 5-alkyl-4-carboethoxy-3-hydroxy-pyrrolidinones.
Another efficient route was reported by Valentin, et al., in which methyl esters of
1-alkyl-5-oxo0-3-pyrrolidinecarboxylic acids were obtained by reaction of dimethyl

itaconate with primary amines (Scheme 1.3).”° Finally, multifunctional 2-
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pyrrolidinone derivatives were also synthesised by Wyatt et al. starting from
itaconic acid and (S)-1-phenylethylamine, with high enantiomeric excess (95%)

(Scheme 1.4)."

0 NH4CI/Et3N o i
4 3 ~
\O)J\n/\nfo\ \O)j/\ﬂ/o\ O/U\[\FO
or RNH, RT, 24 hours N
© RHN O \R
R=H, Et, i-Pr, n-Bu, (CH,),0H, CH,Ph 60-88%

Scheme 1.3. Synthesis of 1-alkyl-5-oxo-3-pyrrolidinecarboxylic acid methyl

esters.

O

. 0 oH (S)-1—phenylethylamine‘ HOJ\E¥O
160°C
O

N
AMe
Ph)\H

28% (ee=95%)
Scheme 1.4. Synthesis of 1-phenylethyl-5-oxo-3-pyrrolidinecarboxylic acid.

Supramolecular Assemblies

Synthesis of polymers by linking the monomers via non-covalent
interactions, or of polymer networks by using non-covalent interactions of
functionalized side chains, represent attractive approaches that have been of
great interest for the scientific community over the past decades (Figure 1.7).
Highly directional hydrogen bonds may result in strong binding when used in
concert. When built into an array, the strength and selectivity of interaction can
be tuned as a function of the number of functionalities and their respective

positioning as donor and acceptor. There has been much interest in studying
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arrays of hydrogen bonds since the strength and selectivity of interaction are
critical in determining the properties of the resulting polymer-like material.

Tires cowem oty Tewa supraclesal pUTE

By wrossling b sl cioRRlnaed pdeivank

& = oot ot & fteoneTE TndTe)

Figure 1.7. Polymer architectures made using covalent and non-covalent links
between building blocks.

Early work on the synthesis of polymeric species via self-assembly was
described by Kato and Frechet’>"? then later by Griffin,”* who used multiple
single hydrogen bonding functional groups to obtain supramolecular associations
behaving like polymers. Despite the success of this approach, an inherent
limitation is that single hydrogen bonds allow different hydrogen bonding motifs.
This problem was later remedied by pre-organizing hydrogen bonds on a rigid
scaffold to form well defined arrays.”™ Linear arrays can offer the advantage of
constraining the hydrogen bonding to limited possibilities for interaction with other
functional motifs. The first use of arrays of hydrogen bonds in the assembly of
supramolecular polymers was reported by Lehn and co-workers in 1993, for

assembly of polymeric liquid crystalline and lyotrophic mesophases using 2,6-
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diamidopyridine- and thymine-functionalized building blocks.®*® However, it was
not until 1997, when the ureidopyrimidinone unit was discovered, that it became
possible to assemble supramolecular polymers in dilute solution (Figure 1.8).%°
This work highlighted how linear polymers could be constructed using hydrogen-

bonds in the same way and obeying the same principles as traditional

condensation polymers.
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Figure 1.8. Hydrogen bonds between two ureidopyrimidinone units.

Supramolecular assembly via hydrogen-bonding interactions can find
application in crystallization on various scales, robotics and manufacturing,®®%’
porous network materials, helical superstructures,® nanotubes and wires,
microelectronics and microdevices based on two- and three-dimensional
systems, and in computers and biosensors.

Biodegradable Poly(ester amide)s

Over the past decade, great concern has been raised for the preservation
of the environment. Biodegradable and recyclable materials became more and
more attractive leading to growth in their respective markets. This has resulted in

both academic science and industry to try to develop biodegradable polymers
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and implement more effective and extensive recycling of waste to prevent the
increasing contamination of the global environment. It is well known that aliphatic
polyesters are biodegradable and hydrolyzable synthetic polymers, and some are
already being commercialized. However, they possess insufficient thermal and/or
mechanical properties that limit their broader use. For instance, a series of a-
hydroxypolyesters, such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and
their copolymers, have been widely used as bioabsorbable sutures and surgical
implants.?® Other types of polyesters, such as poly(caprolactone), poly(B-
propiolactone), and poly(butyrolactone), have also been successfully used as
biodegradable polymers in drug delivery and agricultural uses.***’

Aliphatic polyamides are generally not biodegradable, although there are a
few reports demonstrating their biodegradability.*°* However, compared to
polyesters, aliphatic polyamides display higher thermal stability, higher modulus,
and higher tensile strength. A combination of both aliphatic polyesters and
polyamides is of great interest in order to prepare biodegradable materials with
improved mechanical and processing properties.** Such polymers are called
poly(ester amide)s.

A wide range of poly(ester amide)s have already been prepared by either
polycondensation or ring-opening polymerization techniques. There are two basic
types of aliphatic poly(ester amide)s (PEAs): those derived from non-amino acids
like aliphatic diamines and those derived from amino acids like L-phenylalanine,

L-leucine, and/or L-Iysine.%‘99 Both types of PEAs have been studied for their



potential biomedical applications, but the amino acid derived PEAs appear to

have better biocompatibility than those from aliphatic diamines.'®
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CHAPTER Il
SYNTHESIS OF NEW ACRYLATE-BASED NONIONIC SURFMERS AND

THEIR USE IN HETEROPHASE POLYMERIZATION

Abstract

New acrylate-based non-ionic reactive surfactants have been successfully
designed, synthesized, and polymerized. Their homo- and copolymerization
properties were studied and while a low degree of homopolymerization was
achieved, good copolymerization behavior with methyl methacrylate was
observed. High solid content acrylic latexes were prepared using these new
amphiphilic reactive molecules, which were shown to have covalently
incorporated these reactive surfactants. Well-defined latex particles with narrow
particle size distributions were produced. Both scanning electron microscopy and
atomic force microscopy (AFM) techniques were used to confirm the size and
size distribution of the particles formed. AFM measurements conducted on the
films formed from these latexes allowed demonstration of their low degree of
water sensitivity. This indicates a low level of surfactant migration during the film
formation and that the surfmers have been successfully incorporated into the
final copolymers produced via heterophase polymerizations.

Introduction

Emulsion polymerization is one of the most important techniques for
preparing polymers from an industrial point of view. Emulsion polymerization is
carried out to obtain film-forming latexes useful in water-borne coatings. It is

necessary to introduce surfactants into the polymerization recipe in order to
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control both the size of the particles and the stability of latexes. However, the
presence of these species, which are generally low molecular weight com-
pounds, and mainly associated with the polymeric particle through adsorption,
which involves weak associative bonds such as hydrogen or m-bonding, may
result in adverse effects on the latex and final polymer properties. For instance,
lack of stability under specific conditions, such as high shear, freezing, or high
ionic strength, may arise from the use of conventional surfactants. Furthermore,
these amphiphilic molecules may migrate through the matrix upon film formation™
3 and affect the overall properties of the final polymeric material such as
adhesion, water sensitivity, and gloss.*’ Migration of these molecules may also
induce their association and agglomeration leading to phase separation and an
increase in the anisotropy in the final polymer that may affect its mechanical
properties.

The use of polymerizable surfactants can avoid these issues as they can
deliver the amphiphilic properties of standard surfactants but can also chemically
interact (e.g., covalently bind) with the growing polymer chains. In so doing, the
secondary effects on the final polymer are reduced as they are chemically bound
to the matrix and the surfactants cannot migrate in the same way as conventional
surfactants. Thus, the risk of desorption is dramatically reduced. Reactive
surfactants can participate in the polymerization process, as an initiating moiety
(inisurf), a moiety capable of chain transfer (transurf), or a group capable of
copolymerization during the free radical polymerization (surfmer).®'® Most of the

work to date that deals with reactive surfactants involved surfmers as these
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molecules give the greatest potential molecular diversity. Anionic, cationic, and
non-ionic surfmers have been synthesized and applied in emulsion
polymerizations."” The use of surfmers has been shown to improve the water
resistance and surface adhesion in comparison to conventional emulsifiers.'®®
Water and vapor permeability were also shown to be reduced when surfmers
were used.”

The reactivity of the polymerizable surfactant and its adsorption
characteristics are critical factors in defining its performance. To be effective, the
surfmer must react such that, during the main part of the polymerization, its
incorporation into the polymer being produced is low. This avoids surfmer being
buried into the bulk of the polymeric particle and maximizes the amount of
surfmer present at the surface. Thus, the surfactant activity is maximized and the
quantities required are kept to a minimum. However, toward the end of the
reaction, high surfmer incorporation should be achieved to avoid the presence of
unreacted species in the final polymer, which may eventually migrate through the
film during final film formation.?'

A wide range of surfmers have already been developed based on
acrylates, methacrylates, styrenics and maleates. The main limitation on surfmer
use at the moment is related to the reactivity of the polymerizable unit.
Traditionally, the reactivity of the functional groups has been restricted to prevent
the “burying” phenomenon, resulting in surfmers that are applied only to niche

opportunities.***°
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Here we report the synthesis of new amphiphilic alkyl a-methylacrylate-
based molecules and their incorporation as reactive surfactants in heterophase
polymerizations. Hydroxymethylacrylate esters (RHMA) are vinyl monomers,
which have a very high susceptibility to undergo radical polymerization. This high
reactivity can be tailored by the nature of the functional groups present in the
molecule. The polarity, resonance and steric effects of the substituents all play
an important role in defining the reactivity of RHMA monomers. For instance,
conventional acrylate monomers having a-alkyl double bond substituents larger
than a methyl group exhibit poor or no ability to polymerize under free radical
polymerization conditions due to steric effects.**2 In contrast, the substitution of
an oxygen atom B to the double bond increases the reactivity of the monomer by
(a) helping to overcome these steric effects and (b) due to a combination of
hydrogen bonding and electronic effects that promote propagation while
decreasing chain transfer.>** As a result, RHMA-based monomers as shown in
Figure 2.1 possess excellent capability for polymerization, giving rise to very high
molecular weight polymers. More importantly, when copolymerized with other
acrylates or methacrylates, these monomers lead essentially to random

copolymers and good control of final polymer composition can be achieved.

L X
R1\O/ll\[l/\o Rz

Figure 2.1. RHMA-based monomer.
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In this chapter, we report the synthesis of new RHMA-based reactive
surfactants and their incorporation into high solid content acrylic latexes. The
study of the surface of latex films incorporating these reactive surfactants by
atomic force microscopy (AFM) is also reported where the surfactant’'s influence
on the topographical features, roughness and surface defects of the film were
probed using this technique.

Results and Discussion
Synthesis and characterization of the surfmers. All the reactive surfactants
synthesized are composed of a hydrophobic part, a polymerizable double bond,
and a hydrophilic part. In this study, the hydrophobic part is either an aliphatic,
aromatic, or perfluorinated moiety, while the hydrophilic part in all cases is a
poly(ethylene glycol) methyl ether moiety. Different hydrophobic moieties were
incorporated in order to determine the effect on particle stability during the
emulsion polymerization as well as final polymer characteristics. A methacrylate
group links the hydrophobic and hydrophilic moieties and constitutes the reactive
site. This group will become involved in the emulsion copolymerization reactions
with methyl methacrylate (MMA), n-butyl acrylate (BuA), and acrylic acid (AA).
The macromonomers were all synthesized by functionalization of the a-
(chloromethyl)acryloyl chloride (CMAC) intermediate which was synthesized
according to the synthetic scheme presented in Scheme 2.1. This compound
allows two different functional groups to be incorporated on either side of the

polymerizable double bond.
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SOCl, 0

><OJ\HAOH > CI/“\“/\CI
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Scheme 2.1. Synthesis of a-chloromethylacryloyl chloride (CMAC).

The reactive surfactants shown in Table 2.1 were synthesized following the
general synthetic routes presented in Scheme 2.2. They were all obtained in
good yields and purities (as determined by High Pressure Liquid
Chromatography (HPLC)). Poly(ethylene glycol) methyl ether (MPEG) of a
molecular weight of 350 g/mol, chosen to constitute the hydrophilic part of these
molecules, was first reacted with CMAC to form the intermediate MPCMA
(Scheme 2.2) that was subsequently reacted with different carboxylic acids or
alcohols in the presence of base. To form surfmers S1, S2, and S3, MPCMA was
reacted at room temperature with different aliphatic and aromatic carboxylic acid

potassium salts. This mild procedure gave high purity products in high yields

1
after filtration of the reaction mixture and evaporation of the solvent. H NMR was
used to follow the formation of the desired products by monitoring the
appearance of the proton peaks at 4.78, 4.77 and 5.04 ppm, corresponding to

the allylic-methylene protons of the ester form of the respective monomers.
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Scheme 2.2. Synthesis of surfmers 1-5.

Surfmer 4 was synthesized following the same procedure by reaction of
MPCMA with the potassium salt of 2,2-bis(acetoxymethyl)-propionic acid; the
acid was obtained from the reaction of 2,2-bis(hydroxymethyl)-propionic acid and
an excess of acetic anhydride at room temperature. The fluorinated surfmer (S5)
was obtained by reaction of MPCMA and pentadecafluoro-1-octanol in the

presence of potassium hydroxide. The structures of the different intermediates

1 13
and macromonomers were confirmed by H, C NMR and FT-IR while their
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13
purity was evaluated by HPLC (Table 2.1). As an example, C NMR and FT-IR

spectra of S1 are shown in Figures 2.2 and 2.3.

Table 2.1. Structures of the acrylate-based reactive surfactants investigated.

surfmer Structure

MW (g/mol) purity (%)

S1

S2

S3

) %@vﬁgjj@)%@il

S5

N
N
A

L

700.55

588.35

538.2

634.28

816.17

98

97

96

98

97

(@)

— Evaluated by HPLC.
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Figure 2.3. FT-IR spectrum of surfmer S1 (NaCl).

Homopolymerization of the reactive surfactants. In a first series of
experiments, the homopolymerization of the reactive surfactants S1 - S5 in water
was investigated in order to determine their capacity to homopolymerize in an
aqueous medium. The results of these experiments are given in Table 2.2. The
monomers were all homopolymerized in deionized water at 80 °C using
ammonium persulfate as the water soluble initiator. Polymerizations were carried

out over 24 hours to ensure maximum conversions.
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Table 2.2. Homopolymerization characteristics of surfmer 1-5.

sample surfmer Solvent Mn/1000 (g/mol)  PDI 00’2323)23'0”

HA1 S1 Water 3.9 1.23 62.3
H2 S2 Water 6.7 1.4 54.2
H3 S3 Water 53 1.32 40.3
H4 S4 Water - - (b)
H5 S5 Water 6.8 1.5 70.1

(a) - Determined by gravimetry.

(b) — No polymer was formed.

As shown in Table 2.2, low yields and low molecular weights were
obtained for all systems. All these polymers precipitated from solution during
polymerization due to agglomeration of the growing chains. Attempts to
polymerize these monomers in organic solvents (for example, tetrahydrofuran)
gave even lower molecular weight polymers. This suggests that pre-organization
of the amphiphilic molecules in water by the formation of micelles leads to higher
degrees of polymerization in aqueous medium than in organic solvent. It is well
known that polymeric surfactants show generally lower values of critical micelle
concentration (CMC) than small molecules. Thus, in the aqueous medium, the
amphiphilic molecules will be above their CMC and arranged into micelies.
During the homopolymerization, however, the critical concentration is continually
decreasing as the polymeric chain is growing. At the same time, the
homopolymers have vastly reduced degrees of freedom in which to orientate
themselves due to the steric restrictions placed on them by their neighboring
monomers. Both of these factors restrict the surfmers ability to organize
themselves into micelles and their influence on the system continues to increase
until the point that agglomeration occurs, ending by the precipitation of the

polymer in water. It should be noticed that surfmer polymerization in the aqueous
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phase should be minimized because it can promote flocculation and loss of the
surfmer.

Copolymerization of the reactive surfactants. During the course of an
emulsion polymerization, the surfmer may be incorporated into the polymer
backbone by both copolymerization and chain transfer to the surfmer. The extent
of surfmer copolymerization depends on the reactivity ratios of the surfmer and
the monomers. In a second series of experiments, copolymerization of the
reactive surfactants S1 - S5 in THF has been investigated in order to determine

their capacity to copolymerize with a less bulky monomer, methyl methacrylate.

13
As an example, the C NMR spectrum of the S1-co-MMA copolymer is shown in

Figure 2.4.

Table 2.3. Copolymerization characteristics of surfmers 1-5.

. rfmer
surfmer-MMA temp.  Mn/1000 yield . Y :
sample feed ratio solvent °C) (g/mol) PDiI (%) mco&c;l("gtlon
PO 1 THF 65 20.52 1.22 98.0 -
P1 1:4 THF 65 17.0 1.48 97.3 93
P2 1:4 THF 65 17.5 1.32 88.7 76
P3 1:4 THF 65 194 1.35 91.2 98
P4 1:4 THF 65 18.5 1.41 924 78
P5 1:4 THF 65 17.2 1.25 82.0 83

(a) — Determined by analysis of "HNMR spectra of copolymers.

The disappearance of the resonances corresponding to the vinyl carbons
of the monomers and the appearance of backbone peaks is consistent with the
surfmer having undergone vinyl polymerization. The copolymerization resuits
shown in Table 2.3 suggest that these monomers copolymerized well with this
comonomer, with surfmer incorporation being fairly close to the monomer feed

ratio.
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Figure 2.4. >C NMR spectrum of S1-co-MMA copolymer (CDCl3).

Earlier studies showed that RHMA-based monomers lead essentially to
random copolymer when copolymerized with MMA. Similar copolymerizations
were carried out with n-butyl acrylate also showing high incorporation of the
amphiphilic cofnonomer in the final copolymer. As mentioned earlier, the
reactivity of the surfmer and its adsorption characteristics are critical in surfmer
performance. The surfmer should not be able to homopolymerize too efficiently in
order to avoid destabilization of the latex particles as they are forming.
Furthermore, to minimize negative effects on the final material performance (a)
the reactive surfactant conversion should be high at the end of the polymerization

to ensure that there is little or no free surfactant in the final polymer and (b) large
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amounts of surfmer homopolymerization should be avoided to minimize the
presence of surface-active, amphiphilic polymeric coproducts. It is believed that a
competition between homopolymerization and copolymerization will take place
during the emulsion polymerization and that the observed balance between the
homo- and copolymerization behavior of the surfmers reported in this study
suggest that they have great potential for use in heterophase polymerization
techniques. This is because their molecular structure has been demonstrated to
lead to a preference toward efficient copolymerization with monomers such as
MMA and BuA. Thus, during the course of the emulsion polymerization, they will
not produce significant amounts of homopolymer due to their relative bulkiness
nor will they leave unreacted surfmer due to their high potential toward
copolymerization.

Emulsion polymerizations. High solids content MMA/BUA/AA (29/69/2) latexes
were prepared via seeded semi-continuous emulsion polymerizations. Table 2.4
lists the percentage of coagulum and the particle size of the latexes investigated.
These data show that a high conversion of monomers was achieved as

determined by gravimetry. No vinyl peak from the surfmer reactive double bonds
1
could be seen in H NMR spectra (DZO) of the latexes suggesting high

incorporation of the surfmer into the polymer. Further characterization of the
centrifuged latexes was attempted using NMR spectroscopy. NMR analysis of
the final serum after centrifugation systematically showed that no surfmer was
remaining in the liquid phase. This result indicates that either complete

incorporation occurred or that centrifugation was unable to eliminate the
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physically adsorbed species. Finally, for all latexes, the recovered polymer was
washed with hot methanol in order to remove any adsorbed species and the
methanol-soluble fraction was analyzed by proton NMR spectroscopy in CDCl;
solution. "H NMR allowed determinion of incorporation of surfmer in the final
copolymers produced by heterophase polymerization. As an example, Figure 2.5
shows "H NMR spectra of both surfmer S1 and the corresponding polymer
recovered from latex L1. Proton peaks at 3.64 ppm and 1.25 ppm were observed
in the polymer spectrum, corresponding to the MPEG and hydrocarbon units,
respectively, of S1. This attests to efficient incorporation of the surfmer in the

final polymeric matrix.

— 3.643
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Latex L1
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Figure 2.5. '"H NMR spectra of latex L1 and surfmer S1 (CDCl5).
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emulsions, coagulation occurred during the emulsion polymerization involving S4

and no stable latex could be formed. It is believed that the higher degree of
hydrophilicity of surfmer S4 compared to the other surfactants resulted in an

inability to efficiently stabilize the growing particles during the polymerization

process because too much surfmer was located in the aqueous phase. In ali the

reported emulsion polymerizations in this paper, the amount of surfmer added to

form the latex was approximately 1 mol-% as reported in Table 2.4. This value

could be lowered as the critical micelle concentration of the surfactants was

much lower than the fixed surfactant concentration. For instance, the CMC for

surfmer S1 was evaluated to be 0.095 g/L.

Table 2.4. Characteristics of the final latexes.

feed ~ Dp surfactant coagulum Dp appearance
latex surfactant time seed concentration initiator/(g) (%) (nm) of latex
(h)  (nm)  (wt-%/mol-%)
LO SDS 2 89 1 mol-% APS/ 0.30 <1 151.3 (a)
L1 S1 2 89 4.16/1.00 APS/0.32 2.5 163.4 (a)
L2 S2 2 89 4.03/1.15 APS/ 0.34 1.5 171.5 (a)
L3 S3 2 89 4.04/1.26 APS/0.30 <1 190.3 (b)
L4 S4 2 89 4.10/1.08 APS/ 0.30 - - (c)
L5 S5 2 89 4.14/0.85 APS/ 0.31 1.7 164.5 (b)

(a) — Typical latex appearance.
(b) — Very thick latex.

(c) — Emulsion pofymerization was not successfully achieved.

Apparent molecular weights obtained for the corresponding latexes

formed are summarized in Table 2.5. We observed a large range of molecular

weights for the latexes obtained. These differences may be attributed to some

degree of secondary nucleation arising during the polymerization. For instance,

the low molecular weight observed for latex L3 maybe due to the higher degree
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of hydrophilicy of this compound as compared to the other reactive surfactants

investigated. It should be noticed that these data are based on polystyrene

standards and that some degree of incertainty should be taken in account

considering these results. Nevertheless, we should expect some impact on final

molecular weight as the hydrophilicity of the corresponding surfactant is

increased.

Table 2.5. Molecular weights of latexes.

Latex Surfactant Mn/1000 Mw/1000 PDI conversion (%)@
(g/mol) (g/mol)
LO SDS 220.3 386.4 1.75 95
L1 S1 158.3 350.7 222 98
L2 S2 183.1 384.9 2.10 96
L3 S3 84.9 204 .4 2.40 99
L5 S5 284.4 358.6 1.26 94

(a) — Determined by gravimetry (equation 1).

Evolution of the particle size during the polymerization reaction was

followed for each system by withdrawing aliquots of latex at different times and

carrying out dynamic light scattering measurements. The particle size evolution

for each system is shown in Figure 2.6. It was found that the final particle size

was obtained after 4 hours by analysis of the data collected over a 24 hour

period. DLS measurements also showed that low particle size polydispersity

indexes were obtained for all latexes investigated (Table 2.4). DLS distribution

profiles corresponding to latex L1-L5 are shown in Figure 2.7. Scanning electron

microscopy allowed confirming this data as shown in Figure 2.8 (Latex L5). The

SEM pictures were taken in the high vacuum mode and the particle size and

particle size distribution could be seen to be in good agreement with the dynamic

light scattering measurements.
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As reported in Table 2.4, a low amount of coagulum was noted, suggesting a low
amount of destabilization during the heterophase polymerization. Unzué et al.
reported that, in a similar reaction at 50% solids with 1 mol-% of non-ionic
methacrylate-based reactive surfactant, a large amount of coagulum was
obtained.?? It was suggested that this behaviour was a consequence of
homopolymerization of methacrylate surfmer in the aqueous phase, leading to
the formation of a type of water-soluble polymer capable of causing bridging
flocculation. By comparison, while homopolymerization of the surfmers S1 — S5
is certainly possible, as shown in the homopolymerizations reported earlier in this
section, the low amount of coagulum that has been observed in the emulsion
polymerizations detailed in this study suggest that these materials exhibit low
amounts of homopolymerization and are more able to copolymerize efficiently
during the heterophase polymerization. Thus, it is concluded that the molecular
design of the surfmers in this work has successfully influenced the balance
between aqueous phase homopolymerization and heterophase copolymerization
such that their performance is better tuned toward achieving a successful
emulsion polymerization which produces a high quality final polymer than other

reactive surfactants used in the past.
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1 pm
Figure 2.8. SEM Micrographs of latex L5.
Film surface morphology. During setting and drying of a latex film, any
surfactant that is only physically adsorbed and not chemically bound to the
resulting polymer may either remain at the particle surface or phase separate
from the polymer. If the surfactant undergoes phase separation, the water flux
may carry it to the film surface. Alternatively, it may accumulate in the interstices
between the particles. From there it will migrate to the film—air or film—substrate
interface through a long-term exudation process. The surfactant may also
segregate from the matrix and form aggregates and pockets that could affect the
overall polymer properties.

The mobility of surfactants during film formation has been widely studied
using a wide range of different techniques such as fourier transform infra-red
spectroscopy (FT-IR), attenuated total reflectance (ATR), transmission electron
microscopy (TEM), and AFM.*¢*® AFM is an attractive technique due to the fact
that it is non-destructive.*® In this study AFM was used to observe the surface

morphology of the films directly and also to evaluate the roughness of the tested
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film before and after exposing to water. This technique allowed the particle sizes,
previously determined via dynamic light scattering (DLS) to be confirmed, as the
AFM measurements of the particle sizes and particle size distributions for all
latexes were in good agreement with DLS measurements. Figure 2.9 shows
typical AFM pictures (height and phase) obtained under tapping mode conditions

for the films studied where individual latex particles could be observed.

0 500pum 0 5.00 pm

Data type: Height Data type: Phase
Z range: 90.00° Z range: 90.00°

Figure 2.9. AFM pictures of film made from latex L5 (height on left and phase on
right).
Asua and co-workers showed that the surface of a film incorporating
conventional non-reactive surfactants such as sodium lauryl sulfate (SLS) is
totally covered with the surfactant, obscuring the individual particle identities. In

our study, this behaviour could be confirmed as no particle could be identified by
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AFM characterization of the film incorporating SDS. However, the particles
appeared well defined for all the other films by AFM measurements, attesting to
low migration of surfactant upon film formation. Furthermore, the narrow
polydispersities previously reported by DLS measurements were also found to be
in good agreement with the AFM results for all films formed. Topographical
images were obtained for both the neat film and the film washed extensively with
dionized water as shown in Figures 2.10 and 2.11. Difference in the root mean
square (rms) surface roughness between the two films was then determined by
AFM for each system as reported in Table 2.6. Upon rinsing with deionised
water, the non-bonded and highly water soluble reactive surfactant should be
washed away. The roughness of the remaining film is caused by disruption of the
particle packing by the migrating surfactant phase, as described by Juhue, et
al..”® Very little difference could be observed in roughness measurements for
these systems as compared to the film incorporating SDS as surfactant (Figure
2.12), consistent with the conclusion that surfactant migration has been

minimized in these systems.
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Figure 2.10. Neat film (from L5).
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Figure 2.11. Washed film (from L5).
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Figure 2.12. AFM topographical images of film from LO (SDS surfactant), neat

(A) and washed with dionized water (B).

Table 2.6. Particle size and roughness of the films obtained from latexes

determined by Atomic Force Microscopy.

latex Roughness Dp
(nm) (nm)

[0 (wached) 152 N
[ (woshed) 323 1739
o (washed) 303 1025
S (ashed)  ase 1948
(o (woshes) 210 1907

Latex stability. The stability of the polymeric emulsions produced was assessed
by addition of electrolyte solution to the corresponding latexes. The results are
summarized in Table 2.7. All latexes showed complete flocculation after 24 hours
at -20°C. However, the latexes showed diﬁerences in flocculation behaviour
dependant on the electrolyte solution used in the test. Latexes that incorporated

surfmers S3 and S5 were found to be the most stable latexes. Structure-property
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relationship determination of the surfmers is currently in progress to better

understand this behavior.

Table 2.7. Freeze/thaw test and stability in different electrolyte solutions (+++:

immediate floculation; ++:partly floculated after 1 day; +: complete floculation

after 1 month).

latex 0.AMNaCl ~ 0.5MNaCl  1.0MNaCl  0.IMMgSO, "
L1 ++ +++ +++ +++ +++
L2 +++ +++ ++ +++ +++
L3 ++ + + + +++
L5 ++ ++ ++ + +++

Conclusions

New acrylate-based, non-ionic reactive surfactants were specifically
designed to optimize the reactivity of the surfmer by balancing the bulkiness of
the macromeric surfmers with the reactivity of the polymerizable double bond
they contained. The aim of the design was to create species which had a more
reactive double bond that is usually found in non-migratory surfactants to
maximize the incorporation into the emulsion polymer, thus reducing any
secondary interfacial effects and leaching of the surfmer during the course of the
polymerization. These target molecules were synthesized successfully and used
in high solid content emulsion polymerization of butyl acrylate, methyl
methacrylate and acrylic acid. Analysis of the final polymers from these emulsion
reactions via NMR support the conclusion that high levels of surfmer
incorporation into the emulsion polymer were achieved. Additionally, low levels of

coagulum were observed in these reactions, suggesting a high stability of the
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emulsions during the reaction. Well defined particles and narrow particle size
distributions were observed by dynamic light scattering which was confirmed by
microscopy measurements (SEM and AFM).

Homogeneous and transparent films were formed from the latexes which
exhibited little difference in surface roughness values between the neat films and
the films washed extensively with deionised water. This latter result suggests a
very low degree of surfactant migration through the polymeric matrix during the
film formation. Additionally, the AFM images clearly showed the presence of
individual latex particles which again supports the conclusion that the
macromeric surfmer is highly incorporated into the polymeric film. Thus, it is
concluded that these surfmers impart very interesting and beneficial properties to
the emulsion polymerizations conducted in this study. This strategy of attempting
to optimize the balance between the reactivity of the double bond and the
bulkiness of the molecules has delivered real benefit to the heterophase
polymerization systems investigated. This balance of surfmer reactivity allows the
amphiphilic surfmers to stabilize the growing polymer particles and be
incorporated within the final copolymer. These factors lead to the production of
films which present reduced water sensitivity compared to those made using
conventional surfactants. These new acrylate-based reactive surfactants are the
first of a new library of amphiphilic monomers able to efficiently stabilize the
growing polymeric particles in acrylic emulsion polymerizations and confer higher

stability on the final polymeric material.
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Experimental
Materials. The following reagents were used as received without further
purification with the exception of methyl methacrylate (Aldrich Chemical
Company), which was redistilled over calcium hydride (Aldrich Chemical
Company) and 2,2'-azobis(2-methylpropionitrile) (AIBN) which was recrystallized
from methanol (Fisher Scientific). Poly(ethylene glycol) methyl ether (Mn=350
g/mol) and thionyl chloride were purchased from Acros Organics. t-Butyl acrylate,
paraformaldehyde, 2,2-bis-(hydroxymethyl)propionic acid, benzoic acid, stearic
acid, decanoic acid, pentadecafluoro-1-octanol, triethylamine, 1,4-
diaza[2.2.2]bicyclooctane (DABCO) and sodium dodecyl sulfate (SDS) were
purchased from Aldrich. Acetic anhydride, butyl acrylate (BuA, technical grade),
potassium hydroxide, and acrylic acid (AA) were purchased from Fluka.
Ammonium persulfate (APS, ACS reagent) was purchased from Acros Chemical
Company. Toluene, tetrahydrofuran and any other solvents were obtained from
Aldrich or Fisher. t-Butyl a-hydroxymethylacrylate (t-BHMA) was prepared using
a previously published procedure.*®
Instrumentation and characterization. Molecular weights and molecular weight
distributions of the polymers obtained by solution polymerization were measured
using size exclusion chromatography (SEC) on a system equipped with four
styrene gel mixed bed columns (American Polymer Standard Corporation,
Mentor, OH) using THF as eluent. Polystyrene standards (MWs ranging from
4630 to 400,000 g/mol) were used for calibration. Molecular weights and

molecular weight distributions of the final latexes were determined by gel



55

permeation chromatography (GPC) with THF as eluent. Solution 1H and 13C
NMR spectra were collected on a Varian Mercury 300 MHz spectrometer
operating at a frequency of 75.47 MHz for carbon. NMR spectra were recorded at
room temperature using CDCl; with TMS as an internal reference. FT-IR spectra
were obtained using a Bio-Rad DIGILAB FTS 6000 FTIR spectrometer equipped
with a Ge MIRacle™ single reflection ATR cell using 32 co-added scans. The
particle sizes and particle size distributions of latexes were measured by dynamic
light scattering (Microtrac UPA 150).

Synthesis of a-chloromethylacryloyl chloride (CMAC) A. t-BHMA (20 g,

0.126 mol) and excess of thionyl chloride were added to a 100 ml round bottom
flask and stirred at ambient temperature for 24 hours. Most of the thionyl chloride
was removed under vacuum. Vacuum distillation of the residue gave a-

(chloromethyl)acryloyl chloride as a clear liquid in ca. 60% yield.

FTIR (Cm—1, NaCl): 3107, 2966, 1742, 1637, 1407, 1284, 967, 896; 1H NMR
(CDCI,) 5 4.26 (s, 2H, CHZCI), 6.41 and 6.74 (s, 2H, CH_=C); 13C NMR (CDCIS) 0
41.53 (CHZCI), 136.14 (CH2=C), 141.14 (C=CH2), 166.78 (C=0).

Synthesis of MPEG a-chloromethylmethacrylate (MPCMA) B. In a 250 ml
round-bottom flask, poly(ethylene glycol) methyl ether (20g, 57.1 mmol) was
added to 100 ml of dried THF. The solution was stirred at -10°C for 30 min.
CMAC (10.32 g, 74.3mmol) diluted in 50 ml of dried THF was then added

dropwise to the stirring mixture. The resulting mixture was stirred overnight at

room temperature. The precipitate was filtered off and the solvent removed under
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reduced pressure. Excess CMAC was removed by washing the crude oil with

aliquots (3 X 60 ml) of hexane to give MPCMA as light brown oil in ca. 94% yield.
-1 1
FTIR (cm , NaCl): 3407, 1742, 1641, 1407, 1118, 812; HNMR (CDCIS) 04.30

(s, 2H, CH_CI), 6.01 and 6.41 (s,2H, CH_=C), 4.35 (t, 2H, CH C=CH ), 3.38 (s,

13
1H, CH,OCH,), 3.61 (s, 2H, CH CH O); C NMR (CDCl )  41.53 (CH Cl),
128.96 (CH =C), 136.74 (C=CH ), 164.85 (C=0), 64.32 (CH_C=0), 70.54
(CH,0), 58.99 (CH OCH ).

Synthesis of the surfmers S1-83. First, stearic acid, decanoic acid and benzoic
acid potassium salts were obtained by mixing at room temperature, in THF, the
corresponding acid (1 mol) with of potassium hydroxide in slight excess (1.05
mol). The salts were then collected by filtration of the crude mixture and dried
overnight at 60°C in a vacuum oven. Then, in a 250 ml round-bottom flask, the
corresponding acid potassium salt (26.1 mmol) was dispersed in THF. MPEG o-
chloromethylmethacrylate was then added to the salt solution dropwise at room
temperature. The resulting mixture was allowed to stir at room temperature for 24
hours. The precipitate was filtered off and the solvent removed under reduced

pressure to give the corresponding monomers in quantitative yields.
-1 1
Surfmer $1 - FTIR (cm , NaCl): 3492, 2871, 1730, 1641, 1118; H NMR (CDCI3)

5 4.77 (s, 2H, CH,0), 5.81 and 6.34 (s,2H, CH =C), 4.30 (t, 2H, CH C=CH),

13
3.34 (s, 1H, CH?_OCHS), 3.61 (s, 2H, CHZCH?_O); C NMR (CDCIS) 062.13

(CH,C=CH ), 127.42 (CH_=C), 135.30 (C=CH ), 165.09 (C=0), 173.13 (C=0),
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64.09 (CH,C=0), 70.56 (CH_0), 59.01 (CH OCH,), 14.13 (CH,CH. ), 22.68
(CH,CH.), 24.91 (CH CH C=0), 29.68 (CH), 31.92 (CH CH_CH), 34.19

(CH C=0).

1 1
Surfmer S2 - FTIR (cm , NaCl): 3490, 2872, 1731, 1641, 1118; H NMR (CDCI3)

54.78 (s, 2H, CH 0), 5.82 and 6.32 (s,2H, CH =C), 4.31 (t, 2H, CH C=CH ),

3.32 (s, 1H, CH OCH,), 3.61 (s, 2H, CH_CH_O); “C NMR (CDCI,) 562.10
(CH C=CH ), 127.38 (CH =C), 135.28 (C=CH), 165.04 (C=0), 173.06 (C=0),
64.07 (CH,C=0), 70.54 (CH_0), 58.98 (CH OCH, ), 14.12 (CH CH. ), 22.66
(CH,CH.), 24.88 (CH CH C=0), 29.65 (CH ), 31.89 (CH_CH _CH), 34.16

(CH_C=0).

-1 1
Surfmer 83 - FTIR (cm , NaCl): 3492, 1740, 1641, 1622, 1118; HNMR (CDCI)
55.04 (s, 2H, CH 0), 5.93 and 6.42 (s,2H, CH =C), 4.33 (t, 2H, CH C=CH ),

3.34 (s, 1H, CH_OCH), 361 (s, 2H, CH CH 0), 8.04 (t, 1H, CH=C), 7.44 (t, 1H,

13
CH=CH), 7.54 (t, 1H, CH=CHCH) ; C NMR (CDCl) 5 62.77 (CH C=CH ),
127.73 (CH =C), 135.18 (C=CH ), 165.07 (C=0), 165.84 (C=0), 64.14
(CH C=0), 70.49 (CH 0), 58.96 (CH OCH), 129.77 (C=CO), 129.62 (CH=C),

128.42 (CH=CH), 133.17 (CH=CHCH).
Synthesis of 2,2-bis(acetoxymethyl)propionic acid. In a 250ml Erlenmeyer,
2,2-bis(hydroxymethyl)propionic acid (15 g, 0.11 mol) and acetic anhydride in

slight excess (23.79 g, 0.233 mol) were mixed overnight. The excess of acetic
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anhydride was removed by vacuum distillation of the crude residue to give 2,2-
bis(acethymethyI)—propionic acid in as a white solid in ca. 99% vyield.

cA . 1
FTIR (cm , KBr): 2929, 1745, 1376, 1234; HNMR (CDCI3) 0 2.08 (s, 3H,

13
CH,C=0), 1.29 (s, 3H, CH C), 4.25 (s, 2H, CH C=0), 11.58 (OH); "C NMR
(CDCI,) 5 17.77 (CH,C), 20.76 (CH,C=0), 46.0 (CCH), 65.29 (CH_C=0), 170.95

(C=0), 178.44 (C=0).

Synthesis of surfmer S4. In a 250 ml round bottom flask, MPCMA (15 g, 33.1
mmol) and triethylamine (4.7ml, 33.1 mmol) were added to 75 ml of dry THF. To
the stirring solution, 2,2-bis(acetoxymethyl)-propionic acid was added dropwise.
The resulting mixture was allowed to stir overnight at room temperature. The
precipitate was filtered of and the solvent removed under reduced pressure to

give surfmer S4 as light brown oil in ca. 95% yield.
A 1
FTIR (cm , NaCl): 2871, 2930, 1730, 1641, 1119; H NMR (CDCIB) 6 1.27 (s, 3H,

CH_C), 2.06 (s, 3H, CH C=0), 3.38 (s, 3H, CH 0), 4.24 (s, 2H, CH C), 4.34 (t,

2H, CH,0C=0), 4.87 (s, 2H, CH_C=0), 5.86 and 6.41 (s,2H, CH_=C); “C NMR
(CDCI,) 6 17.80 (CH,C), 20.71 (CH,C=0), 46.27 (CCH,), 63.03 (CH,C=CH),
58.99 (CH,OCH), 64.14 (CH_C=0), 65.35 (CH C=0), 70.49 (CH,0), 127.73
(CH,=C), 134.83 (C=CH ), 164.82 and 170.50 and 172.15 (C=O0).

Synthesis of surfmer S5. In a 250 ml round-bottom flask, pentadecafluoro-1-
octanol (10.42g, 26.1 mmol) was mixed with potassium hydroxide (1.46g, 26.1

mmol) in THF (100 ml) for 5 hours. MPCMA (13 g, 19.9 mmol), diluted in 30 mi of
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dried THF, was then added dropwise. The resulting mixture was allowed to stir at
60 °C for 24 hours. The precipitate was filtered off and the solvent removed

under reduced pressure to give surfmer S5 as light brown oil in ca. 89% vyield.
-1 1
FTIR (cm , NaCl): 3490, 1730, 1641, 1118, 936, 813; H NMR (CDCI3) 0 3.32 (s,

3H, CH 0), 3.99 (m, 2H, CH_CF ), 4.28 (t, 2H, CH OC=0), 4.31 (s, 2H, CH 0),

13
5.86 and 6.33 (s,2H, CH =C); "C NMR (CDCl,) 5 58.85 (CH,0), 61.43
(CH_C=CH,), 83.93 (CH_C=0), 67.64 (CH,CF>), 72.54 (CH 0), 127.14 (CH _=C),
135.75 (C=CH), 165.27 (C=O0).

Solution free radical homopolymerization of surfmers $1-S5. In a typical
polymerization procedure, the surfmer (2 mmol) was dissolved in deionised water
(20 ml) and stirred under nitrogen for 30 minutes in a 100-ml round bottom flask.
The temperature was gradually increased and stabilized at 70 °C. Ammonium
persulfate (0.045 g, 0.2 mmol) was dissolved in water (1 ml) and added to the
stirring solution in one portion. The solution was allowed to stir for four hours
under nitrogen atmosphere. The resulting product was filtered and dried
overnight in vacuum oven to give the corresponding homopolymer.

Solution free radical copolymerization of surfmers S$1-S5 and MMA. In a
typical copolymerization procedure, the surfmer (1.97 mmol) and MMA (0.79 g,
7.91 mmol) were mixed in 10 ml of THF, under nitrogen, in a 50 ml 3-necked
round bottom flask equipped with a condenser. The solution temperature was
gradually brought to 60 °C. The resulting solution was allowed to stir for 30

minutes prior to addition of AIBN (0.031 g, 0.188 mmol) in one portion, which had
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been pre-dissolved in THF. The flask was sealed and the solution was stirred for
24 hours under a nitrogen atmosphere. The final polymeric solution was finally
precipitated into hexane giving the corresponding copolymer which was filtered

and dried.

Latex preparation. MMA/BA/AA copolymer latexes were prepared by means of
seeded semi-continuous emulsion polymerization. This polymerization technique
was chosen because it allows good control of reaction batch temperature,
particle nucleation, final particle size and size distribution. The recipe for the seed
is given in Table 2.8, and the recipe for the seeded reaction is in Table 2.9. The
reactions were carried out in a 500 ml glass reactor equipped with a reflux
condenser, a stainless steel stirrer at 200 rpm, a nitrogen inlet, and a water bath
for temperature control. The seed was prepared by means of batch emulsion
polymerization using the following procedure. The monomers, water and the
surfactant were mixed together and the resulting mixture poured into the reactor,
placed into a water bath temperature controlled at 65°C, and allowed to stir for 30
minutes under nitrogen blanket. The initiator (APS) was dissolved in 2.5 ml of
water and injected into the reactor. The reaction was carried out overnight to
ensure complete monomer conversion. The final seed latex had a solid content
of 30 wt-% and a final average particle size of 89 nm determined by DLS

measurements.
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compound seed (9)
water 300
MMA 33.75
BuA 82.5
AA 4
surfactant (SDS) 2.3
initiator (APS) 1.15
total 323.7

Table 2.9. Recipe Used in the Semi-continuous Emulsion Polymerizations (50%

solids).
compound initial charge (g) feed1(g) feed 2 (g)
seed 52
H0O 100 50
MMA 1.88 20
BuA 4.10 44
AA 2
surfactant 3
APS 0.02 0.30
NaHCO; 0.70
Total 158 66 53

Reaction conditions: T, 85°C; stirring rate, 200 rpm; reaction time in semi batch, 2 h; reaction time

in batch, 2 h; flow rate 1: 0.55 g/min; flow rate 2: 0.45 g/min.

Two separate streams were used in the preparation of the final latex: one

with the neat monomers, and another which contained the surfactant, initiator

and buffer. Feeding of the streams was achieved by use of two Masterflex

diastolic pumps (Cole-Parmer Instrument Company) for the monomer feed and

for the aqueous stream. The addition of monomer and aqueous solutions were

both controlled by a Camille 2000 Data Acquisition System (Dow, Camille

Products, LLC) coupled to the Camille TG (v4.0.5) acquisition software. In these

reactions, the initial charge was purged with nitrogen for 30 minutes before
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starting the feeding. After the feeding period the system was left to react
overnight to ensure high monomer conversion.

Latex characterizations. At the end of the reaction, samples were taken to
determine the particle size via dynamic light scattering measurements. The mean
particle size was measured by light scattering (Microtrack UPA 150). The amount
of coagulum was measured by collecting the coagulum on the reactor wall and
stirrer, and by filtering the latex using a Mesh Filter from Gardco, Inc. The result
is presented as weight of coaguium per total weight of monomer added.
Gravimetric analysis was performed to determine the percentage of solids in the
final latex product and then the percentage conversion for the corresponding
emulsion polymerization: 1 g of latex was poured into a preweighed vial; the
polymer was precipitated out of the water by the addition of methanol which was
decanted off, and the polymer washed several times with aliquots of methanol to
remove unreacted monomer, surfmer or initiator. The vial was then placed into
vacuum oven to remove residual methanol and the resulting polymer weight was
then compared to the original emulsion solid content to determine the overall
monomer conversion. The latexes were centrifuged and analysis via NMR
spectroscopy of both the final serum after centrifugation and recovered polymer
allowed evaluating the final reactive surfactant incorporation.

Film formation. Latexes were drawn down on a glass microslide substrate
(carefully washed with acetone and deionized water prior to latex deposition)
using a 3-mil drawdown bar and allowed to dry at room temperature overnight.

The films formed were then used in the AFM measurements.
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Latex stability. Stability of the latexes synthesized was assessed by the
following method. To 1 g of latex in four vials, the same amount of the following

electrolyte test solutions were added, 0.1 M MgSO4, 0.1 M NaCl, 0.5 M NaCl, 1.0

M NaCl. The time for flocculation to occur was assessed visually. For the
freeze/thaw test, a small amount of latex (2 ml) was kept at -20°C for 24 hours.
After 24 hours at room temperature, the flocculation was assessed by visual
observation.

Scanning electron microscopy (SEM). Particle morphology and particle
distribution were visualized using scanning electron microscopy. In a typical
sample preparation, the specimen was prepared by depositing dilute latex onto a
carbon adhesive tab and then coating the dried residue with gold (5 nm) using a
sputter coater Emitech K550X. The images were obtained with a FEI Quanta 200
scanning electron microscope under high vacuum conditions.

Atomic force microscopy (AFM). Surface topographies were investigated of
the films formed by spreading the corresponding latex onto glass microslide. The
topography of the air-film surface was characterized using a Dimension 3000
scanning probe microscope (Digital Instruments, Santa Barbara, CA). The probe
for surface topography was purchased from Veeco Probes, CA, and was an
etched silicon probe, 125 um long with a resonant frequency of 275 kHz, nominal
force constant of 40 N/m, and a nominal tip radius of 10 nm. Height and phase
images were collected simultaneously on 5 umx5 pm scan size with an image

resolution of 256x256 pixels at a scan rate of 1 Hz. Surface roughness and
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section analysis were performed on a 5 ymx5 pm scan area for all the samples

using Nanoscope v5.30 r2 image analysis software.
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CHAPTER Il
NEW POLYMERIC SURFACTANTS SYNTHESIZED VIA CATALYTIC CHAIN

TRANSFER POLYMERIZATION: PMMA/TiO> NANOCOMPOSITES

Abstract

New acrylate-based polymeric surfactants were synthesized using
catalytic chain transfer polymerization to produce graft copolymer
macromonomers with molecular weights of approximately 4,000 g/mol. These
macromonomers were characterized via NMR spectroscopy and their unique
terminal vinyl groups were successfully observed. These polymeric surfactants,
which contain both multiple anchoring functional groups and stearic stabilizing
grafts, were subsequently introduced into the preparation of PMMA/TIO,
nanocomposites. The UV-absorption characteristics of the composite materials
were determined by UV-Vis spectroscopy and the nature of the corresponding
TiO, dispersions were evaluated by transmission electron microscopy. An
increased absorption in the UV region was observed for the nanocomposite films
that incorporated the surfactants when compared to the “neat” PMMA/TIO,,
equivalents. An increase in the UV-absorption was also noticed when the
amphiphilic character of the macromonomer was increased. Furthermore TEM
images of the nanocomposites revealed a decrease in aggregate average size
when the surfactant was used.

Introduction
In recent decades, the synthesis of polymer nanocomposite materials has

been intensely studied due to their extraordinary properties and widespread
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potential applications. As examples, construction materials from automotive to
aerospace, ? biomaterials from tissue engineering to dental/orthopedic
implants,®* and semiconductor to photocatalytic materials have been
investigated.® A diversity of crystalline materials, i.e., three-dimensional nano
metal oxides, two-dimensional layered silicates, and one-dimensional carbon
nanotubes, have been used for reinforcing the polymer matrixes.® In addition to
nanoclay and carbon nanotubes, oxide nanoparticles are emerging fillers for
many applications. For instance, titanium dioxide (TiO,) was used as a
radiopacifier in dental composites and bone cements,”® as a solid plasticizer of
poly(ethylene oxide) for lithium batteries,®'? as a dye in a conjugated polymer for

I"" or photoconductive'? agents, and as a photocatalyst in a

photoelectrochemica
photodegradable TiO,-polystyrene nanocomposite film."

Titanium dioxide is an inexpensive, nontoxic, and photostable material,
which has good optical and photocatalytic properties for many applications. TiO2
photocatalysts have been applied in the purification of water and air, in
degradation processes of organic pollutants, in medical treatment, and in
microorganism photolysis. Such nanoparticle has been used as a white pigment
for many years, because it has a high refractive index and possesses the ability
to reflect and refract light more effectively than any other pigment. In addition, it
can be used in a wide variety of applications, where ultraviolet protection is
required because of its ability to absorb ultraviolet light."*

The main problem encountered in the formation of polymer

nanocomposites in general and polymer/TiO, materials in particular is the
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prevention of particle aggregation that may greatly affect the overall properties of
the materials generated. This problem can be overcome by maodification of the

surface of the particles'>"”

or incorporation of polymeric dispersants possessing
anchoring group capable of strongly adsorbing onto the particle in order to confer
high compatibilization. Many studies have been undertaken to find appropriate
polymeric molecules for this purpose.'®?? Examples of functional groups that can
be used to anchor polymeric chains to mineral oxide particles are amines,
ammonium and quaternary ammonium groups, carboxylic, sulphonic, and
phosphoric acid groups and their salts, acid sulphate and phosphate ester
groups.? Block copolymers of ethylene oxide (EO) and propylene oxide (PO)
have been used for many years to disperse TiO, in water-based paints.?*
Different polymerization techniques have been extensively used to
produce well-defined polymeric surfactants. These includes atom transfer radical
polymerization (ATRP)?, reversible addition-fragmentation chain transfer
(RAFT)?® and catalytic chain transfer polymerization (CCTP). Catalytic chain
transfer polymerization is a free radical polymerization technique in which
specific cobalt complexes act as chain transfer agents (CTAs) and catalyze the
transfer of hydrogen from a growing free radical chain to an olefin. The cobalt
complex is not consumed, and the rate constant of catalytic chain transfer (CCT)
is believed to be diffusion controlled®’, thus low molecular weight polymers can
be prepared with CTA on a ppm level. The overall process allows the synthesis

of oligomers from methacrylates with an unsaturated end group. Oligomers with
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a terminal double bond behave as macromonomers and can be used to prepare
graft, block, and telechelic polymers.?>?°

In this chapter, amphiphilic oligomers were synthesized via catalytic chain
transfer polymerization employing the low spin bis(difluoroboryl)dimethyi-
glyoximato cobalt (II) (COBF) complex (Figure 3.1). The structures of the
generated macromonomers were characterized via NMR spectroscopy. A variety
of low molecular weight (Mn~4,000 g/mol) macromonomers were created (by

varying the reaction conditions) and subsequently incorpororated as

compatibilizer in PMMA/TiO, nanocomposites.
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Figure 3.1. Formation of amphiphilic oligomers via CCTP (CoBF catalyst).
Results and Discussion
Monomer synthesis. The reactive surfactant investigated in this study is
composed of a hydrophobic part, a polymerizable double bond, and a hydrophilic
part. In this study the hydrophobic part is an alkane moiety, while the hydrophilic
part is a poly(ethylene glycol) methyl ether moiety which is readily water soluble.

A methacrylate group links both hydrophobic and hydrophilic moiety and
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constitutes the reactive site. This reactive amphiphilic molecule was synthesized
as described in Chapter Il, by functionalization of the a-chloromethylacryloyl
chloride (CMAC) intermediate, which was synthesized according to a previously

published procedure (Scheme 3.1).

o Q
. EtsN (/\/O;
Cl cl * H e o
n THF n

Ice Bath
12 Hours
CMAC MPCMA
Stearic acid
sodium salt /\M)J\ %\/ >\
THF
24 Hours

Scheme 3.1. Surfmer synthesis.

CMAC allows two different functional groups to be incorporated on either
side of the polymerizable double bond. For instance, different combinations of
hydrophobic and hydrophilic groups can be added in order to form reactive
amphiphilic molecules. Here, MPEG was first reacted with CMAC to form the
intermediate MPCMA (Scheme 3.1) to form the hydrophilic moietie, which was
then reacted with stearic acid in the presence of potassium hydroxide to form the

corresponding surfmer. This mild procedure gave clean, high purity product after

1
filtration of the reaction mixture and evaporation of the solvent, H NMR was
used to follow the formation of the desired product by monitoring the appearance
of the proton peaks at 4.78 ppm, corresponding to the a-methylene protons. The

structure of the intermediate and the resulting reactive surfactant were confirmed
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by NMR and FT-IR spectroscopy, while their high purity was confirmed by HPLC.

1H, 13C NMR, and FT-IR spectra are displayed in Chapter Il, Figures 2.2 and 2.3.
Catalytic chain transfer polymerizations. Copolymerization of the reactive
surfactant with methyl methacrylate was investigated in Chapter Il. This
monomer possesses of a good copolymerization behavior with such
comonomers. For instance, high incorporation of the monomer in the final
copolymer was observed. Here, additional copolymerizations of the monomer
with methyl methacrylate were carried out in the presence of cobalt catalyst. The
copolymerization results are shown in Table 3.1. The monomer copolymerizes
well with the corresponding comonomer even in the presence of cobalt catalyst,

with the surfmer incorporation being very close to monomer feed.

Table 3.1. MMA-surfmer copolymers obtained by CCTP.

AIBN surfmer
name surfmoer CoBF te;n P (mol Mn Mw PDI incorporation
(mol-%) (mg)  (°C) 0 (g/mol)  (g/mol) o

%) (%)

4
A 2 1.01 85 (1x4) 3227 8652  2.66 N/A
B 5 1.03 85 4 4063 9264 2.28 94
C 10 1.06 85 4 4373 7630 1.74 97
D 0 0 85 0.2 42400 56800 1.34 -
E 1.01 85 4 3316 10237 3.08 -
F 10 0 85 4 19832 31898 1.61 96

Monomer incorporation was determined by "H NMR spectroscopy. The
incorporation value for copolymer A, obtained by CCT polymerization, could not
be obtained due to an excessive signal to noise. Table 3.1 presents also the

monomer conversion, polydispersity, and apparent molecular weights. Number
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average molecular weights of about 4,000 g/mol were obtained. It should be

taken into consideration that these GPC results are based on polystyrene

13
standards. The C NMR spectra of the surfmer and the corresponding

copolymer with methyl methacrylate (10 wt-% surfmer) are shown in Figures 3.2.
These results confirm that the reactive surfactant investigated copolymerizes well
with MMA even in the presence of cobalt catalyst, leading to the desired

amphiphilic oligomers.
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Figure 3.2. BC NMR spectra of sufmer S1 and MMA-co-S1 copolymer

incorporating 10 mol-% of surfmer (CDCls).

The disappearance of the resonances corresponding to the vinyl carbons of the

monomers and their appearance as backbone peaks is consistent with the
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surfmer having undergone vinyl polymerization. Vinyl group proton peaks at 5.58
and 6.20 ppm were observed via '"H NMR as shown in Figure 3.3. These
resonance peaks relate to the terminal unsaturated vinyl functional group that is
introduced to the polymer chain as a result of the CCTP catalytic cycle and thus

confirms that the CoBF catalyst used is active in this polymerization.
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Figure 3.3. 'H NMR spectrum of MMA-co-surfmer copolymer C (CDCls).

Due to the presence of this terminal functionality, the oligomers produced
have the potential to be further functionalized, incorporated in polymer as

pendant groups via free radical polymerization technique or used chain transfer
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agents. It should be noted that the macromonomers prepared with CCTP can be
copolymerized in a sequential polymerization. The macromonomer reactivity in
these copolymerizations depends strongly on the choice of monomers used in
the second stage polymerization. Acrylates are reported to yield efficient
copolymerization with such macromonomers, while methacrylates react poorly.*
In the latter, the macromonomer does not copolymerize, but acts as a chain
transfer agent via B-scission.*’ Vinyl acetate was reported not to give any
copolymerization at all. In the copolymerization of macromonomers with acrylic
monomers, polymer chains are formed with a comb-like structure, with the
macromonomer chains as side chains from the main polymer backbone.

In the work presented in this chapter, the amphiphilic macromonomers
were incorporated in PMMA/TiO, nanocomposites to act as compatibilizers
between the inorganic filler and the polymeric matrix. Their incorporation as
monomer in the final polymer is not discussed and could be subject to further
consideration. For the reasons just discussed, we do not expect in this particular
case high degree of copolymerization with MMA and believe that
compatibilization will be determined by the degree of non-bonded association of
the macromonomers with the PMMA matrix.

Nanocomposite preparation and characterization. Nanocomposites were
prepared by means of in situ polymerization. The corresponding TiO, amount
was dispersed in MMA, mixed overnight and sonicated for 30 minutes before
polymerization. Approximately 0.1 wt-% initiator (AIBN) was added to the sample.

A freeze thaw technique allowed degassing the mixture prior to polymerization.
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The flask was then purged with argon and placed in an oil bath at 65 °C for 24
hours to ensure high monomer conversion. The resulting polymer was isolated
by successive reprecipitations into methanol from THF and drying under reduced
pressure. All nanocomposites incorporated the same amount of TiO,
nanoparticles (5 wt-%) and the concentration of macromonomeric surfactant was
also kept constant to 2.5 wt-%. The three polymer/TiO, nanocomposites 1, 2 and
3 incorporate macromonomers A, B and C respectively (Table 3.2).

Table 3.2. Nanocomposites preparation.

entry macromonomer TiO» temp. AIBN
name/wt-% (wt-%) (°C) (mol-%)
1 A2.5 5 65 0.2
2 B/2.5 5 65 0.2
3 C/2.5 5 65 0.2
4 0 5 65 0.2

Each polymeric material was subsequently dissolved in tetrahydrofuran at
the same concentration (g/L). Nanocomposites films were then formed by spin
coating each polymeric solution onto a NaCl disk. The absorbance of each film
was then characterized using a UV-VIS spectrometer. Figure 3.4 illustrates the
ultraviolet-visible absorbance spectra obtained for the nanocomposite acrylic
polymers prepared by in situ polymerization. The UV-VIS spectrum of neat
PMMA was also recorded and is shown in Figure 3.4 as well. The results show
that the polymers with nano-TiO; particles embedded have absorbance in the UV
range (290-400 nm) in comparison with PMMA. The results also show variation
in the UV absorbance as a function of the nature of the polymeric surfactant

introduced. Indeed, nanocomposites incorporating macromonomer C show
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higher absorbance in this region than the polymers incorporating
macromonomers A and B. A correlation between the amount of amphiphilic unit
within the copolymer backbone and the total absorbance can be drawn as the
amount of nanoparticles was kept the same in all films. The optical change
observed is caused by the quantum size effect of the nanoparticles. This means
that when the particle size is reduced and aggregation avoided, the higher
surface area makes the atoms and electrons at the surface have different
behavior from atoms and electrons within the bulk of the particles. The increase
in UV absorbance as a function of the polymeric surfactant used to disperse the
particles indicates that a better dispersion of the TiO; filler is reached when
macromonomer C is used. The difference in molecular weight is believed to be

negligible in this case.
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Figure 3.4. UV-VIS spectra for the nanocomposites 1 (A), 2 (B), 3 (C) and 4 (D).
Transmission electron microscopy allowed investigating the morphology of
each nanocomposite formed. Figures 3.5 and 3.6 illustrate the dispersion of 5 wt-

% TiO, nanoparticles in PMMA film with no surfactant and with 2.5 wt-% of
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oligomeric surfactant C, respectively. It can be observed that the corresponding
macromonomer leads to enhanced filler dispersion as smaller aggregates can be
detected compared to neat PMMA/TiO, with no surfactant. These data tend to
confirm the absorbance results discussed above: a higher degree of filler
dispersion arises when the oligomeric reactive surfactant is introduced,

increasing the overall absorbance properties of the resulting nanocomposites.

Figure 3.5. TEM image of a section of PMMA/TiO, nanocomposite (5 wt-% TiO»,

no surfactant).
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Figure 3.6. TEM image of a section of PMMA/TiO2 nanocomposite (5 wt-% TiOa,

2.5 wt-% surfactant C). The inset is at higher magnification (scale bar=20 nm).

Even if an enhancement in both UV-absorption and filler dispersion was
observed, it is believed that the low copolymerization efficiency of the monomer
with MMA may lead to segregation of the surfactant within the matrix, which
affects the overall material's properties. Higher degrees of dispersion could be
obtained by increasing the reactivity of both comonomers during polymerization.

Conclusions

An acrylate-based non-ionic reactive surfactant that has been
incorporated successfully in acrylic latex in the previous chapter was here
copolymerized with methyl methacrylate via catalytic chain transfer

polymerization in order to prepare well-defined amphiphilic reactive oligomers.
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Macromonomers were synthesized successfully with apparent molecular weights
of about 4,000 g/mol. These surfactants were then subsequently evaluated as
compatibilizers in PMMA/TiO, nanocomposites. An increase in the overall UV-
absorption as a function of the concentration of amphiphilic unit introduced in the
systems was observed, causing a higher degree of dispersion of the
nanoparticles within the polymeric matrix. Transmission electron microscopy
allowed determining morphologies of the nanocomposites. A decrease of the
average aggregate size was observed when the oligomeric surfactants were
introduced, testifying to a better compatibilization of the nanoparticles with the
PMMA matrix.

Experimental
Materials. The following reagents were used as received with the exception of
methyl methacrylate (Aldrich Chemical Company), which was distilled over
calcium hydride (Aldrich Chemical Company) and 2,2'-azobis(2-
methylpropionitrile) (AIBN, Fisher Scientific) which was recrystallized from
methanol. Poly(ethylene glycol) methyl ether (Mn=350 g/mol) was purchased
from Acros Organics. t-Butyl acrylate, paraformaldehyde, and 1,4-
diaza[2.2.2]bicyclooctane (DABCO) were purchased from Aldrich. Toluene,
tetrahydrofuran and all other solvents were obtained from Aldrich or Fisher. t-
Butyl a-hydroxymethylacrylate (t-BHMA) was prepared using a previously
published procedure.® Bis(boron difluorodiphenylglyoximate) cobalt(1l)
(cobaloxime tetra-phenyl) was purchased from DuPont and used as received

without further purification. Nano-TiO, was purchased from Degussa.
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Instrumentation and characterization. Molecular weights and molecular weight
distributions of the polymers obtained by solution polymerization were measured
using size exclusion chromatography (SEC) on a system equipped with four
styrene gel mixed bed columns (American Polymer Standard Corporation,

Mentor, OH) using THF as eluent. Polystyrene standards (MWs ranging from

4630 to 400,000 g/mol) were used for calibration. Solution 1H and 13C NMR
spectra were collected on a Varian Mercury 300 MHz spectrometer operating at
a frequency of 75.47 MHz for carbon. NMR spectra were recorded at room
temperature using CDClIs solvent with TMS as internal reference. FT-IR spectra
were obtained using a Bio-Rad FTS 5000 FT-IR spectrometer.

Synthesis of a-chloromethylacryloyl chloride (CMAC). In a 250 ml one neck
round bottom flask, t-BHMA (50g, 0.316 mol) and a large excess thionyl chloride
were added and stirred at ambient temperature overnight. Most of the thionyl
chloride was removed under vacuum and vacuum distillation gave a-
chloromethylacryloyl chioride as a clear liquid in 65% vyield. FT-IR (cm™): 3107,
2966, 1742, 1637, 1407, 1284, 967, 896; "H NMR (CDCls) 54.26 (s, 2H, CH,CI),
6.41 and 6.74 (s,2H, CH»=C); "*C NMR (CDCls) & 41.53 (CH,Cl), 136.14
(CH»=C), 141.14 (C=CHy), 166.78 (C=0).

Synthesis of MPEG a-chloromethylmethacrylate (MPCMA). In a 250 ml round
bottom flask, poly(ethylene glycol) methyl ether (20 g, 57.1 mmol) was added to
100 ml of dried THF. The solution was stirred at -10°C for 30 minutes. CMAC
(10.32 g, 74.3 mmol) diluted in 50 mi of dried THF was then added dropwise to

the stirring mixture. The resulting mixture was stirred overnight at room
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temperature. The precipitate was filtered and the solvent removed under reduced
pressure. Excess CMAC was removed by washing the crude oil with three

aliquots of hexane to give MPCMA as light brown oil in ca. 94% yield.

1
H NMR (CDCI3) 0 4.30 (s, 2H, CH2CI), 6.01 and 6.41 (s,2H, CH2=C), 4.35 (t, 2H,

13
CH,C=CH,), 3.38 (s, 1H, CH OCH.), 3.61 (s, 2H, CH,CH,0); "C NMR (CDCI,) &
41.53 (CH_CI), 128.96 (CH_=C), 136.74 (C=CH ), 164.85 (C=0), 64.32
(CH C=0), 70.54 (CH_0), 58.99 (CH_OCH).

Surfmer synthesis. First, stearic acid potassium salt was obtained by mixing at
room temperature, in THF, the corresponding acid (1 mol) with potassium
hydroxide in slight excess (1.05 mol). The salt was then collected by filtration of
the crude mixture and dried overnight at 60 °C in a vacuum oven. Then, in a 250
mi round-bottom flask, the corresponding acid potassium salt (26.1 mmol) was
dispersed into THF. MPEG a-chloromethylmethacrylate was then added to the
salt solution dropwise at room temperature. The resulting mixture was allowed to
stir at room temperature for 24 hours. The precipitate was filtered off and the
solvent removed under reduced pressure to give the corresponding monomers in

quantitative yields.

1
H NMR (CDCI3) 04.77 (s, 2H, CHZO), 5.81 and 6.34 (s,2H, CH2=C), 4.30 (t, 2H,
13
CH2C=CH2), 3.34 (s, 1H, CHzoCHs)’ 3.61 (s, 2H, CHZCHZO); C NMR (CDCIS) ¢}
62.13 (CH2C=CH2), 127.42 (CH2=C), 135.30 (C=CH2), 165.09 (C=0), 173.13

(C=0), 64.09 (CH,C=0), 70.56 (CH_O), 59.01 (CH_OCH,), 14.13 (CH CH),
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22.68 (CH,CH,), 24.91 (CH,CH,C=0), 20.68 (CH,), 31.92 (CH,CH CH,), 34.19
(CH_C=0).

Catalytic chain transfer polymerizations. All reactions were carried out using
100 ml test tubes equipped with In a typical polymerization procedure 50 ppm of
cobaloximes methyl (0.00234g) was dissolved under nitrogen in dried toluene
(30ml) in a 100 ml 3 necked round bottom flask equipped with a condenser. The
corresponding monomer and methyl methacrylate were added to the complex
solution. The resulting mixture was stirred for 30 minutes under a nitrogen
blanket. The solution temperature was then gradually raised to 95 °C. In a
separate 100 ml, round bottom flask was dissolved AIBN (0.201 g, 1.21 mmol) in
dried toluene (20 ml). The initiator solution was allowed to stir for 30 minutes
under Nitrogen blanket. Once the temperature was stabilized, a single portion of
initiator solution was poured into the reaction flask every hour for four hours,
corresponding to four aliquots of initiator solution. The flask was then removed
from the oil bath one hour after the last initiator shot. The final product was
washed with heptane to give the polymer as a soft yellow solid in 83% yield.
Polymerizations and nanocomposites preparation by in situ
polymerization. TiO, (0.1 g, 5 wt-%) was dispersed in MMA (2 g), mixed
overnight, and sonicated for 30 minutes before polymerization. Approximately 0.1
wt-% of initiator (AIBN) was added to the sample. A freeze thaw technique
allowed degassing the mixture prior to polymerization. The flask was then purged
with argon and placed in an oil bath at 65 °C for 24 hours to ensure high

monomer conversion.
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Film preparation. Films were formed by dissolving a given amount of
polymer/clay nanocomposite in THF. The resulting polymer solution was then
poured into an aluminum cup and allowed to dry under air flow for 5 days to give
films with thicknesses of approximately 100 pm. All the films were then
characterized without further treatment.

UV-VIS characterization. The absorbance spectra of the acrylic films in the
range of 200-500 nm wavelength of light were determined using a UV-VIS
spectrometer (Hitachi UV-3000, Japan) with a scan speed of 300 nm/min.
Nanocomposite morphology. Specimens for transmission electron microscopy
were prepared by microtoming the samples at an angle of 6° to the diamond
knife and at a speed of 1.5-3.5 mm/s on a Reichard-Jung Ultracut E microtome.
Ultrathin sections (70 nm thick) were placed on copper TEM grids. The sections
were viewed using a Zeiss EM 109-T electron microscope (Carl Zeiss, Jena,

Germany) operating at 200 kV.
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CHAPTER IV
NEW ACRYLATE-BASED CATIONIC REACTIVE SURFACTANTS AND THEIR
USE IN THE FORMATION OF PMMA/CLAY NANOCOMPOSITES VIA

EMULSION POLYMERIZATION

Abstract

The synthesis of new acrylate-based cationic macromeric surfactants is
described and their incorporation in methyl methacrylate latexes investigated.
Well-defined latex particles with narrow particle distributions were produced and
scanning electron microscopy was used to confirm the size and size distribution
of the particles formed. Nanocomposites were formed from these latexes and
their mechanical properties were investigated. The glass transition of the film
formed increased with clay loading. The film formation method was shown to
have a great impact onto the dispersion of the particles and final material
properties. For instance, it has been found that solvent casting leads to a better
dispersion of the filler in the polymer matrix as compared to a melt-pressing
method.

Introduction

For many years, attention has been paid to the incorporation of inorganic
fillers in polymeric matrix in order to improve numerous material’s properties such
as stiffness, strength, thermal stability, flame retardancy, solvent and UV
resistance, and gas barrier properties."” Several procedures have been used to
produce polymer/silicate nanocomposites such as melt blending, solvent casting,

sol-gel methods, and in situ polymerization.>* Two different nanocomposite
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morphologies are generally obtained and can usually be classified as either
exfoliated or intercalated with some degree of aggregation.” Melt processing
consists of blending a molten thermoplastic polymer with clay at high
temperature and high shear, which can sometimes lead to thermodegradation
during processing.6 Sol-gel processes have been used in the past by Muh et al.”
and by Moszner and coworkers® to prepare organic—inorganic hybrid materials
through hydrolysis and condensation of organically modified silanes containing
free radically polymerizable methacrylate groups. In the past, the in situ
polymerization technique has been also extensively used. In this particular case,
the clay is swollen in the monomer and polymerization is carried out between and
around the layers of clay.

The main concerns in the design of polymer-clay nanocomposites are the
degree of dispersion of the nanoparticles into the matrix and the level of affinity of
the filler with the organic phase. The common methods discussed above lead to
a dispersing degree and interfacial adhesion of the filler with the polymer
insufficient in order to reach desirable materials properties. Recently, emulsion
polymerization has attracted a great amount of interest in order to achieve a high
degree of dispersion of the clay particles into the polymeric matrix. Galembeck
and coworkers have reported the synthesis of poly(styrene-co-butyl acrylate-co-
acrylic acid)/MMT nanocomposites utilizing an aqueous colloidal polymer
dispersion technique. In this method, the surfactant is used as stabiliser during
the emulsion polymerization and as compatibilizer between the polymeric particle

and the filler. The high degree of dispersion of clays in water makes the
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approach very attractive. Many surfactants, reactive or not, have been used in
the past to form polymer/clay nanocomposites via heterophase polymerization
technique. The use of polymerizable surfactants (surfmers) is attractive because
of the direct chemical link between the surfactant and the polymer. To achieve
high conversion and good distribution of the stabiliser around the polymeric
particle, the reactivity of the polymerizable surfactant and its adsorption
characteristics are critical factors. To be effective the surfmers must react such
that, during the main part of the polymerization, surfmer incorporation into the
polymer being produced is low. This avoids surfmer being dragged into the bulk
of the polymeric particle and maximizes the amount of surfmer present at the
surface. Thus, the surfmers activity is maximized and the quantities required kept
to a minimum. However, toward the end of the reaction, high surfmer
incorporation should be achieved to avoid leaving quantities of free surfmer in the
polymer, which may eventually migrate to surfaces and interfaces during final
product use; e.g., film formation.? This may decrease also the affinity between
the polymer and the inorganic filler.

A wide range of surfmers have already been developed incorporating
reactive groups such as acrylates, methacrylates, styrenics and maleates. The
main limitation on surfmer use at the moment is related to the reactivity of the
polymerizable unit within them. Traditionally, the reactivity of the functional
groups has been restricted to prevent the “burying” phenomenon and thus, the
situation that they are applied to are niche opportunities.'®'® As illustrated in

Chapter Il, hydroxymethylacrylate esters are vinyl monomers which have a very
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high susceptibility to undergo radical polymerization and their reactivity can be
tailored by the nature of the functional groups present in the molecule. They
show high potential in heterophase polymerization. Here we are interested in
investigating amphiphilic a-hydroxymethylacrylate derivatives and their
incorporation as reactive surfactants in emulsion polymerizations in order to lead
to the formation of PMMA/clay nanocomposites with enhanced performances.

Generally, the inorganic particles typically used in the formation of
nanocomposites are layered silicates such as synthetic Laponite.’” Laponite clay
consists of particles of about 25 nm in diameter and 0.92 nm in thickness."® It has
a layer structure composed of repeats of six octahedral magnesium ions
sandwiched between two layers of four tetrahedral silicon atoms and an overall
empirical formula Na®"[(SigMgs sLio.3)O20(OH)4]*"." Laponite has the
advantages over natural clay like Montmorillonite of being chemically pure,
synthetic, and free from crystalline silica impurities.

In the present chapter, we report the synthesis of new RHMA-based
reactive surfactants, their incorporation into PMMA acrylic latexes, and the
subsequent formation of PMMA/Laponite clay nanocomposites. The study of the
resulting nanocomposites mechanical properties and morphologies was
conducted as function of the nature of the surfactant, the polymerization process,
and the film formation method.

Results and Discussion
Surfmers synthesis and characterization. All the reactive surfactants

synthesized are composed of a hydrophobic part spacing a polymerizable double
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bond and an imidazolium moitie. The imidazolium group acts as electrostatic
linkage between the polymeric particle and the clay platelets dispersed into the
aqueous phase. The imidazolium moietie was chosen for its enhanced thermal
stability compared to ammonium surfactants.?’ The reactive surfactants

synthesized are presented in Figure 4.1.
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Figure 4.1. Surfactants investigated.
These surface active compounds are interesting candidates to compatibilize the
clay with the polymeric matrix. The surfmers incorporate a methacrylate group
located at one end of the hydrophobic part, allowing the reactive site to be buried
into the particle in order to maximize incorporation of the surfmer during emulsion
copolymerization with MMA. These macromonomers were all synthesized in two

steps as shown in Schemes 4.1 and 4.2.
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Scheme 4.1. Synthesis of reactive surfactants 2a and 2b.
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Scheme 4.2. Synthesis of gemini reactive surfactant 4.
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First, ethyl a-chloromethylacrylate (ECMA), which was synthesized
according to previously reported litterature,*' was reacted with 11-
bromoundecanoic acid in the presence of triethylamine to give the intermediate
1. *C NMR allowed monitoring the reaction by following the disappearance of
the peak at 42.4 ppm corresponding to chlorine methylene. This intermediate
allows different imidazolium hydrophilic groups to be incorporated. Surfmers 2a
and 2b were subsequently obtained by reaction of this latter intermediate with
1,2-dimethylimidazole and 1-methyl-2-decylimidazole respectively. This mild

procedure gave clean, high purity products after precipitation into cold diethyl

ether and subsequent evaporation of the solvent under reduced pressure. 1H
NMR was used to follow the formation of the desired products and to monitoring
the disappearance of the proton triplet peak at 3.38 ppm, corresponding to the
elimination of bromide, which confirmed product formation.

Next, we were interested in synthesizing a gemini surfmer analog to the
reactive surfactants 2a and 2b because this molecule would allow incorporating
statistically twice as more cationic sites onto the polymeric particle with the same
degree of surfmer conversion. The gemini reactive surfactant 4 was synthesized
following the procedure illustrated in Scheme 4.2. 1,10-Bis(2-methylimidazole)-
decane 3 was first obtained by reacting 2-methylimidazole and 1,10-
dibromodecane in THF under reflux conditions in the presence of triethylamine
as acid scavenger. The diimidazole compound was isolated by filtration of
triethylamine white salt and removal of the solvent under reduced pressure.

Washing several times with dionized water led to compound 3 in quantitative
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yield. Compound 3 was then reacted with 2 eq. of intermediate 1, in dried
tetrahydrofuran and in reflux conditions. The structures of the different

intermediates and macromonomers were confirmed by NMR and FT-IR. As an

13
example, C NMR spectra of the intermediates 1 and 3, and gemini surfactant 4
are shown in Figure 4.2. These spectra show the disappearance of the peak
belonging to the carbon next to the bromine, indicating the formation of the

expected product.

200 150 100 50 0

Figure 4.2. 3C NMR spectra of intermediates 1, 3 and gemini surfmer 4 (CDCls).

Emulsion polymerizations. Methyl methacrylate latexes were prepared by
batch emulsion polymerization incorporating the different reactive surfactants

discussed above. Table 4.1 lists monomer conversion, number average
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molecular weight, molecular weight dispersity, particle size, and particle size

distribution for each latex formed.

Table 4.1. Characteristics of the final latexes.

latex  surfactant amount surfactant Mn PDI conv. D width
(mol-%) (g/mol)® %)®  @m)©  (pm)

LO SDS 2.24 386,000 1.35 97 0.048 0.021
L1 2a 1.06 110,000 3.45 98 0.106 0.046
L2 2b 1.11 98,000 3.56 97 0.132 0.052
L3 4 0.54 107,000 2.65 97 0.124 0.034

(a) — Determined using size exclusion chromatography.
(b) — Determined by gravimetry.
(c) — Evaluated using dynamic light scattering.

These data show that high conversion of monomers was achieved as

determined by gravimetry. No vinyl peak from the surfmer reactive double bonds
1
could be seen in the H NMR spectra (DZO) of the latexes, suggesting high

incorporation of the surfmer into the polymer. All the surfmers gave stable
emulsions and insignificant amounts of coagulum, suggesting little destabilization
during the heterophase polymerization. In all the reported emulsion
polymerizations in this chapter, the amount of surfmer added to form the latex
was approximately 1 mol-%.

Average particle sizes of 106, 128, and 132 nm were measured by
dynamic light scattering for the latexes incorporating surfactant 2a, 2b, and 4,
respectively. Narrow particle size distributions were also measured for all latexes.
Both sizes and size distributions of polymeric particles were confirmed by

scanning electron microscopy (Figure 4.3).
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Figure 4.3. SEM images of latex L1 (A) and latex L1 with 5 wt-% of sodium

Laponite (B) (scale bar: 500 nm).

The low amount of coagulum that could be detected in the emulsion
polymerisations detailed in this study suggest that these materials exhibit little
homopolymerization and good copolymerization behavior during the heterophase
polymerization. Thus, it is concluded that the molecular design of the surfmers in
this work has successfully influenced the balance between aqueous phase
homopolymerization and heterophase copolymerisation.

Preparation of nanocomposites from PMMA latexes. A first series of
nanocomposites were formed by addition of different amounts of untreated
sodium Laponite clay (2.5, 5, 10 wt-%) to the latexes formed above. In the
emulsion preparation method, the cationic reactive surfactants act as stabilizer
and compatibilizer with the clay platelets dispersed into the aqueous phase while
in the in situ polymerization the same surfactants act essentially as an
intercalating agent allowing the polymerization of MMA within the clay interlayer

spacing. It is believed that the in situ copolymerization behavior between MMA
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and the reactive surfactant is greatly affected by the close proximity of each
surfactant on the clay surface. Indeed, the close proximity of the reactive groups
can induce horhopolymerization of the cationic monomers via a pseudo intra-
molecular polymerization reaction, leading to poor comonomer incorporation in
the final nanocomposite polymer matrix. This behavior cannot be controlled and
would have a large effect on the final nanocomposite properties.

To avoid this uncertainty of linkage of the clay to the polymeric matrix, an
emulsion-based method is proposed in this study. In the emulsion polymerization
process, the reactive surfactants are incorporated first into the polymeric matrix
and the polar group left available for further cationic exchange reaction on the
surface of the sodium clay platelets. In order to maximize the interaction between
the particle surface and the clay platelets, one must ensure high dispersion of the
filler into the aqueous phase. For instance, sodium Laponite clay readily
dissolves in deionized water for the concentrations targeted. The concentration
considered in this study allows monodispersity of the clay dispersion in the
aqueous phase and maximizes the surface area of the filler.

Scanning electron microscopy (SEM) was used to determine changes in
particle morphology upon addition of the filler. We could notice an increase in
viscosity upon clay addition, behavior illustrated by the appearance of
aggregates as shown in Figure 4.3. The nanocomposites were prepared by
drying the corresponding clay/latex mixture in air for 2 days and forming films by
a melt-press method. Dynamic scanning calorimetry (DSC) performed on the

resulting films revealed an increase in the glass transition temperature (Tg) of the
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nanocomposites prepared with the emulsion technique as compared to pure
polymer (Figure 4.4). The Tg evolution was verified by DMA through tan 6
(Figure 4.5) showing similar increases as seen by DSC. These data show that Tg
increased by 14 °C, 9 °C, and 6 °C for the nanocomposites incorporating the

surfactants 2a, 2b, and 4, respectively.
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Figure 4.4. DSC curves for melt-pressed films obtained from Latex L1 containing

0O wt-% (m), 2.5 wt-% (), 5wt-% (A ) and 10 wt-% (V) of Laponite respectively.
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Figure 4.5. Tan(d) diagram for melt-pressed films obtained from Latex L1

containing 0 wt-% (m), 2.5 wt-% (e), 5 wt-% (A) and 10 wt-% (V) of Laponite

respectively.

A decrease in Tg for the neat polymers obtained from the latexes was also

noted. This is attributed to a plasticizing effect of the surfactant incorporated into

the matrix. Thermal degradation was monitored by thermal gravimetry analysis,

and the behavior is shown in Figure 4.6 for pure PMMA and the nanocomposites.

Hirata, et al., reported that two main reaction stages take place during

degradation of PMMA in nitrogen atmosphere. The first stage, which can be

divided into two steps, represents decomposition of weak head-to-head linkages
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and impurities in the range between 160°C and 240°C, while decomposition of
PMMA chain-ends occurs around 290°C. The second stage, between 300 and
400°C, represents random scission of the polymer chains. In Figure 4.8, pure
PMMA displays these two reaction stages, while the nanocomposites display
only the second stage associated with random scission decomposition.
PMMA/clay nanocomposites also showed an increase in the 10 wt-%
decomposition temperature for the nanocomposites prepared here due to the

decrease in the rate of evolution of degradation products through the polymeric

matrix.
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Figure 4.6. TGA diagrams for PMMA/clay nanocomposites incorporating surfmer

2a (neat (a); 2.5 wt-% (b); 5 wt-% (c); 10 wt-% (d)).

Dynamic mechanical analysis was used to measure the viscoelastic
properties of the polymer nanocomposite melt-pressed films as a function of

temperature (Table 4.2). The modulus slightly increased with addition of clay as
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function of the clay loading, but the high standard deviation does not permit any

definitive interpretation. XRD patterns of the films obtained by melt-pressing

techniques revealed some degree of intercalation as shown in Figure 4.7.
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Figure 4.7. XRD patterns for nanocomposite melt-pressed films obtained from

Latex L1 (0 wt-% (A), 2.5 wt-% (B), 5 wt-% (C), 10 wt-% (D) of sodium Laponite).

Table 4.2. Storage modulus and glass transition temperature of PMMA/clay

nanocomposites obtained by the emulsion method.

clay amount Tg storage modulus
Entry  surfactant {wt—%) (°Clstd. dev.) (MPalstd. dev.)
0 SDS 0 130/0.5 2573/213
1 2a 0 125/0.5 2020/352
2 - 2.5 134/0.8 2617/301
3 - 5 135/0.7 3266/316
4 - 10 139/0.8 2650/385
5 2b 0 130/0.3 2235/315
6 - 2.5 132/0.5 2454285
7 - 5 135/0.6 2755/186
8 - 10 139/0.4 2985/254
9 4 0 126/0.3 21327245
10 - 2.5 132/0.6 2254243
1 - 5 133/0.7 2654/321
12 - 10 133/0.6 2556/213
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Preparation of nanocomposites via in situ polymerization. In situ
polymerization was carried out in the presence of different clays treated with the
reactive surfactant 2a, 2b, and 4. Evidence of the surfmer incorporation was

revealed by X-ray, TGA, and FT-IR analysis as shown in Figures 4.8 and 4.9,

and Table 4.3.
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Figure 4.8. XRD patterns for neat Laponite clay (A), OML1 (B), OML2 (C), OML3

(D).

Table 4.3. Treated clays characteristics.

MW surfactant CEC clay clay organic content  ion exchange
clay  surfactant (g/mol) (meq/100g) (wt-%)@ (meq/100g)
OML1 2a 459.41 60 15.7 34.2
OML2 2b 585.65 60 20.9 35.7
OML3 4 856.92 60 13.7 15.9

(a) — Determined by thermal gravimetry analysis of the corresponding treated clay.
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Figure 4.9. FT-IR spectra for OML1 (A), OML2 (B), OML3 (C) and neat Laponite

RD (D).

PMMA/clay nanocomposites incorporating 10 wt-% of different organically
modified clays (OMLx) were formed and the polymer characteristics are
summarized in Table 4.4. Films were formed by a melt-pressing technique. Here
also, dynamic mechanical analysis was used to measure the viscoelastic
properties of the polymer nanocomposite formed as function of temperature
(Table 4.4). No change in Tg and no significant increase of the storage modulus
could be noticed as compared to the nanocomposites formed by means of the
emulsion technique, using the same amount of clay in each material. XRD
patterns revealed high degrees of intercalation for all nanocomposites

synthesized by the in situ polymerization technique.
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Table 4.4. Storage modulus and glass transition temperature of PMMA/clay

nanocomposites obtained by in-situ polymerization.

clay amount Mn Tg storage modulus
entry  surfmer (wt-%) (g/mol) PDI (°C)  (MPa/std. dev.)
0 - 0 41,200 253 120 2571/215
1 2a 5 100,644 146 125 2440/320
2 2b 5 42,876 2.31 121 2670/254
3 4 5 89,232 1.58 125 2767/276

Effect of film formation method on nanocomposite morphology. We decided
to investigate the impact of the film formation technique on the overall
nanocomposite mechanical properties. In addition to the films obtained with the
melt-pressing method, another series of films was prepared via solvent-casting
with toluene as solvent. Dynamic mechanical analysis was then used to measure
their viscoelastic properties as a function of temperature. It was found that the
PMMA/clay nanocomposites formed via emulsion polymerization showed an
increase in their storage modulus below the glass transition temperature as
compared to the same nanocomposite for which the film was obtained by meit
press method. Above Tg, the rubbery plateau modulus for the nanocomposites
produced via emulsion polymerization was higher when the film was obtained via
the solvent-casting method as compared to the melt-pressed films as shown in
Figure 4.10 and Table 4.4. This is attributed to a better distribution of the clay
platelets when this film formation method is used. When the film is formed via a
melt-press process, high shear is induced leading to orientation and reagregation

of the clay platelets within the polymeric matrix. The isotropy of the system



107

confered by the emulsion technique is lost, affecting greatly mechanical propeties

below and above Tg.
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Figure 4.10. Storage modulus of nanocomposite film obtained from Latex L3 as

function of the film formation method.

Table 4.4. Impact of the film formation method onto the storage modulus and

glass transition temperature for nanocomposites obtained by the emulsion

process.
clay amount Tg storage modulus
Entry surfmer (Wt-%) melt/solvent melt/solvent
¢C) (Mpa)
1 2a 10 136/139 2650/3698
2 2b 10 138/139 2985/3878

3 4 10 133/133 2556/3393
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Transmission electron microscopy was used to analyse the dispersion as
a function of the method employed to form the nanocomposites and also of the
film formation method. Figures 4.11 and 4.12 show TEM images of the
nanocomposites obtained via different polymerization processes and film
formation methods. These images show that the film formation technique has
little effect on the morphology of the nanocomposites obtained by in-situ
polymerization. However, this effect is more pronounced for the nanocomposites
obtained from the PMMA latex where less aggregation and better filler dispersion

was observed.
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A

In situ polymerization

Melt press method

B

Emulsion polymerization

Melt press method

Figure 4.11. TEM micrographs of films incorporating gemini surfmer 4 obtained

by melt press method.
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C

In situ polymerization

Solvent cast method

D

Emulsion polymerization

Solvent cast method

Figure 4.12. TEM micrographs of films incorporating gemini surfmer 4 obtained

by solvent cast method.
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XRD patterns confirmed the TEM observations as illustrated in Figure
4.13. Indeed, these patterns revealed some degree of intercalation for the film
formed via melt-pressing while the other method leads to film for which the XRD
pattern does not present any diffraction peak using the same amount of inorganic
filler. The lack of XRD peak in the latter case confirms thus a lower degree of

intercalation and correlates with a better dipersion of the filler within the matrix.
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Figure 4.13. XRD patterns of nanocomposite films incorporating 10 wt-% of

Laponite clay obtained from Iatéx L3 (solvent-casted (A), melt-pressed (B)).

Conclusions
New RHMA-based reactive cationic surfactants were successfully
synthesized. Stable poly(methyl methacrylate) latexes were formed via a batch
polymerization method incorporating each of the reactive surfactants. PMMA/clay

nanocomposites incorporating 2.5, 5, and 10 wt-% Laponite RD clay were formed
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via incorporation of the filler into latexes. An increase in both thermal transitions
and storage modulus changes was observed for all systems. The film formation
method seems to have a great impact on the inorganic filler dispersion and
overall material performance. For instance, we observed a high degree of
intercalation when the melt-pressing method was used to form the film. WADX
and TEM characterization techniques confirmed agglomeration in the films. We
found that the solvent-casting method increases the overall dispersion of the filler
in the matrix, leading to an increase of the storage modulus in both glassy and
rubbery regions. We believe that strong interactions between the clay platelets
and the polymer can be maximized using this latter method. This increase in clay
affinity to polymer resulted in an increase in the mechanical performance of the
nanocomposites formed.

Experimental
Materials. Laponite RD (CEC; 55mmol/100 g) was purchased from Southern
Clay Products, Inc. (Gonzales, TX) and used as received. Ethyl-a-hydroxymethyi-
acrylate was purchased from Shokubai Chemical Company and 2-ethyhexyl
acrylate was purchased from Aldrich Chemical Company, both were used without
any further purification. 11-Bromoundecanoic acid was purchased from Aldrich
and used as received. Thionyl chloride was purchased from Acros Organics and
used as received. 1-Methyl-2-decylimidazole and 1,10-decanediol were
purchased from Aldrich chemical company and used as received. 2,2'-Azobis(2-
methylpropionitrile) (AIBN) was purchased from Aldrich and recrystalized from

methanol. Methyl methacrylate (MMA) was purchased also from Aldrich and
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redistilled over CaH; (also from Aldrich). Acrylic acid (AA, Fluka) was used as
supplied. 2,2-Azobis(2-methylpropionamine dihydro-chloride) (V50) was
purchased from Wako Chemicals and used as received. Sodium dodecyl sulfate
(SDS) was purchased from Aldrich Chemical Company and used as received.
Ethanol (95%; AAPER Alcohol, Shelbyville, KY) and tetrahydrofuran (THF, HPLC
grade; Fisher Scientific, Pittsburgh, PA) were also used as received. All other
solvents were purchased from Aldrich Chemical Company.
Instrumentation and characterization. Solution NMR spectra were collected on
a Varian Mercury 300 MHz spectrometer operating at a frequency of 75.47 MHz
for carbon. Molecular weights and molecular weight distributions of the polymers
were measured by gel permeation chromatography (GPC) using THF as eluent
(1 mi/min). Polystyrene standards (molecular weights ranging from 162 to
6,035,000 g/mol) were used for calibration. Particle size and particle size
distribution of latexes were measured by dynamic light scattering (Microtrac UPA
150). Thermal gravimetry analysis (TGA) experiments were performed on a TA
2960, controlled by a Thermal Analyst 2100. The temperature was ramped at a
heating rate of 10°C/min under nitrogen atmosphere to a temperature well above
the degradation temperature (600°C).

Dynamic scanning calorimetry (DSC) experiments were performed on a
TA Instrument 2920, controlled by a Thermal Analyst 2100. All scans were taken
at a heat rate of 10°C/min under nitrogen atmosphere to a maximum of 180°C,
than cooled to room temperature and re-scanned at the same heating rate. The

Tg values were recorded from the second scan data for the samples. Dynamic
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mechanical analysis (DMA) tests were carried out using a DMA Q800 at a
heating rate of 2 °C/min from 30 to 200°C at a frequency of 1 Hz. Mid-angle X-
ray diffraction (XRD) measurements were performed on a Rigaku Ultima Il
diffractometer using Cu Ka radiation (A = 1.5405 A) in the 26 range of 2-15°.
Specimens for scanning electron microscopy were prepared by depositing dilute
latex onto carbon adhesive tabs and then coating with gold (5 nm). Images were
obtained with a FEI Quanta 200 scanning electron microscope under high
vacuum conditions. Specimens for transmission electron microscopy were
prepared by microtoming the samples at an angle of 6° to the diamond knife and
at a speed of 1.5-3.5 mm/s on a Reichard-Jung Ultracut E microtome. Ultrathin
sections (70 nm thick) were placed on copper TEM grids. The sections were
viewed using a Zeiss EM 109-T electron microscope (Carl Zeiss, Jena,
Germany) operating at 200 kV.

Synthesis of ethyl a-(11-bromoundecanoate) methylacrylate 1. Ethyl a-
chloromethacrylate (ECMA) was synthesized from EHMA following literature
procedure.”’ In a typical procedure, 11-bromoundecanoic acid (38.2 g, 144
mmol) along with 150 ppm of hydroquinone were first dissolved in 100 ml of dried
THF in a 250 ml round bottom flask. Triethylamine (14.6 g, 144 mmol) was then
added in one portion. The corresponding a-chloromethylacrylate (144 mmol) was
finally added dropwise and the resulting mixture was allowed to stir at room
temperature for 24 hours. The salt was filtered off and the solvent removed under

reduced pressure. The crude product was washed with three aliquots of brine
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solution to give ethyl a-(11-bromoundecanoate) methylacrylate 1 as brown oil in
c.a. 92% yield (isolated).

"H NMR (CDCl3) §2.30 (t, 2H, CH,-CO), 3.35 (t, 2H, CH,-Br), 4.21 (q, 2H, CH,-
CHs), 4,77 (s, 2H, CH»-0), 5.78 and 6.31 (s, 1H, CH>=C); "*C NMR (CDCl3) &
14.13 (CH3CHy), 33.98 (CH»>-Br), 34.15 (CH,-C=0), 60.92 (CH,-CH3), 62.21
(CH»-0), 126.99 (CH»=C), 135.55 (C=CHy), 165.15 and 173.13 (C=0).
Surfmers 2a and 2b. In a 250 ml round bottom flask equipped with a condenser,
the intermediate 1 (10 g, 27.2 mmol) was added to 100 ml of THF. The
corresponding imidazole derivative (30 mmol) was added in one portion to the
stirring mixture. The solution was allowed to stir at 60 °C for 3 hours. Upon
reaction completion, the precipitate was filtered off, washed with diethyl ether and
dried under reduced pressure to give the corresponding surfmers 2a and 2b,
which show the following data:

Surfmer 2a: c.a. 95% isolated yield; "H NMR (CDCI3) & 2.22 (t, 2H, CH,-CO),
2.77 (s, 3H, N-CH3), 3.91 (s, 3H, CH3-C), 3.98 (t, 2H, CH2-N), 4.13 (q, 2H, CH2-
0), 6.34 and 6.48 (s, 2H, CH,=C), 7.44 and 7.60 (s, 2H, CH=CH); °C NMR
(CDCl3) 8 10.89 (CH3-C), 14.06 (CH3-CH2), 34.32 (CH2-CO), 36.08 (CH3-N),
49.19 (CH2-N), 61.65 (CH,CH3), 64.35 (CH2-0), 121.48 and 132.80 (CH=CH),
122.86 (CH2=C), 133.05 (C=CH2), 164.82 and 173.98 (C=0).

Surfmer 2b: c.a. 92% isolated yield; 'TH NMR (CDCI3) & 2.23 (t, 2H, CH»-CO),
3.79 (s, 3H, CH3-C), 3.98 and 4.07 (t, 2H, CH2-N), 4.13 (q, 2H, CH2-O), 6.34
and 6.48 (s, 2H, CH,=C), 7.44 and 7.60 (s, 2H, CH=CH); ">*C NMR (CDCl3) &

10.87 (CH3-C), 14.02 (CH3-CH2), 34.32 (CH2-CO), 48.94 and 49.14 (CH2-N),
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61.54 (CH,CH3), 64.29 (CH2-0), 121.41 and 132.89 (CH=CH), 121.97 (CH2=C),
133.33 (C=CH2), 164.80 and 173.93 (C=0).
1,10-Bis(2-methylimidazol)decane 3. In a 250 ml one neck round bottom flask
equipped with a condenser, 1,10-dibromodecane (10 g, 33.3 mmol), 2-
methylimidazole (2.79 g, 33.9 mmol) and triethylamine (3.44 g, 33.9 mmol) were
added to 60 ml of dried THF. The reaction batch temperature was gradually
increased to 65 °C and the mixture allowed to stir for 24 hours. Upon completion
of the reaction, as monitored by "H NMR, the triethyl ammonium salt was filtered
off and the crude mixture concentrated under reduced pressure. The resulting
product was diluted in 30 ml of dichloromethane and washed with 3 aliquots of
brine solution to remove the remaining 2-methylimidazole. The organic phase
was then concentrated under reduced pressure to afford 3 in c.a. 92% yield.

"H NMR (CDCI3) 5 2.23 (t, 2H, CH»-CO), 3.79 (s, 3H, CH3-C), 3.98 and 4.07 (t,
2H, CH2-N), 4.13 (g, 2H, CH2-0), 6.34 and 6.48 (s, 2H, CH,=C), 7.44 and 7.60
(s, 2H, CH=CH); "*C NMR (CDCl3) 8 10.87 (CH3-C), 14.02 (CH3-CH2), 34.32
(CH2-CO), 48.94 and 49.14 (CH2-N), 61.54 (CH,CH3), 64.29 (CH2-0), 121.41
and 132.89 (CH=CH), 121.97 (CH2=C), 133.33 (C=CH2), 164.80 and 173.93
(C=0).

Gemini surfmer 4. In a 250 ml one neck round bottom flask equipped with a
condenser, 3 (5 g, 16.5 mmol) and 1 (6.41 g, 17 mmol) were added to 50 mi of
acetonitrile. The reaction batch temperature was gradually increased to 70 °C
and the mixture allowed to stir for 24 hours. Upon completion of the reaction, as

monitored by 'H NMR, the salt was filtered off and washed with three aliquots of
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cold diethyl ether. Subsequent reprecipitations in diethyl ether gave gemini
surfactant 4 in c.a. 86% yield.

'"H NMR (CDCl3) & 2.23 (t, 2H, CH,CO), 3.79 (s, 3H, CH3C), 3.98 and 4.07 (t,
2H, CH;N), 4.13 (q, 2H, CH20), 6.34 and 6.48 (s, 2H, CH,=C), 7.44 and 7.60 (s,
2H, CH=CH); *C NMR (CDCl;) 5 10.87 (CHsC), 14.02 (CH3CH,), 34.32
(CH2CO), 48.94 and 49.14 (CH2N), 61.54 (CH»CHj3), 64.29 (CH,0), 121.41 and
132.89 (CH=CH), 121.97 (CH>=C), 133.33 (C=CHy), 164.80 and 173.93 (C=0).
Clay Treatment. Three different organically modified clays were prepared by
incorporation of each of the cationic surfmers described above. Organically
Modified Laponite (OML) was obtained by ion exchange using Laponite and the
cationic surfactant according to the procedure described below. Clay (10 g),
water (1 L), and 1.5 equivalents of surfactant were stirred at 70 °C overnight on a
magnetic stir plate. The mixture was then hot-filtered using a Buchner filter with
Whatman #2 filter paper. The slurry was then washed with two liters of hot water
(70 °C) followed by drying under vacuum for two hours. The dry clay was then
ground into a powder using a mortar and pestle. The clay was next Soxhlet
extracted with ethanol overnight under a nitrogen blanket; this extraction was
repeated using tetrahydrofuran (THF). The final product (organically modified
clay) was vacuum dried and ground using a mortar and pestle.
Polymerizations and nanocomposite preparation. Bafch emulsion
polymerization. All emulsion polymerizations were carried out in a 250 ml three
neck round bottom flask using the same concentration of water (80 g), MMA (20

g) and initiator (0.24 g). MMA and water were bubbled with nitrogen for 30
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minutes before use. Surfactant concentration was varied from 12 to 72 mmol.
Experiments were carried out at 65 °C under nitrogen atmosphere using
mechanical stirring (300 rpm) for 24 hours to ensure high monomer conversion.
In all experiments, materials were introduced into the reactor in the following
sequence: water, surfactant, monomer, and initiator. Two polymerizations were
carried out for each concentration of surfactant in order to check the
reproducibility of the reaction. Upon reaction completion, Laponite clay (2.5, 5 or
10 wt-%) was dispersed in deionized water and introduced dropwise into a given
amount of latex; the resuiting mixture was allowed to stir for one day. The mixed
clay-latex dispersions were then dried under reduced pressure at room
temperature for 24 hours.

In situ polymerization. The corresponding organophilic clay (0.1 g, 5 wt-%) was
dispersed in MMA (2 g), mixed overnight, and sonicated for 30 minutes before
polymerization. Approximately 0.1 wt-% of initiator (AIBN) was added to the
sample. A freeze thaw technique degassed the mixture prior to polymerization.
The flask was then purged with argon and placed in an oil bath at 65 °C for 24
hours to ensure high monomer conversion. The resulting polymer was isolated
by succesive repricipitations in methanol from THF and dried under reduced
pressure.

Film preparation. Melt-pressing method. Films were formed using a Carver
press (Carver Inc., Indiana) at 160 °C, leading to film for which the thickness was

approximately 150 ym.
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Solvent cast method. Films were formed by dissolving a given amount of
polymer/clay nanocomposite in toluene. The resulting polymer solution was then
poured into an aluminum cup and allowed to dry in air for five days to give films
for which the thickness was approximately 100 ym. All the films were then

characterized without any further treatment.
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CHAPTER V
SYNTHESIS AND POLYMERIZATION OF
ETHYL 2-CARBOETHOXYHYDROXYMETHYLACRYLATE
Abstract

The synthesis and polymerization study of ethyl 2-carboethoxyhydroxy
methylacrylate is described. These RHMA-based monomers display interesting
polymerization properties compared to other RHMA analogs previously
investigated.

Introduction

Monoesters and diesters derived from itaconic acid have attracted a lot of
attention not only because itaconic acid is obtained by a fermentation process,
but also due to the great variety of polymers that can be prepared possessing
two lateral ester and/or acid groups.” % ® Homopolymerization and
copolymerization of dialkyl itaconate esters (DRIs) with other monomers, like
styrene or methyl methacrylate, have been extensively studied. It was reported
that DRI are radically polymerized at moderate rates to yield high molecular
weight polymer in spite of bulky substituents.* °

Aside from DRIs, the majority of acrylate and methacrylate monomers and
crosslinkers are built on simple syntheses and contain a single pendent group.
We have extensively investigated hydroxymethylacrylate esters (RHMAs) shown
in Figure 5.1, as multifunctional monomers which have very high radical
polymerizability.® “ RHMA monomers allow the manipulation of at least two

different functional groups. Both the hydroxyl group and the carboxylic acid ester
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group permit a variety of derivatization reactions in order to modify or substitute
the basic structure. Most important, RHMA monomers can be readily synthesized
via the Baylis-Hillman reaction involving commercial acrylates reacting with
aldehydes (e.g., paraformaldehyde) via the a-carbon in the presence of a base
catalyst such as DABCO to give allylic alcohols. It has been demonstrated that
the use of formaldehyde results in monomers such as methyl a-
hydroxymethylacrylate (MHMA) and higher alkyl ester analogs that polymerize
radically as fast as, or faster than, typical methacrylate and itaconate derivatives®
and give an order of magnitude higher molecular weight.®

OH O

Figure 5.1. RHMA monomer.

The combined polar, resonance and steric effects of the substituents play
an important role in the reactivity of RHMA monomers. For instance, RHMA
monomers having a-alkyl substituents greater than hydrogen (e.g., from reaction
of acrylates with acetaldehyde or other aldehydes) show poor or no
polymerizability under free radical conditions due to steric effects.'® " Both
homopolymerization and copolymerization of such monomers with either methyl
methacrylate or styrene were found to be sluggish, giving very low yield polymer
and insignificant incorporation of the corresponding comonomer into the final
product. In contrast, substitution at the RHMA oxygen atom B to the double bond

with electron withdrawing groups (e.g., converting the alcohol to an ester)
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increases the reactivity of the monomer.'? A wide range of ether and esters
derivatives have been synthesized and successfully polymerized showing higher
reactivity than itaconate derivatives." '* Thus, RHMA monomers show excellent
polymerizability, allow formation of a variety of multifunctional derivatives, and
give high molecular weight polymers, due to a combination of hydrogen bonding
and/or electronic effects that increase propagation while decreasing chain
transfer.'

We were interested in the synthesis of a new RHMA derivative, ethyl 2-
carboethoxyhydroxymethylacrylate, and of its diacid analog, 3-hydroxyitaconanic
acid, to evaluate the combined features of RHMA monomers and itaconate
diesters derivatives. This report describes the initial evaluation of their synthesis
and radical polymerizability.

Results and Discussion
Monomer synthesis. Ethyl 2-carboethoxyhydroxymethylacrylate (ECHMA) was
synthesized via the Baylis-Hillmann which has been extensively used in the
production of monomers like RHMAs. This reaction involves conjugated
compounds such as acrylic acid esters that add to aldehydes via the a-carbon in
the presence of a catalyst to give allylic alcohols.® ' This type of reaction has
great synthetic utility as it converts simple starting materials into densely
functionalized products, although it sometimes suffers from low reaction rates
and low yields. The rate and conversion of the Baylis-Hillman reaction can be
significantly improved by the use of nucleophilic non-hindered bases such as 1,4-

diaza[2.2.2]bicyclooctane (DABCO) rather than simple tertiary amines. Here we
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report a very rapid reaction to give ethyl 2-carboethoxyhydroxymethylacrylate in
quantitative yield. Ethyl glyoxylate was reacted with ethyl acrylate in the presence
of DABCO in toluene (Scheme 5.1). The reaction was slightly exothermic. The
disappearance of the ™*C NMR resonance peaks for the acrylate and the
appearance of a new peak corresponding to the new carbon substituent allowed
monitoring the course of the reaction. It should be noted that the formation of a
small amount of a side-product occurred during the reaction. This compound has
not been isolated and is still under investigation. High vacuum distillations
permitted purification of the main product as a clear liquid.
0 Q DABCO © OH
/\O + /\O/“\"/H —_— /\\O O\/
| Toluene
@) 25°C @)
30 min.
67% yield
Scheme 5.1. Synthesis of ECHMA.
Figure 5.2 shows the "*C NMR spectrum for the isolated monomer. The
appearance of the two peaks at 128.9 and 138.2 ppm correspond to the new
double bond carbons, while the appearance of the unique new peak at 71.3 ppm

(hydroxymethylene carbon) confirms formation of the expected product.
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Figure 5.2. >*C NMR spectrum of ECHMA (CDCls).

The corresponding diacid was synthesized by hydrolysis of the ethyl ester groups
under basic conditions. Using a 1:1 molar ratio of sodium hydroxide in water
relative to the monomer ester groups, the reaction was highly exothermic and the
formation of the disodium salt was completed in just a few minutes as monitored
by '"H NMR (D-O). Treatment of the product salt with dilute hydrochloric acid
(Scheme 5.2) gave the diacid compound for which the '>*C NMR spectrum is
shown in Figure 5.3. Disappearance of the peaks corresponding to the ethyl
groups and the shift downfield of the carbonyl peaks confirmed hydrolysis.

O OH O OH

> H
/\O O\/ HO 0
1. H,O, NaOH
0 O

2. Dilute HCI
98% yield

Scheme 5.2. Synthesis scheme for 2-hydroxy-3-methylenesuccinic acid.
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Figure 5.3. >°C NMR spectrum of 2-hydroxy-3-methylenesuccinic acid (CDCls-

DMSO-dg).

Polymerization study. Homopolymerizations of ethyl 2-carboethoxyhydroxy-
methylacrylate and the diacid were attempted as was copolymerization with
methyl methacrylate in order to qualitatively determine the polymerizability of
these new compounds. Figure 5.4 shows the '"H NMR spectrum of the copolymer
of ethyl 2-carboethoxyhydroxymethylacrylate with MMA. Incorporation of the
comonomer is confirmed by the presence of broad peaks at 1.23 and 4.18 ppm
corresponding to the ethyl ester protons of the itaconate. Tables 5.1 and 5.2
show the results for the homopolymerization of both compounds. While
homopolymerization was confirmed with GPC and NMR for the diester, no
polymer formation was observed for the diacid. Changes in the initiator
concentration did not promote polymerization nor did modification of the reaction
conditions. The diester homopolymer shows a low degree of polymerization and
a low conversion, characteristics that could be attributed to some degree of chain
transfer occurring during the polymerization. Indeed, the allylic proton is activated

by the presence of the ester group next to it, leading to a resonance stabilized
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allylic radical after hydrogen abstraction. It is not clear why the diacid species
would be more susceptible to chain transfer than the diester, if indeed this is the
reason for no polymer formation for the diacid. Finally, solubility of the monomer
in specific solvents might also affect the degree of polymerization (propagation

versus chain transfer).

Table 5.1. Apparent molecular weights of ECHMA homopolymers.

entry initiator solvent temp. Mn Mw PD conversion
(wt-%) (C) (g/mol) _ (g/mol) (%)°
1 1 - 65 4673 7096 1.51 39.9
2 1 methanol 65 4965 9074 1.82 55.1
3 1 THF 65 5308 7750 1.46 54.1
4 1 toluene 65 4430 6865 1.54 67.0
5 1 DMSO 65 878 2624 2.98 31.2
a: Determined via 'H NMR analysis.
Table 5.2. Apparent molecular weights of ECHMA-MMA copolymers.
L . ECHMA
ECHMA initiator temp. Mn yield . .
entry (mol-%)  (mol-%) solvent (°C)  (g/mol) PDI (%) mcor(pg/i))rftlon
0 - 1 toluene 65 20500 1.22 95 -
1 20 1 - 65 11853 2.42 34 12
2 20 1 methanol 65 11056 2.40 52 13
3 20 1 THF 65 7695 244 55 11
4 20 1 toluene 65 6556 2.71 56 14
5 20 1 DMSO 65 15319 243 51 6
6 20 (BP)’1  toluene 100 5280 1.95 41 -
7 20 (BP) 2 toluene 100 4695 1.84 37 -

a: Determined via 'H NMR analysis.
b: Benzoyl peroxide

Copolymerization of both the diester and the diacid with methyl
methacrylate were attempted under various conditions. With 3-hydroxyitaconic
acid, no incorporation was observed in the final copolymer with MMA in
comparison with the diester corresponding that showed significant degree of

incorporation (Table 5.2). The incorporation amounts were determined by NMR
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spectroscopy (Figure 5.4); the appearance of peaks belonging to the diester and
disappearance of the peaks in the double region confirmed incorporation of the

comonomer in the final copolymer.

| . ])

A

E T 1 T I T T T T T T T T 3 I T

10.0 54 00

Figure 5.4. "H NMR spectra of ECHMA (A), PMMA (B) and the corresponding

copolymer 2 (C) (CDCls).

Solvent seemed to have a strong effect on monomer conversion and on
the apparent molecular weight. Indeed, the highest molecular weight was
reported for the copolymer produced in DMSO although incorporation was low in
comparison with the copolymer synthesized in toluene that gave lower molecular
weight but higher comonomer incorporation. The use of benzoyl peroxide as

initiator did not seem to have any effect on the apparent molecular weight or on
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the overall isolated yield (Table 5.2). The concentration of comonomer in the feed
also had an effect on the final copolymer composition and molecular weight. It
was found that, as the concentration of comonomer increases, the final
copolymer molecular weight decreases significantly (Table 5.3 and Figure 5.5).
This behavior probably involves competitive chain transfer occurring during
polymerization.

Table 5.3. Effect of ECHMA comonomer concentration on molecular weight of

copolymer.
comonomer initiator temp. Mn yield
entry (Mol-%) (Mol-%) solvent °C) (g/mol) PDI (%)
0 0 1 DMSO 65 20500 1.8 91
1 5 1 DMSO 65 14959 3.1 69
2 10 1 DMSO 65 14338 29 68
3 20 1 DMSO 65 12113 2.6 47
4 30 1 DMSO 65 10441 2.6 37
5 40 1 DMSO 65 9619 2.3 20
25 - a
2
= 20
e b
]
£ 151 c
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Figure 5.5. GPC trace of the copolymers prepared in DMSO as function of

comonomer feed (a: 40%, b: 30%, c: 20%, d: 10%, e: 5%).
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Conclusions
Ethyl 2-carboethoxyhydroxymethylacrylate and diacid derivative were

synthesized successfully via the Baylis-Hillmann pathway. ECHMA as
homopolymerized and copolymerized with MMA but attempts to polymerize the
diacid failed. The apparent molecular weights of the former suggest some degree
of chain transfer involving this new monomer. To date, this monomer
corresponds to the first RHMA derivative with a second allylic substituent
different than a proton that yields significant polymer. Kinetic studies and further
study of the polymerizability of the present monomer are needed to more
completely understand this behavior.

Experimental
Materials. Ethyl glyoxylate, 50% in toluene, was purchased from Alfa Aesar and
used as received. 4-Diaza[2.2.2]bicyclooctane (DABCO) and ethyl acrylate were
purchased from Aldrich Chemical Company and used as received. Methyl
methacrylate (MMA) was purchased from Aldrich and was redistilled with CaH,
(also from Aldrich). All solvents were purchased from Acros Chemical Company,
Fisher, or Aldrich Chemical Company. AIBN was purchased from Aldrich and
recrystalized from methanol before use. Benzoyl peroxide was purchased from
Aldrich and used as received.
Analyses. Solution "H and ">C NMR spectra were collected on a Varian Mercury
300 MHz spectrometer operating at a frequency of 75.47 MHz for carbon.
Molecular weights and molecular weight distributions of the polymers were

measured with gel permeation chromatography (GPC) on a system equipped
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with PLgel Individual Pore Size columns from Polymer Laboratories Ltd. using
THF as eluent (1 ml/min). Polystyrene standards (molecular weights ranging from
162 to 6,035,000 g/mol) were used for calibration.

Synthesis of ethyl 2-carboethoxyhydroxymethylacrylate (ECHMA). This
monomer was synthesized according to literature procedure.'® Ethyl glyoxylate,
50% in toluene (20.39 g, 199.7 mmol), DABCO (3.64 g, 32.4 mmol) and ethyl
acrylate (20 g, 199.7 mmol) were added to a 250 ml round bottom flask. The
mixture was stirred at room temperature for 24 hours. The crude solution was
then concentrated under reduced pressure. The resulting mixture was washed
with three aliquots of brine solution followed by three aliquots of deionized water.
The organic phase was dried over a bed of sodium sulfate. Two successive
vacuum distillations of the residue gave ECHMA as a clear liquid in 67% yield
(27.1 g).

FT-IR (cm™) 3492 (O-H), 1739 to 1729 (C=0, multiple peaks), 1639 (C=C).

"H NMR (CDCls) 31.23 (t, 3H, -CHs), 1.26 (t, 3H, -CH3), 4.18 (t, 2H, -CH>CHs3),
4.22 (t, 2H, -CH2CH3), 4.81 (s, H, -CHOH), 5.89 and 6.33 (s,2H, CH,=C); "*C
NMR (CDCls) 8 14.0 (-CH3), 61.13 (-CH2CH3), 62.19 (-CH>CHs), 71.26 (-CHOH),
128.85 (CH»=C), 138.13 (C=CHy), 165.13 and 172.34 (C=0).

Synthesis of 3-hydroxyitaconic acid. First, sodium hydroxide (1.98 g, 49.5
mmol) was dissolved in 20 ml of deionized water in a 250 ml Elernmeyer.
ECHMA (10 g, 49.5 mmol) was then added dropwise to this stirring aqueous
solution. The reaction was exothermic and release of ethanol was observed,

refluxing up on the wall of the flask. The resulting mixture was allowed to stir for
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one hour and then cooled to room temperature. The crude solution was then
precipitated into cold acetone to give the sodium salt as a white solid in ca 98%
yield (9.8 g). Then, in a 250 ml round bottom flask, the 3-hydroxyitaconic acid di-
sodium salt (5 g, 26.6 mmol) was added to 100 ml of acetone and stirred
vigorously. A dilute solution of hydrochloric acid was then added dropwise to the
stirring solution. The solution was filtered and the solvent removed under
reduced pressure. The resulting oil was then precipitated into diethyl ether twice
and dried in a vacuum oven overnight to give 3-hydroxyitaconic acid as a yellow
solid in ca. 98% yield; m.p. 156 °C (observed by DSC).

"H NMR (CDCl3) 85.01 (s, 1H, -CHOH), 6.09 and 6.43 (s, 2H, CH»=C); *C NMR
(CDCl3) 6 73.36 (-CHOH), 123.20 (CH,=C), 144.94 (C=CHpy), 173.94 and 179.22
(C=0).

Free radical homopolymerization of ethyl 2-carboethoxyhydroxyacrylate. In
a typical polymerization procedure, ECHMA (2.01 g, 9.94 mmol) was added to 10
mi of dried toluene in a 50 ml round bottom flask and stirred under nitrogen for 30
minutes. The temperature was gradually increased to 65 °C and stabilized. Then,
AIBN (0.02 g, 0.12 mmol), dissolved separately in 1 ml of dried toluene was
added to the stirring solution in one portion. The solution was allowed to stir for
24 hours under a nitrogen blanket. Solvent was then removed under reduced
pressure and the polymer characterized without further purification.

Free radical copolymerization of ethyl 2-carboethoxyhydroxyacrylate and
MMA. In a typical copolymerization procedure, ECHMA (0.04 g, 0.199 mmol) and

MMA (2 g, 1.99 mmol) were added to 20 ml of dried THF in a 50 ml three-necked
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round bottom flask equipped with a condenser. The solution temperature was
gradually increased to 65 °C and the mixture allowed stirring for 30 minutes
under a nitrogen atmosphere. AIBN (0.02 g, 0.124 mmol), dissolved separately in
dried THF, was then added to the stirring solution in one portion. The flask was
sealed and the solution was stirred for 24 hours under a nitrogen blanket. The
resulting viscous mixture was precipitated into methanol to give the

corresponding copolymer.
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CHAPTER VI
SYNTHESIS OF NEW POLYFUNCTIONAL 2-PYRROLIDINONE FROM ALKYL
2-CARBOETHOXYHYDROXYMETHYLACRYLATES
Abstract
The synthesis of alkyl 2-carboethoxyhydroxymethylacrylates via the
Baylis-Hillman reaction pathway is described. These activated alkenes possess
an extremely high reactivity to Michael addition with primary amines leading to a
simple, mild, and efficient route to the preparation of new polyfunctional
pyrrolidinones.
Introduction
The synthesis of multifunctional 2-pyrrolidinones or y-lactams has

attracted a great amount of interest over the last decade. Optically active, these
compounds have found a lot of applications in domains ranging from biology to
biochemistry and pharmaceutics. Among these applications, they have been
widely used as psychotropic’ and anti-hypertensive agents,? inhibitors of
proteolytic catalysis,® and antimuscarinic agents,4 with these moieties exhibiting
interesting biological and pharmacological activities. y-Lactams have also been
used as key intermediates in the total synthesis of more complex biological
molecules.® The pyrrolidinone scaffold appears in diverse naturally occurring
molecules. For example, as a pyrroglutamyl group, it caps the amino terminus of
peptide hormones such as gonadotropin releasing hormone.® The function of this
pyrrolidinone group is to stabilize the peptide’s N-terminus against

aminoprotease-mediated degradation. In other cases, it serves as a



138

conformationally rigid scaffold. More highly substituted pyrrolidinones have also
shown a wide range of activities. Examples include antagonist of the integrins
(avB3, avB5, and avB6)’ and antagonist of the chemokine receptor CCRS5.2 Other
y-lactams have been used to inhibit fatty acid and cholesterol biosynthesis for the
treatment of lipoprotein disorders® and to inhibit phosphodiesterase IV, which is
an enzyme linked to allergic and inflammatory diseases.'® Finally, 4-substituted
y-lactams exhibit improved antiepileptic activity, as compared to levetiracetam."

The formation of the functionalized y-lactams from itaconic acid
derivatives is an interesting and viable approach than has been widely used in
the past. For example racemic 1-benzyl-3-alkyl-4-methoxycarbonyl-2-
pyrrolidinones were prepared from 3-alkylated itaconates and benzylamine
through a conjugate addition—lactamization sequence.'? (S)-(-)-4-
methoxycarbonyl-2-pyrrolidinone was also synthesized by Wyatt et al. starting
from itaconic acid and (S)-(-)-1-phenylethylamine, with high enantiomeric excess
(95%)."

Our interest in such compounds derives from the fact that their naturally
occurring oxygen analogues, which belong to a small class of compound
generally known as paraconic acids, possess important biological properties.'*
Among them, (-)-methylenolactocin,'® isolated from the culture filtrate of
Penicilfium sp., shows antitumor and antibiotic activity; protolichesterinic acid, '
isolated from several species of moss Cetlraria, is an antitumor, antibacterial and
growth regulating compound; while (-)-phaseolinic acid'’ is a metabolite of a

fungus, Macrophomina phaseolina. Many asymmetric syntheses of paraconic
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acid derivatives are reported,'® and also a few chemoenzymatic syntheses."® In
that work, we directed our attention to the synthesis of their aza analogues,
which, in view of their potential biological activity, could be of interest due to the
lower toxicity of the lactam ring when compared to that of the lactone ring.?°
Jiang and al. reported the synthesis of functionalized pyrrolidinones via the
coupling of N,N-disubstituted B-amino esters with ethyl glyoxylate. In this work,
pyrrolidinones derivatives were obtained via a conjugate addition/aldol
condensation/ deprotection/cyclization approach. Herein we were interested in
designing new polyfunctional pyrrolidinones derivatives (Figure 6.1) via a Michael
addition/cyclization reaction involving alkyl 2-carboethoxyhydroxymethylacrylates

and primary amines.

Ro
Figure 6.1. Polyfunctional pyrrolidinones.
Results and Discussion

Synthesis of alkyl 2-carboethoxyhydroxymethylacrylates 1-4. Alkyl 2-
carboethoxyhydroxymethylacrylates that incorporate different groups such as
methyl, ethyl, n-butyl, and t-butyl were synthesized via the Baylis-Hillman
pathway following previously reported literature.?! This reaction involves
conjugated compounds such as esters that react with aldehydes via the a-carbon

in the presence of a catalyst to give allylic alcohols.?*? This type of reaction has
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great synthetic utility as it converts simple starting materials into densely
functionalized products, although it sometimes suffers from low reaction rates
and low yields. Nucleophillic bases such as triethylamine, N,N-
dimethylaminopyridine (DMAP) and 1,4-diaza[2.2.2]bicyclooctane (DABCO) were
tested in the formation of ethyl 2-carboethoxyhydroxymethylacrylates 1 in order
to determine the most suitable base. Table 6.1 shows that the reaction that
involved DABCO as catalyst gave the highest product yield after 24 hours. We
noticed that the nature of the base has also a great affect on the reaction time as
shown in Table 6.1. Reaction conversions were followed by 'H NMR by
monitoring of vinyl peaks disappearance over time. It was noticed that the
reaction, slightly exothermic, was completed after 30 minutes when DABCO was
used as catalyst. A change in color was noticed also during the extension of the
reaction, although this color disappeared in the final products isolated by vacuum

distillation.

Table 6.1.Effect of base on the alkyl 2-carboethoxyhydroxymethylacrylates

formation.

temp. time ield
entry base / (mol-%) R CF)) (h) ({/o @

1 DMAP / (3) 25 24 31

2 Et3N / (3) 25 24 17

3 DABCO / (3) 25 24 (30 min.) 68

4 DABCO / (6) 25 24 (30 min.) 65

5 DABCO/(10) 25  24(30min.) 62

(@) - Isolated yield after distillation.

Following this reaction scheme, a variety of alkyl 2-carboethoxyhydroxy-
methylacrylates were synthesized by reaction of ethyl glyoxylate with various

acrylates in the presence of DABCO. The disappearance of the ">C NMR
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resonance peaks for the acrylate vinyl carbons and the appearance of a new
peak corresponding to the new carbon substituent allowed monitoring the course
of the reaction. Vacuum distillation permitted purification of the desired products.
The alkyl 2-carboethoxyhydroxymethylacrylate derivatives were synthesized in

yields ranging from c.a. 37 to 68% after distillation (Table 6.2).

Table 6.2. Synthesis of alkyl 2-carboethoxyhydroxymethylacrylates 1-4.

O 0 0O OH
|
+ O - O\/
ROH |\“/ ~" T asco Ro/u\!h‘/
o) toluene @)
30 min.
37-68%
entr R time  conv. vyield® compound #
Y (min) (%)® (%) P
1 Me 30 87 68 1
2 Et 40 92 67 2
3 t-butyl 40 81 37 3
4 n-butyl 30 91 38 4
(a) - Determined via 'H NMR.
(b) - Isolated yield after vacuum distillation.

Considering compound 1 as a typical example, the appearance of the two
peaks at 128.9 and 138.2 ppm confirmed formation of the new double bond
carbons, while the appearance of the unique peak at 71.3 ppm (-CHOH carbon)
confirms formation of the product. Figure 6.2 below displays the >C NMR spectra

of compounds 1-4.
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Figure 6.2. >°C NMR spectra of compounds 1-4 (CDCls).

Kinetic study. Preliminary studies presented in Chapter V demonstrated that
alkyl 2-carboethoxyhydroxymethylacrylates undergo free radical polymerization
with great difficulty. We were then interested in determining their reactivity to
Michael addition with primary amines. We decided to study the kinetics of the
reaction between these activated alkenes and aliphatic primary amines. As a
model reaction, ethyl 2-carboethoxyhydroxymethylacrylate 2 and n-hexylamine
were reacted at room temperature in chloroform, under dilute conditions (5 wt-
%), and monitored by real time FT-IR. The disappearance of the carbon-carbon
stretching bond at 1643 cm™ corresponding to the double bond of the acrylate

and apparition of the carbony! peak at 1695 cm™ corresponding to the amide
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formation attested of the pyrrolidinone compound formation in a very fast manner

even in so dilute condition as shown in Figure 6.3.

0] OH O OH
O n-hexylamine
o ~ A - 0
CHCI
O 3
RT N
12 hours

Abgorbance

Absorbance

Wavenumber {om -1j

Figure 6.3. Peak evolution at 3200, 1695 and 1643 cm™.

The C NMR spectrum of the resulting crude product showed the
appearance of peaks corresponding to ethanol release, which confirmed
cyclization occurrence. The ethanol release was also noticed during the
monitoring of the reaction by ReactIR as the increase of the peak intensity at
3200 ecm™ is correlated to the production of ethanol during the course of the
reaction (Figure 6.3). The conversion profile could be determined for the vinyl
peak and it was noticed that 90% conversion was reached after only 2 hours with

these conditions.
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'H and "3C NMR were also used to confirm pyrrolidinone formation and no
trace of the intermediate amine could be detected upon analysis of the product
spectra. As a control, the same reaction was carried out with dimethyl itaconate,
using the same conditions. It was found that alkyl 2-carboethoxyhydroxy-
methylacrylates reacted orders of magnitude faster than the non-alcohol
substituted analog. We believe that this behavior is due to the presence of the
secondary hydroxyl group attached to the a carbon which, firstly, induces
hydrogen bonding that may lead to preorganization of molecules in the system,
and secondly, activates both the alkene and the saturated ester carbonyl of the
neighboring groups by intra- and intermolecular hydrogen bonding. This unique
combination of hydrogen bonding interactions activates in multiple ways so that
the reaction with primary amines leads to the extremely fast formation of
multifunctional heterocycles.

To confirm this behavior, dimethyl itaconate and ethyl 2-carboethoxy-
hydroxymethylacrylate were mixed together in stochiometric conditions and
reacted with only one equivalent of hexylamine using the same conditions of
temperature and dilution as above. The extent of the reaction was monitored by
'H NMR. We noticed high selectivity of the reaction towards ethyl 2-
carboethoxyhydroxymethylacrylate considering that, after 24 hours, 92% of the
corresponding acrylate had reacted while the conversion for dimethyl itaconate

reached only 8% (Figure 6.4).
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Figure 6.4. Reaction between dimethyl itaconate, ethyl 2-carboethoxyhydroxy-
methylacrylate and hexylamine. "H NMR of reaction batch before (left) and after

addition of hexylamine (right) (vinyl peaks region, CDCls).

As shown in Figure 6.3, temperature did not have a profound effect on the
overall reaction conversion and yields obtained, again confirming high reactivity
of the unsaturated group to Michael addition reaction. Similar reactions were
carried out with other alkyl 2-carboethoxyhydroxymethylacrylates incorporating
different ester groups such as methyl, n-butyl, and t-butyl, using the same
conditions described above. These compounds showed the same reactivity upon
reaction with hexylamine (Figure 6.5), indicating that steric inhibition by the ester

group is minimal.
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100 ~ a

Area (%)

Time (hours)

Figure 6.5. Peak area percentage at 1643 cm™ (C=C stretching) as function of
reaction conversion observed by real-time FT-IR for dimethylitaconate (a), ethyl
2-carboethoxyhydroxymethylacrylate (b}, n-butyl 2-carboethoxyhydroxymethyi-

acrylate (c), and methyl 2-carboethoxyhydroxymethytacrylate (d).

Synthesis of multifunctional pyrrolidinone derivatives 5-13. A variety of 2-
pyrrolidinones compounds were synthesized in essentially quantitative yields (96-
99%) as summarized in Table 6.4. These compounds were synthesized in a very
fast manner and high purity as indicated in Table 6.4. For instance, most of the
pyrrolidinone compounds were purified only by removal of amine, introduced in

slight excess, under reduced pressure. NMR spectroscopy and elemental
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analysis allowed confirmation each compound structure and purity, respectively.

As example, "*C NMR and FT-IR spectra of compound 3 are shown in Figures

6.6 and 6.7, respectively. DEPT and gHMBC experiments allowed accurate

assignment of the NMR peaks for each segment of the compound. The cis/trans

ring substitution ratio was approximately equivalent for all compounds as shown

in Table 6.3.

Table 6.3. Polyfunctional 2-pyrrolidinone derivatives.

OH o
R,NH
0O 2NH;
R{O ~ > R1O)J\f¥o
RT
12 hours
time conv. yield , . @ compound
entry R R, (h) (%) (%) %cis/trans "
1 Me  «(CH»):CH, 05 >99 99 42/58 5
2 Me (CH),0H 05 >99 99 41/59 6
3 Et (CH2)sCHs 0.5 >99 99 33/67 7
4 Et (CH),0OH 05 >99 99 33/67 8
5  nbutyl (CH»)CHs 05 (970/70 /12 m 31/69 9
6 nbutyl -(CH)OH 05 (970/2 /12 m % 33/67 10
7 tbutyl -(CH»)sCHs 05 (970/50?2 w9 35/65 1
8  tbutyl «(CHpsCHs 05 (98;’,/22 a9 33/67 12
9 tbutyl  -(CHOH 05 (970/50?2 m % 35/65 13
10® Et -OH 0.5 >99 98 37/63 14

(a) — Determined via 'H NMR.
(b) — Large excess of amine was used in the preparation of this compound.
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Figure 6.6. >°C NMR of pyrrolidinone 6 (CDCl5).

Pyrrolidinones 5-14 are potentially valuable for subsequent experiments
aimed at the design of more complex molecules. These compounds were
synthesized by reacting alkyl 2-carboethoxyhydroxymethylacrylates described
above with different aliphatic primary amines such as hexylamine, butylamine or
ethanolamine. All heterocycle derivatives were purified only by simple removal of
solvent and excess of remaining amine under reduced pressure. No
transamidation reaction was observed with the conditions described above
except when hydroxylamine was used. In this case, a mixture of pyrrolidinone
ester and amide derivatives was observed. Further reaction with an excess of the
hydroxylamine led to the quantitative formation of the cyclic hydroxamic acid for

which the >C NMR spectrum is diplayed in Figure 6.8.
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Figure 6.7. FT-IR spectra of ethyl 2-carboethoxyhydroxymethylacrylate 2 and
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Figure 6.8. 13C NMR of cyclic hydroxamic acid 14 (D2O).
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The cyclic hydroxamic acid derivative 14 was obtained as a very hygroscopic
white powder and exposure to air for few minutes led to its liquefaction.
Conclusions

Alky! 2-carboethoxyhydroxymethylacrylates were synthesized successfully
via the Baylis-Hillman reaction pathway. We have reported also the facile
preparation in quantitative yields, of polyfuntional 2-pyrrolidinone derivatives from
a highly efficient Michael addition/cyclization reaction sequence between alkyl 2-
carboethoxyhydroxymethylacrylates, and aliphatic primary amines. It has been
found that the addition of amines to alkyl 2-carboethoxyhydroxymethylacrylates is
orders of magnitude faster than the analogous reaction involving the
commercially available dimethyl itaconate. This high reactivity is believed to be
due to a unique combination of intra- and intermolecular hydrogen bonding.
These compounds provide a new library of polyfunctional and optically active
intermediates that will certainly find application in a wide range of domains, from
pharmaceutic to polymer chemistry.

This reaction attests to characteristics similar to the ones listed by
Sharpless and coworkers in the early 2000s, in describing “click chemistry
reactions”. Highly efficient and suffering only from release of ethanol from the 5-
membered heterocycle formation, this “green” click reaction opens up potential
for the design of more complex molecules and macromolecules obtained by a

fast reaction and in high purity.
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Experimental
Materials. Ethyl glyoxylate, 50% in toluene, was purchased from Alfa Aesar and
used as received. 4-Diaza[2.2.2]bicyclooctane (DABCO), thionyl chloride, methyl
acrylate, ethyl acrylate, n-butyl acrylate and t-butyl acrylate were purchased from
Aldrich Chemical Company and used without further purification. Hexylamine and
ethanolamine were purchased from Aldrich Chemical Company and used as
received. All solvents were purchased from Acros Chemical Company, Fisher, or
Aldrich Chemical Company.
Analyses. Solution "H and "*C NMR spectra of the monomers were collected at
room temperature with TMS as an internal reference on a Varian Mercury 300
MHz spectrometer operating at a frequency of 75.47 MHz for carbon. FT-IR
spectra were obtained using a Mattson Galaxy series 5000 FTIR spectrometer.
General procedure for the preparation of alkyl 2-carboethoxyhydroxy-
methylacrylates (1-4). The various alkyl 2-carboethoxyhydroxymethylacrylate
derivatives were synthesized according to previously reported literature
procedure.”* Ethyl glyoxylate, 50 wt-% in toluene (20.39 g, 199.7 mmol), DABCO
(3.64 g, 32.4 mmol) and the corresponding acrylate (199.7 mmol) were added to
a 250 ml round bottom flask. The mixture was stirred at room temperature for two
hours. The crude solution was then concentrated under reduced pressure. The
resulting mixture was washed with three aliquots of saturated sodium chloride
solution followed by three aliquots of deionized water. The organic phase was
then dried over a bed of sodium sulfate. Vacuum distillation of the residue gave

the corresponding compounds 1-4, which show the following data:
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Methyl 2-carboethoxyhydroxymethylacrylate (1). Clear liquid; bp 135-137°C
(20 mm Hg); c.a. 68% (isolated yield after distillation); 'H NMR (300 MHz, CDCls)
51.26 (t, 3H, -CHj3), 3.68 (s, H, -OH), 3.78 (s, 3H, -OCHjs), 4.26 (g, 2H, -CH,CHs3),
4.88 (s, H, -CHOH), 5.96 and 6.37 (s, 2H, -CH,=C); "*C NMR (CDCl3) 8 14.04 (-
CHj3), 52.12 (-OCH3), 62.20 (-CH,CHs3), 71.19 (-CHOH), 128.96 (CH,=C),
138.08 (C=CHy>), 165.68 and 172.30 (C=0). FT-IR (neat, cm™) 3515, 2996, 1739,
1643, 1446, 1097, 823. Anal. Calcd for CgH1505:0.25*H,0: C, 50.59; H, 6.49.
Found: C, 50.28; H, 6.28.

Ethyl 2-carboethoxyhydroxymethylacrylate (2). Clear liquid; bp 140-142°C (20
mm Hg); c.a. 67% (isolated yield after distillation); "H NMR (300 MHz, CDCls) &
1.26 (t, 3H, -CHs), 1.30 (t, 3H, -CH3), 3.64 (s, H, -OH), 4.23 (t, 2H, -CH,CHj3),
4.25 (t, 2H, -CH,CHs), 4.87 (s, H, -CHOH), 5.94 and 6.37 (s,2H, -CH,=C); "*C
NMR (CDCls) 8 14.05 (-CHs), 14.11 (-CH3), 61.17 (-CH2CHj3), 62.19 (-CH>CHs),
71.26 (-CHOH), 128.77 (CH,=C), 138.32 (C=CHy), 165.21 and 172.39 (C=0).
FT-IR (neat, cm™) 3516, 2998, 1737, 1643, 1446, 1098, 823. Anal. Calcd for
CyH1405-0.25*H,0: C, 52.30; H, 7.02.Found: C, 52.01; H, 6.88.

n-Butyl 2-carboethoxyhydroxymethylacrylate (3). Clear liquid; bp 153-155°C
(20 mm Hg); c.a. 37% (isolated yield after distillation); 'H NMR (300 MHz, CDCl5)
50.94 (t, 3H, -CHs), 1.27 (t, 3H, -CHs), 1.42 (m, 2H, -CH,CHs), 1.66 (m, 2H, -
CH2CH,CHs), 3.59 (s, H, -OH), 4.19 (t, 2H, -CH,CHs), 4.23 ((t, 2H, -
CH,CH,CH,CH3), 4.86 (s, H, -CHOH), 5.93 and 6.37 (s,2H, CH,=C); *C NMR
(CDCl3) 6 13.69 (-CHs), 14.06 (-CHj3), 19.15 (-CH»CHs3), 30.56 (-CH,CH,CHjs),

62.22 (-CH,CHs), 65.04 (-CH,CHs), 71.27 (-CHOH), 128.82 (CH,=C), 138.28
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(C=CHy), 165.28 and 172.39 (C=0). FT-IR (neat, cm™) 3516, 2998, 1737, 1643,
1446, 1098, 823. Anal. Calcd for C11H1505-0.5*H20: C, 54.21; H, 8.01. Found: C,
53.84; H, 7.39.

t-Butyl 2-carboethoxyhydroxymethylacrylate (4). Clear liquid; bp 155-157°C
(20 mm Hg); c.a. 38% (isolated yield after distillation); "H NMR (300 MHz, CDCls)
0 1.27 (t, 3H, -CH3), 1.49 (s, 9H, -CHs), 3.62 (s, H, -OH), 4.25 (t, 2H, -CH>CHy3),
4.82 (s, H, -CHOH), 5.86 and 6.28 (s,2H, CH,=C); "*C NMR (CDCl3) 5 14.1 (-
CHjs), 27.97 (-CH3), 62.04 (-CH>CH3), 71.34 (-CHOH), 81.78 (-CCHj3), 128.11
(CH,=C), 138.55 (C=CH,), 164.31 and 172.55 (C=0). FT-IR (neat, cm™) 3516,
2998, 1737, 1643, 1446, 1098, 823. Anal. Calcd for C11H1505:0.5*H.0: C, 54.21;
H, 8.01. Found: C, 54.31; H, 7.64.

Preparation of multifunctional pyrrolidinones derivatives (5-13). General
procedure. The corresponding alkyl 2-carboethoxyhydroxymethylacrylate (53.14
mmol) was added to a 50 ml tube equipped with an argon gas inlet. The reaction
tube was then purged with argon for 30 minutes and sealed with a rubber
septum. The corresponding primary amine was added dropwise in slight excess
(54.21 mmol) to the previous mixture and the resulting solution was allowed to
stir for 24 hours at room temperature. Upon reaction completion as monitored by
'H NMR, the solvent was removed under reduced pressure. The concentrated
product 5 was then purified by column chromatography using an ethyl
acetate/hexanes mixture (2:10) as eluent. The resulting product fraction was then
concentrated under reduced pressure to afford the corresponding compound 5

as a mixture of two diastereoisomers (A and B). The crude products 6-13 were
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purified by distilling off the excess amine. The resulting compounds 5-13 show
the following data:

Methyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate (5). Brown liquid;
c.a. 99% yd; diastereoisomeric ratio (d.r.) 42:58; '"H NMR (300 MHz, CDCl;) &
0.88 (t, 3H, -CH3), 1.28 (m, 2H, -CHy), 1.52 (m, 2H, -CH,CH:N), 3.74, and
3.77@) (s, 3H, - CH3), 4.595 and 4.60, (d, H, -CHOH); *C NMR (CDCl3) &
14.17 (a+8) (-CH3), 22.52(a+g) (-CH2CH3), 26.38 and 26.85 (-CH>CH>CHs), 31.41
and 31.44 (-CH>CHgs), 42.96 and 43.04 (-CH2N), 43.07 and 45.62 (-CHCH:N),
46.07 and 46.29 (-CH2N), 52.16 and 52.53 (-OCHjs), 70.46 and 72.43 (-CHOH),
170.74 and 172.25 (C=0), 172.82 and 173.09 (NC=0). FT-IR (neat, cm™) 3363,
2958, 2935, 2866, 1741, 1695, 1278, 740. Anal. Calcd for C1,H21NOy4: C, 59.24;
H, 8.70; N, 5.76. Found: C, 59.42; H, 8.71; N, 5.84.

Methyl 4-hydroxy-1-(2-hydroxyethyl)-5-oxopyrrolidine-3-carboxylate (6).
Brown liquid; c.a. 99%; d.r. 42:58; '"H NMR (300 MHz, CDCI3) 50.88 (t, 3H, -
CHs), 1.28 (m, 2H, -CHy), 1.52 (m, 2H, -CH,CHN), 3.74(» and 3.77) (s, 3H, -
CHs), 4.59(a) and 4.60g, (d, H, -CHOH); "*C NMR (CDCl3) 5 14.17 a+g) (-CH3),
22.52(a+g) (-CH2CH3), 26.38 and 26.85 (-CH2CH>CHs3), 31.41 and 31.44 (-
CH,CHyg), 42.96 and 43.04 (-CH2N), 43.07 and 45.62 (-CHCH:N), 46.07 and
46.29 (-CH2N), 52.16 and 52.53 (-OCHg), 70.46 and 72.43 (-CHOH), 170.74 and
172.25 (C=0), 172.82 and 173.09 (NC=0). FT-IR (neat, cm™) 3363, 2958, 2935,
2866, 1741, 1695, 1278, 740. Anal. Calcd for CgH13NOs: C, 47.29; H, 6.45; N,

6.89. Found: C, 47.39; H, 6.59; N, 7.36.
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Ethyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate (7). Brown liquid; c.a.
99%; d.r. 33:67; "H NMR (300 MHz, CDCls) 8 0.88(a+g) (t, 3H, -CHs), 1.28a.g) (m,
2H, -CHy), 1.52a+g) (M, 2H, -CH,CH2N), 4.29(») and 4.22, (q, 2H, - CHz3), 4.56x)
and 4.58) (d, H, -CHOH); "*C NMR (CDCl3) 8 14.17 a+g) (-CH3), 22.49a.s) (-
CH,CHpa), 26.38s and 26.87 g (-CH,CH,CHs), 31.41(4) and 31.44, (-CH.CHg),
42.97ay and 43.06) (-CH2N), 43.06(4) and 45.70g) (-CHCH>N), 46.22(,) and
46.31g) (-CH2N), 61.53(a+8) (-OCHs), 70.53(4) and 72.43) (-CHOH), 170.27 »
and 171.76(g) (C=0), 172.765 and 173.09s (NC=0). FT-IR (neat, cm™") 3363,
2958, 2935, 2866, 1741, 1695, 1278, 740. Anal. Calcd for C13H23NO4: C, 60.68;
H, 9.01; N, 5.44. Found: C, 60.49; H, 8.88; N, 5.49.

Ethyl 4-hydroxy-1-(2-hydroxyethyl)-5-oxopyrrolidine-3-carboxylate (8).
Brown liquid; c.a. 99%; d.r. 33:67; "H NMR (300 MHz, CDCl;) & 1.24a+g) (t, 3H, -
CH3), 4.14(» and 4.18g) (q, 2H, - CH3), 4.53 and 4.57g, (d, H, -CHOH); "°C
NMR (CDCls) & 14.14a+g) (-CH3), 43.62(») and 45.91g) (-CH2N), 45.84,, and
46.41) (-CHCHN), 46.60(s and 47.18g) (-CH2N), 59.31(a:8) (-CH20H), 61.42x
(-OCHpy), 61.55@) (-OCHy), 70.74(a and 72.46) (-CHOH), 171.13(x) and 171.78g,
(C=0), 173.44(s) and 173.92g (NC=0). FT-IR (neat, cm™") 3365, 2959, 2936,
2867, 1742, 1696, 1279, 741. Anal. Calcd for CgH15NOs: C, 49.76; H, 6.96; N,
6.45. Found: C, 49.36; H, 6.80; N, 6.48.

Butyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate (9). Brown liquid; c.a.
97%; d.r. 31:69; "H NMR (300 MHz, CDCI3) 8 0.884 (t, 3H, -CH3), 0.94, (t, 3H, -
CHs), 1.28(a+g) (M, 2H, -CH>), 1.40(a+s) (M, 2H, -CH2CH3), 1.51(a+g) (M, 2H, -

CHzCHzCH3), 1-52(A+B) (m, 2H, —CHzCHzN), 4-17(A+B) (q, 2H, ~OCH2), 4.55(A) and



156

4.58) (d, H, -CHOH); ">C NMR (CDCls) & 14.16(a+g) (-CHs), 22.50asg) (-
CH2CHj3), 26.39(s) and 26.93 ) (-CH2CH2CHs), 31.42( and 31.45) (-CH2CHj3),
42.97a and 43.06(g) (-CH2N), 43.18(4) and 45.72) (-CHCH:N), 46.24(4 and
46.33(g) (-CH2N), 65.03(x) and 65.37 g, (-OCH>), 70.52(x) and 72.43s) (-CHOH),
170.34(a) and 171.82) (C=0), 172.79»y and 173.13g) (NC=0). FT-IR (neat, cm’
') 3357, 2958, 2875, 1739, 1693, 746. Anal. Calcd for C1sH27NO4: C, 63.13; H,
9.54; N, 4.91. Found: C, 62.97; H, 9.42; N, 4.94.

Butyl 4-hydroxy-1-(2-hydroxyethyl)-5-oxopyrrolidine-3-carboxylate (10).
Brown liquid; c.a. 99%; d.r. 33:67; '"H NMR (300 MHz, CDCl3) 5 0.94(+g) (t, 3H, -
CHs), 1.37a+g) (M, 2H, -CH>CHs), 1.64(a+g) (M, 2H, -CH>,CH>CHs), 4.16(a+8) (q,
2H, -OCHy), 4.594 and 4.62, (d, H, -CHOH); "*C NMR (CDCl3) & 13.68) (-
CHs), 13.70() (-CH3), 19.04(a+g) (-CH2CH3), 30.49» and 30.52g) (-CH,CH,CH3),
43.72(n and 45.97 gy (-CH2N), 45.91a) and 46.43s) (-CHCH:N), 47.20(4 and
46.65() (-CH2N), 59.38 s (-CH20OH), 59.42 ) (-CH,OH), 65.34(4 and 65.44, (-
OCHy), 70.78(a) and 72.48) (-CHOH), 171.26(») and 171.80) (C=0), 173.40n
and 173.96s (NC=0). FT-IR (neat, cm™") 3360, 2955, 2935, 2866, 1740, 1697,
1278, 742. Anal. Calcd for C1sH27NO4: C, 53.97; H, 7.81; N, 5.71. Found: C,
53.11; H, 7.74; N, 5.96.

Tert-butyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate (11). Brown
liquid; c.a. 97%; d.r. 35:65; 'H NMR (300 MHz, CDCl3) 5 0.88a:g) (t, 3H, -CHa),
1.28(a:8) (M, 2H, -CHy), 1.47a) and 1.48g, (m, 3H, -CHa), 4.53(a) and 4.54, (d, H,
-CHOH); ">C NMR (CDCl3) 6 14.01(a+g) (-CH3), 22.49a.p) (-CH2CH3), 26.38(4) and

26.93) (-CHCH,CHs), 28.06() and 28.11(g) (-CCHs), 31.41(a) (-CHz CH,CHa),
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31.44) (-CH, CH,CHg), 42.99(» and 43.06g) (-CH2N), 45.82a+8) ((CHCH2N),
47.09a+8) (-CH2N), 70.70(a) and 72.35() (-CHOH), 81.83() and 81.92g, (-CCHs),
169.58 () and 170.84 g, (C=0), 172.73(4) and 173.14g) (NC=0). FT-IR (neat, cm’
') 3354, 2937, 2877, 1731, 1692, 852. Anal. Calcd for C11H1gNOs: C, 63.13; H,
9.54; N, 4.91. Found: C, 62.96; H, 9.39; N, 5.22.

Tert-butyl 1-butyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate (12). Brown
liquid; c.a. 96% ; d.r. 33:67; "H NMR (300 MHz, CDCls) 5 0.92(a+s) (t, 3H, -CHa),
1.32(a+p) (M, 2H, -CH>), 1.47 ) and 1.48g) (-CHs), 3.89a+s) (-CH), 4.54(4) and
4.57 gy (d, H, -CHOH); "*C NMR (CDCl3) 8 13.70(a5) (-CH3), 19.91 (a1 (-
CH»>CHs), 28.01(s) and 28.05) (-CCHzs), 42.62(x) and 43.66s) (-CH2N), 43.36(4)
and 45.85@) (-CHCH:2N), 46.41s) and 47.08s) (-CH2N), 70.68(4) and 72.36 (-
CHOH), 81.76 and 81.88 (-CCHs), 169.55,) and 170.88, (C=0), 172.87(4) and
173.26(s (NC=0). FT-IR (neat, cm™') 3358, 2958, 2876, 1738, 1692, 846. Anal.
Calcd for C13H23NO4: C, 60.68; H, 9.01; N, 5.44. Found: C, 60.48; H, 8.86; N,
5.78.

Tert-butyl 4-hydroxy-1-(2-hydroxyethyl)-5-oxopyrrolidine-3-carboxylate (13).
Brown liquid; c.a. 96%; d.r. 35:65; '"H NMR (300 MHz, CDCl;) 5 1.37 s and
1.38g) (s, 3H, -CHs), 3.09a+g) (-CH), 4.46(s) and 4.50g, (d, H, -CHOH); "*C NMR
(CDCls) 8 28.02(a+8y (-CCHs), 44.33(a) and 45.85@) (-CH2N), 45.82(a+g) (-
CHCH:N), 47.27 a+g) (-CH2N), 59.24a.5) (-CH20H), 70.87(a) and 72.36g) (-
CHOH), 81.96(4) and 82.08g) (-CCHs), 170.37(4) and 170.88) (C=0), 173.64a)

and 174.09g) (NC=0). FT-IR (neat, cm™) 3367, 2955, 2865, 1743, 1697, 1271,
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740. Anal. Calcd for C11H19NOs: C, 53.87; H, 7.81; N, 5.71. Found: C, 53.38; H,
7.98; N, 6.06.

Synthesis of cyclic hydroxamic acid 14. Methyl 2-carboethoxyhydroxymethyl-
acrylate (53.14 mmol) was added to a 50 ml tube equipped with an argon gas
inlet. The reaction tube was then purged with argon for 30 minutes and sealed
with a rubber septum. Hydroxylamine was added dropwise in large excess
(150.21 mmol) to the previous mixture and the resulting solution was allowed to
stir for 24 hours at room temperature. Upon reaction completion, monitored by H
NMR, the solvent was removed under reduced pressure to give compounds 14
as a white powder consisting of a mixture of two diastereoisomers (A and B, d.r.
37:63) in c.a. 98% yield.

'H NMR (300 MHz, D;0) 8 3.09(a+s) (-CH), 4.13(4) and 4.22, (d, H, -CHOH); "°C
NMR (D20) & 38.49(a) and 42.95) (-CH2N), 48.49(»y and 48.76s) (-CHCH>),
59.24a+g) (-CH20H), 70.87(4) and 72.36g) (-CHOH), 164.94(x) and 165.10,
(C=0), 168.25(» and 168.75 (NC=0). FT-IR (neat, cm™) 3370, 1743, 1697,

1271, 741.
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CHAPTER VII

SYNTHESIS OF POLYFUNCTIONAL 2-PYRROLIDINONE ACID DERIVATIVES

FROM METHYL 2-CARBOETHOXYHYDROXYMETHYL-ACRYLATE

Abstract

The synthesis of new polyfunctional 2-pyrrolidinone acid derivatives from
methyl 2-carboethoxyhydroxymethylacrylate is described. These alkenes present
an extremely high reactivity upon Michael addition with primary amines leading to
a simple, mild, and efficient route to the preparation of new polyfunctional
pyrrolidinones. Hydrogen bonding study via NMR on different isomeric forms of
pyrrolidinone acid derivatives confirmed compound structures and also permitted
determining molecular interactions, either intra- or intermolecular, that
predominate in each molecular configuration.

Introduction

2-Pyrrolidinones have attracted a great amount of interest over the last
decade. Many are optically active and have found applications ranging from
biology to biochemistry to pharmaceutics.’ The formation of 2-pyrrolidinones
from itaconic acid derivatives is a viable approach than has been widely used in
the past. For example, racemic 1-benzyl-3-alkyl-4-methoxycarbonyl-2-
pyrrolidinones were prepared from B-alkylated itaconates and benzylamine
through a conjugate addition—lactamization sequence.® (S)-(-)-4-
methoxycarbonyl-2-pyrrolidinone was also synthesized by Wyatt, et al., starting

from itaconic acid and (S)-(-)-1-phenylethylamine.” Finally, Valentin, et al., have
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reported the formation of aza analogues of paraconic acid methyl ester starting
with dimethyl itaconate.®
Herein, we report new polyfunctional pyrrolidinone acid derivatives (Figure
7.1) obtained via Michael addition reaction of aliphatic primary amine with methyl
2-carboethoxyhydroxymethylacrylate, which in turn was obtained by the Baylis-
Hillman pathway from commercial acrylate.
O OH

HO 0
N

X

Figure 7.1. Polyfunctional 2-pyrrolidinone acid derivatives.
Results and discussion
Preparation of multifunctional pyrrolidinone acid derivatives 2 and 3. Methyl
2-carboethoxyhydroxymethylacrylate 1 was first synthesized via the Baylis-
Hillman pathway following the procedure reported in chapter V. Methy! 1-
hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate 2 and methyl 1-methyl-4-
hydroxy-5-oxopyrrolidine-3-carboxylate 3 were prepared in a fast and efficient
manner by reaction of methyl 2-carboethoxyhydroxymethylacrylate with one
equivalent of hexylamine and methylamine respectively, following the synthetic
procedure illustrated in Chapter V1. From these compounds, we were interested
in forming the corresponding carboxylic acid derivatives.
Carboxylic acid-containing 2-pyrrolidinone derivatives are interesting
compounds that may exhibit interesting properties like their naturally occurring

oxygen analogues, which are generally known as paraconic acids. Such
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compounds possess important biological properties.12 Among these numerous
compounds (—)'—methylenolactocin13 is isolated from the culture filtrate of
Penicillium sp. and shows antitumor and antibiotic activity; protolichesterinic
acid' is isolated from several species of moss Cetraria and is an antitumor and
antibacterial compound; while (-)-phaseolinic acid' is a metabolite of a fungus,
Macrophomina phaseolina. We decided to synthesize the carboxylic acid analog
of pyrrolidinone derivatives 2 and 3 by forming first the sodium carboxylate using
one equivalent of sodium hydroxide in water. Precipitation in cold acetone
allowed isolation of the salt in quantitative yield. Treatment of the salt dispersion
in acetone with dilute hydrochloric acid led to 1-hexyl-4-hydroxy-5-oxopyrrolidine-
3-carboxylic acid 4 and 1-methyl-4-hydroxy-5-oxopyrrolidine-3-carboxylic acid 5,
each as a mixture of two diastereoisomers. Separation of the two sterecisomers

was achieved by reprecipitation from acetone at -15 °C over 2 days."®

NOE

Figure 7.2. NOE correlations.
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Figure 7.3. NOESY spectrum of isomer 4b (DMSO-d6).
NMR spectroscopy and elemental analysis confirmed compounds structures.
DEPT and gCOSY experiments allowed accurate assignment of the NMR
spectra peaks. The stereochemistry of the separated diastereocisomers was
established by their NOESY spectra in which the strong NOEs between H-3, H-4,
Ha-5, and Hy-5 were studied (Figure 7.2). The NOE spectra of separated
diastereoisomers for compound 4 showed a lower enhancement of H-3 proton for
the trans isomer than for the cis isomer (Figure 7.3). Thus, we concluded that the
stereochemistry of 4a and 4b are of the cis and trans configurations, respectively
(Sceme 7.1). *C NMR spectra of both isomers are shown in Figure 7.4. The

same conclusion was drawn for 2-pyrrolidinone 5 (5a is cis and 5b is trans).
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Scheme 7.1. Synthesis of 2-pyrrolidinone acid derivatives.
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Figure 7.4. >C NMR spectra of 2-pyrrolidinones 4a and 4b (DMSO-d6).

We were interested in the subsequent preparation of a methacrylate-
based monomer that incorporates a substituted 2-pyrrolidinone group. Such a
monomer could be further polymerized via free radical polymerization technique
and could potentially confer enhanced mechanical properties and adhesion to the
resulting material. Ethyl a-chloromethylacrylate (ECMA) was reacted with both
isomers individually in presence of triethylamine in tetrahydrofuran at room

temperature to form the corresponding methacrylate derivative. We found that
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the reaction would only proceed with 4b leading to the formation of monomer 6
as shown in Scheme 7.2, while the same reaction, carried out with 4a in DMSO,
didn’t lead to any product formation. It is believed that the molecular conformation
has a strong effect on its reactivity, as demonstrated by this surprising difference

in behavior. >C NMR and FT-IR spectra for monomer 6 are displayed in Figures

7.5and 7.6.
0
ECMA
? /\O o
Et;N
N THF
HO RT, 24h
4b 6

Scheme 7.2. Synthesis of 2-pyrrolidinone-containing monomer 6.
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Figure 7.5. ">*C NMR spectrum of monomer 6 (CDCLs3).
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Figure 7.6. FT-IR spectra of intermediate 4 and monomer 6 (NaCl).
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Crystals of isomers 5a and 5b were grown from methanol over a period of two
days. Two different crystal shapes were observed using a polarized microscope

as shown in Figure 7.7.

O OH
HO%O
N
\
acetone
-15°C y
HO O
HO N O N
\ \
methanol

Figure 7.7. Polarized microscope photographs of crystals of 5a and 5b.
NMR study of hydrogen bond formation in 2-pyrrolidinone acid 5. NMR
experiments involving compound 5§ were carried out at different temperatures
(25, 40, 65, 80 and 120 °C) in DMSO-d6. After equilibrating at temperature, a '*C
NMR spectrum was acquired for compound 5 composed of the isomeric mixture

(5a and 5b). Figure 7.8 displays the ">*C NMR spectrum of compound 5. Figure
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7.9 displays the different spectra obtained at each temperature. First, we noticed
a shift up-field with increasing temperature for all the carbon peaks
corresponding to the carbonyls. This is consistent with disruption of the
intermolecular hydrogen bonding causing an increase in the electronegativity of

the corresponding carbonyls inducing the chemical shift variations observed.
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Figure 7.8. ">*C NMR spectrum of 4-hydroxy-1-methyl-5-oxopyrrolidine-3-

carboxylic acid 5 (DMSO-d6).

We also noticed a difference in the chemical shift variation rate between
the two sets of carbony! carbon peaks corresponding to the two different isomers

in the mixture (Figure 7.9). DEPT and COSY experiments allowed the accurate
assignments for those peaks. The two tallest peaks correspond to the frans

isomer 5a while the two smaller peaks belong to the cis isomer 5b.
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Figure 7.9. "°C NMR spectra of 2-pyrrolidinone 5 at different temperatures
(DMSO-de).

Figure 7.10 illustrates the variation profiles for the chemical shifts of the
carbonyls composing the 2-pyrrolidinone derivatives. A linear correlation between
the chemical shifts and the temperature was found. The difference in rate of
change can be attributed to the different hydrogen bonding interactions occurring
in each isomer. For instance, the cis form is more likely able to possess
intramolecular hydrogen bonding which is more thermally stable than
intermolecular interactions which the trans isomer possesses. By modeling and
minimizing the energy for each isomer (using Chem3D Ultra v8.0) this behavior is

illustrated as shown in Figure 7.11.
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Figure 7.10. 2-Pyrrolidinone 5 carbonyl chemical shifts as function of
temperature.
The pseudo 6-membered ring formed in the cis configuration as illustrated in
Figure 7.11 (group circled), leads to a more stable form of hydrogen bonding
interactions which less sensitive to temperature than the intermolecular

interactions induced exclusively in the frans form.

Cis (0.28) Trans (1.28)

Figure 7.11. Minimized energies for cis and trans isomers 5a and 5b.
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Conclusions

We have demonstrated that multifunctional 2-pyrrolidinone derivatives can
be easily synthesized by means of a fast and efficient Michael
addition/cyclization reaction involving methyl 2-(carboethoxyhydroxymethyl)
acrylate and aliphatic primary amine. Subsequent separation of the two
diastereoisomers was achieved by simple recrystallization from acetone, opening
up potential exploration of these new heterocycles for application in the synthesis
of natural product analogs and new biologically active monomers and polymers.
Hydrogen bonding study via NMR confirmed product structures and also
permitted determination of the molecular intereractions (hydrogen bonding),
either intra- or intermolecular, that predominate in each isomeric form. For
instance, it is believed that the cis configuration leads to the formation of a
pseudo 6-membered ring hydrogen bond.

Experimental

Materials. Ethyl glyoxylate, 50% in toluene, was purchased from Alfa Aesar and
used as received. 4-Diaza[2.2.2]bicyclooctane (DABCO), thionyl chloride and
methyl acrylate were purchased from Aldrich Chemical Company and used
without further purification. Hexylamine (HA) purchased from Aldrich Chemical
Company and used as received. All solvents were purchased from Acros
Chemical Company, Fisher, or Aldrich Chemical Company. Ethyl a-
hydromethylacrylate (ECMA) was synthesized according to previously reported

procedure.
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Analyses. Solution 'H and "*C NMR spectra of the monomers were collected at
room temperature with TMS as an internal reference on a Varian Mercury 300
MHz spectrometer operating at a frequency of 75.47 MHz for carbon. FT-IR
spectra were obtained using a Mattson Galaxy series 5000 FTIR spectrometer.
Temperature controlled experiments were carried out using an INOVA 500 MHz
spectrometer.

Synthesis of methyl 2-(carboethoxyhydroxymethyl)acrylate 1. Ethyl
glyoxylate, 50 wt-% in toluene (20.39 g, 199.7 mmol), DABCO (3.64 g, 32.4
mmol), and methyl acrylate (199.7 mmol) were added to a 250 ml round-bottom
flask. The mixture was stirred at room temperature for two hours. The crude
solution was then concentrated under reduced pressure. The resulting mixture
was washed with three aliquots of saturated sodium chloride solution followed by
three aliquots of deionized water. The organic phase was then dried over a bed
of sodium sulfate. Vacuum distillation of the residue gave the corresponding
methyl 2-carboethoxyhydroxymethylacrylate 1 as a clear liquid; b.p. 135-137°C
(20 mm Hg), in c.a. 68% isolated yield.

Methyl 2-carboethoxyhydroxymethylacrylate 1: 'TH NMR (300 MHz, CDCls) 5 1.26
(t, 3H, -CH3), 3.68 (s, H, -OH), 3.78 (s, 3H, -OCHs), 4.26 (q, 2H, -CH>CHs), 4.88
(s, H, -CHOH), 5.96 and 6.37 (s, 2H, -CH,=C); >°C NMR (CDCl3) & 14.04 (-CH3),
52.12 (-OCH3), 62.20 (-CH,CHs), 71.19 (-CHOH), 128.96 (CH»=C), 138.08
(C=CH,), 165.68 and 172.30 (C=0). FT-IR (NaCl, cm™) 3515, 2996, 1739, 1643,
1446, 1097, 823. Anal. Calcd for CgH1505-0.25*H,0: C, 50.59; H, 6.49. Found: C,

50.28; H, 6.28.
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Preparation of methyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate 2
and methyl 1-methyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate 3. The 2-
pyrrolidinone derivatives were synthesized by adding compound 1 (10 g, 53.14
mmol) to a 50 ml tube equipped with an argon gas inlet. The reaction tube was
then purged with argon for 30 minutes and sealed with a rubber septum. The
corresponding amine (54.21 mmol) was added dropwise and the resulting
solution was allowed to stir at room temperature under an argon blanket. Upon
reaction completion as monitored by 'H NMR, the solvent and the excess amine
were removed under reduced pressure to afford methyl 1-hexyl-4-hydroxy-5-
oxopyrrolidine-3-carboxylate 2 and methyl 1-methyl-4-hydroxy-5-oxopyrrolidine-
3-carboxylate 3 as mixtures of two diastereoisomers (A and B)

Methyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate 2: brown liquid; yield
98%; d.r. 42:58; "H NMR (300 MHz, CDCls) 50.88 (t, 3H, -CHs), 1.28 (m, 2H, -
CHy), 1.52 (m, 2H, -CH2CH2N), 3.74(») and 3.77 ) (s, 3H, - CH3), 4.59(4 and
460 (d, H, -CHOH); "*C NMR (CDCls) 8 14.17asg) (-CH3), 22.52a4p) (-
CH,CHs), 26.38 and 26.85 (-CH,CH2CHs), 31.41 and 31.44 (-CH>CHzs), 46.07
and 46.29 (-CH2N), 43.07 and 45.62 (-CHCH;3N), 42.96 and 43.04 (-CH2N), 52.16
and 52.53 (-OCHs), 70.46 and 72.43 (-CHOH), 170.74 and 172.25 (C=0), 172.82
and 173.09 (NC=0). FT-IR (NaCl, cm™) 3363, 2958, 2935, 2866, 1741, 1695,
1278, 740. Anal. Calcd for C1oH21NO4: C, 59.24: H, 8.70; N, 5.76. Found: C,
59.42; H, 8.71; N, 5.84.

Methyl 1-methyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate 3: brown liquid; yield

97%; d.r. 39:71; "H NMR (300 MHz, CDCls) 52.88 (s, 3H, -CHj3), 3.77 (s, 3H, -
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CHs), 4.56() and 4.60g) (d, H, -CHOH); '3C NMR (CDCls) & 29.40a+g) (-NCHs),
42.85(A) and 48.52(5) (-CHzN), 45.88(A) and 47.72(5) (-CHCHzN), 52-20(A) and
52.54) (-OCHj3), 70.11(s and 72.18g, (-CHOH), 170.66(s and 172.92 (C=0),

172.20(4 and 173.21g, (NC=0).

Synthesis of 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylic acid 4 and 1-
methyl-4-hydroxy-5-oxopyrrolidine-3-carboxylic acid 5. Sodium hydroxide
(0.5 g, 12.4 mmol) was dissolved in 10 ml of deionized water. The corresponding
2-pyrrolidinone ester derivative (12.33 mmol) was added dropwise to this
solution. The resulting mixture was allowed to stir for two hours. Upon reaction
completion, the salt was precipitated in acetone, filtered off and dried under
reduced pressure. The resulting white powder was then redispersed in 20 ml of
acetone and further treatment with dilute hydrochloric acid led to the
corresponding 2-pyrrolidinone acid derivatives 4 and 5 as mixtures of isomers (A
and B). Further recrystalization from acetone led to subsequent isomers
separation.

1-Hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylic acid diastereocisomer 4a. White
solid (from cold acetone); yield 22%; m.p. 188°C; 'H NMR (300 MHz, DMSO-d6)
60.82 (t, 3H, -CHj3), 1.21 (m, 2H, -CHy), 1.40 (m, 2H, -CH>CH>N), 4.21 (d, H, -
CHOH); "*C NMR (DMSO0-d6) 5 14.32 (-CH3), 22.47 (-CH,CH3), 26.19 (-
CH>CH2CHs), 31.35 (-CH2CH3), 43.46 (-CH2N), 45.90 (-CHCH2N), 40.66 (-

CH,N), 70.23 (-CHOH), 172.03 (C=0), 172.05 (NC=0). FT-IR (KBr, cm™") 3305,



178

2956, 2933, 2863, 1712, 1656, 1290, 948. Anal. Calcd for C11H1gNO4: C, 57.62;
H, 8.35; N, 6.11. Found: C, 57.27; H, 8.50; N, 6.00.
1-Hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylic acid diastereoisomer 4b. Brown
oil; chromatographed on silica gel with 1:1 hex-EtOAc; yield 59%; 'H NMR (300
MHz, DMSO-d6) 80.84 (t, 3H, -CHj3), 1.23 (m, 2H, -CHy), 1.41 (m, 2H, -
CH,CH:N), 4.20 (d, H, -CHOH); *C NMR (DMSO-d6) 5 14.31 (-CH3), 22.44 (-
CH2CHj3), 26.23 (-CH2CH2CHj3), 31.29 (-CH2CHj3), 45.19 (-CH2N), 46.74 (-
CHCH2N), 42.25 (-CH2N), 72.37 (-CHOH), 172.25 (C=0), 173.83 (NC=0). FT-IR
(NaCl, cm™) 3353, 2904, 2902, 2869, 1727, 1711, 1654, 1273, 737. Anal. Calcd
for C11H4gNOy4: C, 57.62; H, 8.35; N, 6.11. Found: C, 57.35; H, 8.33; N, 6.03.
1-Methyl-4-hydroxy-5-oxopyrrolidine-3-carboxylic acid 5. White solid (from cold
acetone); yield 34%; m.p. 190 °C; "H NMR (300 MHz, DMSO-d6) 5 2.66a.s) (S,
3H, -CHa), 2.87 a+g) (M, H, -CHCH2N), 3.22a:g) (t, H, -CH2N), 3.44(a:g) (1, H, -
CH2N), 4.18(a+p) (d, H, -CHOH); "C NMR (DMSO-d6) 5 29.62and 29.73 ) (-
CHgs), 43.35(n) and 48.17 ) (-CH2N), 46.54 (5 and 46.29 ) (-CHCH2N), 69.87 a)
and 72.06(s) (-CHOH), 172.04(s) and 172.14, (C=0), 172.39s and 173.77 g,
(NC=0).

Synthesis of ethyl a-(1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate
methyl) acrylate 6. Intermediate 4b (2 g, 8.73 mmol) and 150 ppm of
hydroquinone were added to 20 ml of dry THF in a 50 ml round bottom flask.
ECMA (1.29 g, 8.73 mmol) was then added dropwise to this solution and the
resulting mixture was allowed to stir overnight at room temperature. Upon

reaction completion as monitored by NMR, the precipitate was filtered off and the
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solvent removed under reduced pressure. Further purification via column
chromatography on silica gel with 1:5 ethyl acetate:hexane gave ethyl a-(1-hexyl-
4-hydroxy-5-oxopyrrolidine-3-carboxylate methyl) acrylate 6 as a brown oil in c.a.
78% yield.

"H NMR (300 MHz, CDCl;) 5 0.88 (t, 3H, -CH3), 1.28 (m, 2H, -CH,), 1.52 (m, 2H,
-CH,CH:N), 4.25 (q, 2H, -CH>CHs), 4.59 (d, H, -CHOH), 4.91 (s, 2H, -CH,0),
5.91 and 6.39 (s, 2H, CH,=C); ">*C NMR (CDCl3) 8 14.01 (-CH3), 14.17 (-CH3),
22.49 (-CH,CHs), 31.40 (-CH>CH2CH3), 26.38 (-CH2CH>CH:N), 26.93 (-
CH2CH;N), 46.17 (-CH2N), 43.07 (-CHCH2N), 45.46 (-CH.N), 61.12 (-CH2CH3),
63.34 (-CH20), 72.40 (-CHOH), 127.84 (-CH2=C), 134.86 (-CCH2), 165.04 and
171.11 (-C=0), 172.72 (-NC=0). FT-IR (NaCl, cm™) 3351, 2960, 2935, 2870,

1741, 1729, 1685, 1654, 1277, 819.
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CHAPTER VI
SYNTHESIS AND POLYMERIZATION OF NEW MULTIFUNCTIONAL
PYRROLIDINONE METHACRYLATE MONOMERS
Abstract

Methacrylates containing multifunctional 2-pyrrolidinone were synthesized
in good yields. These monomers give very fast photopolymerization rates both in
homopolymerizations and with hydroxyethyl methacrylate (HEMA) leading to
crosslinked polymers. Soluble homopolymers were obtained via solution-free
radical polymerization. Thermal analysis allowed illustrating both a beta and a
glass transition for the polymer prepared.

Introduction

Copolymers containing N-vinylpyrrolidone (NVP) or hydroxyethyl
methacrylate (HEMA) are used in many applications in the biomedical field,
especially in contact lenses and biocoatings."® It was shown that NVP
copolymers adhered to porcine intestine and created a hydrophilic surface for cell
adhesion and cell growth.” Copolymers of NVP and poly(ethylene glycol)
diacrylate gave hydrogels capable of drug delivery.® Copolymerizing hydrophobic
monomers with NVP, HEMA, acrylic acid, and acrylamide greatly expands their
applicability in biomaterials. For example, copolymer coatings of 70% MMA with
HEMA gave good adhesion to vascular stents and resulted in significantly
reduced vesse! wall response.’ NVP possesses some drawbacks, however, such
as a poor reactivity in copolymerization reactions due to compositional drift

during the course of polymerisation leading to leaching of unpolymerizable



183

monomer.'%"? One alternative approach to addressing these problems is to
modify the pyrrolidinone monomer itself, with the aim of improving the monomer
reactivity, to minimize compositional drift during the reaction, and to enhance
hydrophilicity in order to allow some control over the equilibrium swelling of
hydrogels based on the monomers."

Methacrylate monomers have also found great uses in medical and dental
applications such as bone cements, dental fillings, bioadhesives, and hydrogels.
One major problem attached to many of these methacrylate derivatives resides in
their low rates of polymerization leading to the same leaching problems
encountered NVP and causing irritation of the surrounding tissues and even cell
death. Incorporation of pendent groups that do not alter the fast polymerization
rates or inherent adhesion properties of methyl methacrylate-based systems is
required in most applications.

Bowmann, et al., have recently demonstrated that both intermolecular
interactions, such as hydrogen bonding and aromatic heterocyclic ring stacking
effects, plus intramolecular effects have a significant impact on the monomer
reactivity of methacrylates in particular. They also showed that the presence of
a secondary functionality greatly affects the rate of ponmerization.15 Hoyle, et al.,
also illustrated the effect of hydrogen bonding on the overall rate of
polymerization of methacrylate monomers.'® Decker et al. suggested that the
reactivity is a result of an efficient chain transfer reaction that involves labile
hydrogens from the newly introduced functional group.’”'® It has also been

shown that the rate of polymerization is increased when pendent heterocyclic
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groups are incorporated in the monomer; groups which have been shown to
reduce termination."® High rates of polymerization lead to less leachable
monomer from these systems while larger pendant groups can also increase
glass transition temperatures (Tgs) and reduce shrinkage of the copolymer
systems usually used in biomaterial applications.

Alkyl a—hydroxymethylacrylate (RHMA) chemistry allows tailoring of both
polymerizability and final polymer properties.'®?' For example, conversion of the
hydroxymethyl group to esters was found to dramatically increase rates of
polymerization.?* More recently, we have discovered the extreme reactivity of
alkyl 2-carboethoxyhydroxymethyl-acrylates upon reaction with primary amines
leading to a simple, mild, and efficient route to the preparation of new

polyfunctional pyrrolidinones and pyrrolidinone methacrylate monomers.??

/
o]
0 O 0 OH
o > O O 0
0 N
\
Figure 8.1. Structures of 2-pyrrolidinone containing monomers.

In this work, we are investigating new methacrylate monomers
incorporating pyrrolidinone pendant groups capable of strong hydrogen-bonding
interactions (Figure 8.1). Optically active, 2-pyrrolidinone compounds have found
applications in areas ranging from biology to biochemistry and pharmaceutics.

Two different systems are studied one incorporates a pyrrolidinone unit as a
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second functionality, the other incorporates a pyrrolidinone unit into a
hydroxymethacrylate monomer through an ester linkage.

Results and Discussion
Monomer preparation. Methyl 2-carboethoxyhydroxymethylacrylate 1 was
synthesized following the procedure reported in Chapter V. Monomer 3 was
synthesized in two steps from pyrrolidinone 2 and ECMA with an overall yield of
76% and in 98% purity as determined by NMR analysis (Scheme 8.1). The
monomer was soluble in water, chloroform, methanol, ethyl acetate, methylene

chloride and tetrahydrofuran.

OH

o} OH methylamine 9
\O O\/ -EtOH \O o
! RT 1, HQO/NaOH

N 2. acetone/HCI
\ 3. ECMA
EtsN
1 2 THF 3

RT, 24h
Scheme 8.1. Synthesis of 2-pyrrolidinone monomer 3.

The "*C NMR spectrum of monomer 3 is shown in Figure 8.2. An APT

experiment allowed the accurate assignments of each peak (Figure 8.3),

confirming monomer structure.
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Figure 8.2. >C NMR spectra of 2-pyrrolidinone monomer 3 (CDCls) and the

corresponding homopolymer PyP1 (DMSO-d6).
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Figure 8.3. APT spectrum of 2-pyrrolidinone monomer 3 (CDCls).
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Monomer 4 was synthesized in one step from methyl 2-carboethoxyhydroxy-
methylacrylate 1 and 2-aminoethyl methacrylate hydrochloride in the presence of
triethylamine (Scheme 8.2) with an overall yield of 82% and in 95% purity as
determined by '"H NMR analysis. 2-Aminoethyl methacrylate hydrochloride
suffers from intramolecular rearangements upon deprotonation. In the present
reaction, the high yield obtained testifies of a highly efficient Michael addition to
methyl 2-carboethoxyhydroxymethylacrylate at room temperature. The unusual
reactivity of these latter allows minimizing any side reaction and rearrangement
that could happen in other conditions. As reported in the previous chapter, a
unique combination of intra- and intermolecular hydrogen bonding interactions
leads to an extremely fast formation of pyrrolidinone compounds such as
monomer 4. The resulting monomer was soluble in the same solvents listed for
monomer 3. The *C NMR spectrum is shown in Figure 8.4, confirming its
structure; the spectrum of its polymer (to be discussed later) is included for

comparison.
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Figure 8.4. >°C NMR spectra of 2-pyrrolidinone monomer 4 (CDCIs) and the

corresponding homopolymer PyP2 (DMSO-d6).

Photopolymerizations. The steady-state polymerization kinetics of the
monomers designed above was investigated and their comparison to standard
mono- and divinyl polymerization systems are presented in Figure 8.5. The
monomers structures and a quantification of their polymerization characteristics
are presented in Table 8.1. The reactivity of these model systems was examined
from several perspectives. Rate information at different conversions is used to
evaluate aspects of the polymerization that have the greatest impact on the

overall cure behavior. Thus, trends in polymerization rate at low conversion, e.g.,
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less than 10%, have been compared with those at later stages using the

maximum polymerization rate. Additionally, an effective combination of these two

rates, a measure of cure time, was evaluated using quantification of the time

necessary to achieve 60% conversion.
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Figure 8.5. Photopolymerization conversion values for a series of methacrylate
monomers.



Table 8.1. Performance analysis of methacrylate monomers at 25°C.
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Conv.
T Conv. time to
(a) m (b) () Max.
monomer [DB]O (OC) RP,IO%conv. RP,Max.. at RP,Max.A (%)(d) Conv.=50%
(%)
0
O/\/\
63 <25  0.0002 0.0006 - 24 N/A
BMA
o)
7N 3 94 <25 00014  0.0036 30 64 273
NVP
o)
O/\\/OH
82 <25 00022  0.0091 32 88 147
HEMA
o)
35 78 <25  0.006 0.008 20 68 198
HDDMA
0 O  OH
/\O)J\[(\O)J\[S;O
N 46 60  0.0012  0.0014 15 56 452
\
Monomer 3
o. OH
PSS
\"/ILO/\/N 5 44 <25 0002  0.0024 12 60 332
Monomer 4

(a) - Initial double bond concentration.

(b) - Normalized measure of “initial” polymerization rate: Rp/double bond concentration at 10%

conversion.

(c) - Normalized measure of the maximum polymerization rate, Rp,max/double bond
concentration at Rp,max.

(d) - Maximum conversion reached after 600 s of irradiation at ambient conditions.
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From Figure 8.5 and Table 8.1, we can observe that monomers 3 and 4
reach conversion values comparable to NVP and HDDMA. Also, all monomers,
except monomers 3 and 4, present an induction period and an autoacceleration
period caused either by an increase in viscosity due to hydrogen bonding
interactions, crosslinking, or molecular weight increase. The absence of induction
period for the pyrrolidinone monomers is attributed to the intrinsic high compound
viscosity caused by high intermolecular interactions.

It has already been shown that hydrogen bonding is an important
parameter that can affect system mobility and organization during polymerization
resulting in enhanced rates due to formation of dimer-like species. Hydrogen
bonding generally leads to a viscosity increase that results in reduced termination
and enhanced polymerization kinetics."® Monomers 3 and 4 conversion profiles
were shown to be very close to the HDDMA conversion profile suggesting that
these monomers behave similarly to multifunctional monomers via intermolecular

association as illustrated in Figure 8.6.

Figure 8.6. Hydrogen bonding interactions for the pyrrolidinone methacrylates
investigated.
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We were also intrigued by the low conversion values observed after 600

seconds. One explanation for these results may reside in the fact that these

monomers can induce chemical crosslinking during photopolymerization leading

then to exclusion of the polymer from its own monomer. For instance, we

observed that the polymers recovered from photopolymerization of monomers 3

and 4 were all insoluble in organic solvent such as THF, DMSO, DMF and NMP,

suggesting gel formation due to chemical crosslinking. It has been postulated in

the past, in similar systems incorporating pyroglutamic acid, that methine

hydrogen loss, for example, would generate a captodative radical capable of

cross-linking by radical-radical coupling. Here, radical abstraction could involve

two adjacent groups.
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Figure 8.7. Conversion profiles for methacrylates in NMP (50/50).
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A complex combination of intermoIeCuIar hydrogen bonding and chemical

crosslinking may alter our ability to interpret the data summarize in Table 8.1. We

decided then to carry out photopolymerization reactions of the pyrrolidinone
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monomers, HEMA, HDDMA and BMA in NMP in order to eliminate any effect of
hydrogen bonding and crosslinking. As shown in Figure 8.7, a significant
increase in the rate of polymerization was observed for monomer 3 and 4 which
argues that solubility plays a major role in the polymerization. For instance,
dilution in a polar solvent like NMP or DMSO did not lead to crosslinked material.
With the same conditions, a decrease in the rate of polymerization of HEMA was
observed. We conclude that in these conditions, monomers 3 and 4 show higher
reactivity than HEMA.

Photocopolymerization results of the pyrrolidinone monomers with HEMA
are displayed in Figure 8.8 below. It can be observed that conversions reach high
values which suggests that the new comonomers copolymerize well with HEMA.
The relative increase of the rates in polymerization when the concentration of
pyrrolidinone-containing methacrylate increases is attributed to a viscosity

increase of the monomer mixture.
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Figure 8.8. Photocopolymerization conversion values for HEMA/Monomer 1, 4:1

mixture (A) and 1:1 mixture (B).
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Solution free radical polymerizations and polymer characterization. The
pyrrolidinone-containing monomers were polymerized in DMSO under argon
atmosphere using azobisisobutyronitrile (AIBN) as the initiator (0.1 mol-%) at 65
°C. Polymers were precipitated in acetone and dried under reduced pressure
before characterization. The homopolymers PyP1 and PyP2 correspond to the
polymerization of monomer 3 and monomer 4, respectively. ">*C NMR spectra of
the monomers along with that of the polymers obtained by solution
polymerization in DMSO are displayed in Figures 8.2 and 8.4. Both polymers
were highly soluble in DMSO while initial attempts to polymerize these
monomers in methanol and THF gave insoluble polymers and low yields. It is
believed that crosslinking may arise via chain transfer involving the pyrrolidinone

ring hydrogens in the latter.
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Figure 8.9. DSC traces of polymers PyP2 (A) and PyP1 (B) (second scans).
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Dynamic scanning calorimetry experiments were carried out and allowed
determining Tgs of both homopolymers. PyP1 showed a Tg at 145 °C while
PyP2 showed a Tg at 122°C (Figure 8.9). We can explain this difference in glass
transition by the closest proximity from the backbone of the heterocycle pendant
group in PyP1 compared to PyP2. This has the effect of reducing local mobility of
the pendant groups. This behavior explains also the extensive broadening of the
peaks in the ">C NMR spectrum of PyP1. Indeed, by comparing the spectra of
the two homopolymers, we can clearly see the effect of reduced mobility on the
heterocycle carbon peaks. The close proximity of the pendant groups in PyP1
may also result in intramolecular hydrogen bonding interactions which would
influence greatly segmental motion. DSC traces of homopolymers revealed also
a sharp transition at 65 °C. This transition is attributed to the breaking of
intermolecular hydrogen bonding interactions between the heterocycle pendant
groups. Both polymers display the same transition, suggesting similar
interactions in both systems. This correlates with the fact that the main
association between pendant groups may be the one proposed previously in
Figure 8.6.

Conclusions

New multifunctional pyrrolidinone-containing methacrylate monomers
were synthesized successfully. These monomers display rates of polymerization
comparable to difunctional methacrylates such as hexanediol dimethacrylate.
Hydrogen bonding interactions induced by the pyrrolidinone unit may lead these

monomers to behave as difunctional compounds. These monomers
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copolymerize very well with HEMA. Thermal properties of the homopolymers
obtained by solution free radical polymerization revealed two distinctive
transitions. One can be attributed to the glass transition, the other to a pseudo-
beta transition induced by disruption of the hydrogen bonding interactions
promoted by the heterocycle pendant groups. These monomers open up a new
window on pyrrolidinone compounds that can be efficiently incorporated into
polymers that may find applications in the biomedical field.

Experimental
Materials. The commercially available monomers used for the experimental
studies are n-butyl methacrylate (BMA), 1,6-hexanediol dimethacrylate
(HDDMA), N-vinyl pyrrolidone (NVP) and 2-hydroxyethyl methacrylate (HEMA).
Ethyl a-hydroxylmethylacrylate (EHMA) was donated by Nippon Shokubai Co.,
Tokyo, Japan. Ethyl a-chloromethylacrylate (ECMA) was synthesized from
MHMA according to previously reported literature.® Ethyl glyoxylate, 50% in
toluene, was purchased from Alfa Aesar and used as received. 4-Diaza[2.2.2]-
bicyclooctane (DABCO) and methyl acrylate were purchased from Aldrich
Chemical Company and used without further purification. Methylamine (40 wt-%
in water) was purchased from Aldrich Chemical Company and used as received.
2,2"-Azobis(2-methylpropionitrile) (AIBN) was purchased from Aldrich and
recrystalized from methanol before use. All solvents were purchased from Acros
Chemical Company, Fisher, or Aldrich Chemical Company. Photopolymerizations
were performed using the ultraviolet initiator 2-hydroxy-2-methyl-1-phenyl-1-

propanone (Darocur 1173, Ciba Geigy, Hawthorne, NY).
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Preparation of methyl 2-(carboethoxyhydroxymethyl)acrylate 1. Ethyl
glyoxylate, 50 wt-% in toluene (20.39 g, 199.7 mmol), DABCO (3.64 g, 32.4
mmol) and the methyl acrylate (17.19 g, 199.7 mmol) were added to a 250 ml
round-bottom flask. The reaction was slightly exothermic. The mixture was stirred
at room temperature for 2 hours. The crude solution was then concentrated
under reduced pressure. The resulting mixture was washed with 3 aliquots of
saturated sodium chloride solution followed by 3 aliquots of deionized water. The
organic phase was then dried over a bed of sodium sulfate and vacuum
distillation of the residue gave methyl 2-carboethoxyhydroxymethylacrylate 1 as a
clear liquid in c.a. 68% vyield (bp 135-137°C (20 mm Hg)).

"H NMR (300 MHz, CDCl;) 5 1.26 (t, 3H, -CH3), 3.68 (s, H, -OH), 3.78 (s, 3H, -
OCHs), 4.26 (q, 2H, -CH,CHj3), 4.88 (s, H, -CHOH), 5.96 and 6.37 (s, 2H, -
CH,=C); >C NMR (CDCls) & 14.04 (-CHs), 52.12 (-OCH3), 62.20 (-CH,CHs),
71.19 (-CHOH), 128.96 (CH»=C), 138.08 (C=CHy>), 165.68 and 172.30 (C=0).
FT-IR (neat, cm™) 3515, 2996, 1739, 1643, 1446, 1097, 823. Anal. Calcd for
CgH15050.25*H,0: C, 50.59; H, 6.49. Found: C, 50.28; H, 6.28.

Preparation of methyl 1-methyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate 2.
Compound 1 (10 g, 53.14 mmol) was added to a 50 ml tube equipped with an
argon gas inlet. The reaction tube was then purged with argon for 30 minutes
and sealed with a rubber septum. Methylamine (40 wt-% in water) was added
dropwise in slight excess (5.48 g, 54.21 mmol) to the mixture and the resulting
solution was allowed to stir for 24 hours at room temperature. Upon reaction

completion as monitored by 'H NMR, the solvent was removed under reduced
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pressure. Once concentrated, the crude product was purified distilling off the
excess of amine to give methyl 1-methyl-4-hydroxy-5-oxopyrrolidine-3-
carboxylate 2 as a brown oil in c.a. 96% and as a mixture of two sterecisomers
(A and B; d.r. 42:58).

'H NMR (300 MHz, CDCl3) 50.88 (t, 3H, -CHs), 1.28 (m, 2H, -CHy), 1.52 (m, 2H,
-CH2CH2N), 3.74(4 and 3.77g) (s, 3H, - CHs), 4.59(a) and 4.60, (d, H, -CHOH);
3C NMR (CDCl3) 3 14.17 asm) (-CH3), 22.52(a+g) (-CH2CH3), 26.38 and 26.85 (-
CH,CH>CH3), 31.41 and 31.44 (-CH2CH3), 42.96 and 43.04 (-CH2N), 43.07 and
45.62 (-CHCH:N), 46.07 and 46.29 (-CH2N), 52.16 and 52.53 (-OCHjs), 70.46
and 72.43 (-CHOH), 170.74 and 172.25 (C=0), 172.82 and 173.09 (NC=0). FT-
IR (neat, cm™) 3363, 2958, 2935, 2866, 1741, 1695, 1278, 740. Anal. Calcd for
C12H21NO4: C, 59.24; H, 8.70; N, 5.76. Found: C, 59.42; H, 8.71; N, 5.84.
Preparation of 4-hydroxy-1-methyl-5-oxopyrrolidine-3-carboxylic acid 2’.
Methyl 1-methyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate 2 was first treated with
1 equivalent of sodium hydroxide in 10 ml of deionized water. The resulting
mixture was allowed to stir for 1 hour before precipitating it in 80 ml of acetone.
The white salt formed was then filtered off, re-dispersed in 50 ml of acetone and
treated with dilute hydrochloric acid. The precipitate was filtered off and dried
under reduced pressure to afford 4-hydroxy-1-methyl-5-oxopyrrolidine-3-
carboxylic acid 2’ as a white powder in c.a. 96% and as a mixture of two
stereoisomers (A and B; d.r. 42:58).

Synthesis of monomer 3. ECMA (2 g, 13.45 mmol), 4-hydroxy-1-methyl-5-

oxopyrrolidine-3-carboxylic acid 3 (2.86 g, 13.45 mmol) and triethylamine (1.36 g,
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13.45 mmol) were added to 15 ml of dry THF. The resulting mixture was allowed
to stir for 24 hours at room temperature. The white precipitate was filtered off and
the crude solution concentrated under reduced pressure to give monomer 4 as a
brown oil and in c.a. 76% vyield.

'H NMR (300 MHz, CDCls) d 0.88 (t, 3H, —CHs), 1.28 (m, 2H, —CH>), 1.52 (m,
2H, —CH>CH2N), 4.25 300 (q, 2H, —CH,CHj3), 4.59 (d, H, -CHOH), 4.91 (s, 2H, —
CH.0), 5.91 and 6.39 (s, 2H, CH.=C); "*C NMR (CDCls) d 14.01 (~CHs), 14.17 (-
CHj3), 22.49 (-CH»CHs3), 31.40 (—CH>CH2>CH3), 26.38 (—CH2CH>CH2N), 26.93 (-
CH>CH:N), 46.17 (—CH2N), 43.07 (-CHCH:2N), 45.46 (—CH2N), 61.12 (—CH>CHj3),
63.34 (-CH»0), 72.40 (—-CHOH), 127.84 (—CH>=C), 134.86 (-CCHy), 165.04 and
171.11 (-C=0), 172.72 (-NCO). FT-IR (NaCl, cm™) 3351, 2960, 2935, 2870,
1741, 1729, 1685, 1654, 1277, 819.

Synthesis of pyrrolidinone monomer 4. 2-Aminoethyl methacrylate
hydrochloride (5 g, 30.18 mmol) and 1 (5.67 g, 30.18 mmol) were added to 50 ml
of dry THF in a 250 ml round bottom flask placed in a ice/acetone bath.
Triethylamine (3.54 g, 35 mmol) was then added dropwise to the stirring mixture.
The resulting solution was allowed to stir until the temperature reached room
temperature. The mixture was stirred for 12 more hours. The crude solution was
then precipitated in cold diethyl ether. The white precipitate was filtered off and
the crude solution concentrated under reduced pressure. The resulting brown oil
was wash 3 times with n-hexane and dried under reduce pressure to afford
monomer 4 as a brown oil and as a mixture of two stereoisomers (A and B; d.r.

50:50) in c.a. 82% vyield.
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'H NMR (300 MHz, CDCl3) 5 1.94 (s, 3H, -CH3), 3.74(5) and 3.78) (s, 3H, -CHj3),
5.60(a and 5.61 (s, 1H, -CH2=C), 6.10(s) and 6.11g, (s, 1H, -CH»=C); "*C NMR
(CDCls) © 18.31(a+g) (-CHa3), 42.15(a) and 43.23(g) (-CH2N), 42.24(» and 4.17 g (-
CHCH:2N), 46.51(s) and 47.28g) (-CH2N), 52.27 (») and 52.62g) (-OCHj3), 70.16(x)
and 72.08 (-CHOH), 126.36(») and 126.41) (-CH2C), 135.70(4 and 135.76» (-
CCHy), 166.98(4) and 167.05@) (C=0), 170.57») and 173.07 ) (C=0), 171.91(n
and 173.41) (NC=0).

Analyses. Solution 'H and "*C NMR spectra of the intermediates and monomers
were collected on a Varian Mercury 300 MHz spectrometer operating at a
frequency of 75.47 MHz for carbon. NMR spectra were recorded at room
temperature using CDCl; with TMS as an internal reference. Solution *C NMR
spectra of the polymers were collected on an INOVA 500 MHz spectrometer.
NMR spectra were recorded at room temperature using DMSO-d6 with TMS as
an internal reference. FT-IR spectra were obtained using a Mattson Galaxy
series 5000 FTIR spectrometer. ReactIR experiments were conducted on a
ReactiR™ (ASI Applied Systems Inc., Mettler Toledo). Dynamic scanning
calorimetry (DSC) experiments were performed on a TA Instrument 2920,
controlled by a Thermal Analyst 2100. All scans were taken at a heating rate of
10 °C/min under nitrogen atmosphere, to a maximum of 250 °C than cooled to
room temperature and re-scanned at the same heating rate. The Tg values were
recorded from the second scan data for the samples.

Fourier transform infrared spectroscopy (FT-IR). FT-IR studies were

conducted with a modified Bruker IFS 88 FT-IR spectrometer with a horizontal



201

sample accessory. UV light from an Oriel lamp system equipped with a 200 Watt,
high-pressure mercury-xenon bulb was channeled to the sample chamber
through a fiber-optic cable. Photoinitiated polymerization was performed by
exposing a thin sample (ca. 25 ym) between two sodium chloride salt plates to
continuous UV light filtered and centered at 365 nm for duration of 10 min.
Irradiation intensity was evaluated at 11.4 mW/cm?. The process was monitored
by the FT-IR operating at a scanning rate of 5 scans/sec. with the series 9811
radiometer (Vernon Hills, IL). The initiator used was 3 wt-% of Darocur 1173 for
all samples. Acrylate conversion was monitored with the C=C stretching vibration
at 1630 cm™ or the C=C twisting vibration at 812 cm™. The kinetics of the
polymerizations were obtained at an ambient temperature of 25 °C. Results of
the DPC experiments were evaluated using Origin 7 SR2 from OriginLab.
Solution polymerizations. Solution polymerizations were carried out in different
solvents such as THF, methanol and DMSO with AIBN as an initiator, freshly
recrystalized from methanol. During the reactions done in THF and methanol,
polymer precipitation occurred and the obtained products were insoluble after
drying. Soluble polymers of Monomers 3 and 4 were obtained using DMSO as a
solvent and AIBN as an initiator. Monomers and 0.1 mol-% of initiator were
dissolved in DMSO and degassed by bubbling nitrogen through the solutions for
30 min. The resulting mixture was then placed in an oil bath that was preheated
to 65 °C and the polymerization was allowed to proceed for 24 hours to ensure

high monomer conversion. The solution remained homogeneous during the
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reaction. Upon completion of reaction as monitored by '"H NMR the polymer was

precipitated into acetone and dried under reduced pressure at room temperature.
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CHAPTER IX
SUPRAMOLECULAR MATERIALS FROM NEW POLYFUNCTIONAL
PYRROLIDINONE ACID DERIVATIVES
Abstract

Multifunctional bis-2-pyrrolidinone derivatives synthesized from alkyl 2-
carboethoxyhydroxymethylacrylates via a very efficient Michael
addition/cyclization reaction sequence were found to form supramolecular
associations that give rise to polymer-like behavior. The compounds examined
displayed glass transition temperatures and were highly soluble in water.

Introduction

Recently, ‘smart materials’ or stimuli-responsive polymers (i.e. those that
change their properties in response to temperature, solvent, light or chemical
additives) have received attention with a view to expanding their range of
applications. Central to the properties of such materials are non-covalent
interactions which permit a rapid response to a change in environment while their
strength and selectivity can be controlled easily by synthetic variation. One
example is the assembly and disassembly of structural motifs such as DNA",
fundamental to translation and transcription in biology. Synthesis of polymers by
linking monomers via non-covalent interactions, or generating polymer networks
by using non-covalent interactions of functionalized side chains, would therefore
represent an attractive approach to the construction of stimuli-responsive soft
materials.”? Hydrogen-bonds are attractive because they are highly directional,

and when several are used in concert, strong binding results. When built into an
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array, the placement of donor and acceptor functionalities creates the selectivity.
Thus, there has been much interest invested in the study of arrays of hydrogen-
bonds because the strength and selectivity of interaction are important in
determining the properties of the resulting polymers.

Linear arrays of hydrogen-bonds offer the advantage of constraining the
hydrogen-bonding ‘glue’ with which monomers are linked together into one well-
defined unit with limited possibilities for interaction with other functional motifs.
The first use of arrays of hydrogen-bonds in the assembly of supramolecular
polymers was reported by Lehn and co-workers in 1993, who described the
assembly of polymeric, liquid crystalline and lyotrophic mesophases using 2,6-
diamidopyridine- and thymine-functionalized building blocks.*° Previous report in
the literature indicates that pyroglutamic acid may be useful in forming molecular
associations.®

We have recently been interested in a highly efficient Michael
addition/cyclization reaction sequence involving alkyl 2-carboethoxyhydroxy-
methylacrylates and primary amines that lead to the design of new polyfunctional
pyrrolidinone compounds in a fast and high purity manner.” Here we present the
synthesis of new polyfunctional bis-pyrrolidinone acid derivatives and some
characterizations suggesting that these compounds form supramolecular
associations.

Results and Discussion
We have demonstrated in the previous chapters that multifunctional 2-

pyrrolidinone derivatives can easily be synthesized by means of a extremely fast
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and efficient Michael addition/cyclization reaction sequence involving methyl! 2-
carboethoxyhydroxymethylacrylate and aliphatic primary amines. No evidence of
the Michael adduct amine intermediate was detected upon analysis of the final
product *C NMR spectra attesting to a quantitative cyclization step. In this work,
we were interested in synthesizing bi-2-pyrrolidinone by reacting n-butyl 2-carbo-
ethoxyhydroxymethylacrylate with different diamines such as diethylenetriamine,

ethylene diamine, and hexamethylene diamine.

0 HO
O OH Hy;N—R—NH, HO
N0 o~ N—R—N
5 1. CHCl3 0o OH
2. H,O/KOH OH o)
2. Acetone/HCI
Table 9.1. Bis-pyrrolidinone acid derivatives characteristics.
entry diamine R yield (%) Tg (°C)
BP1 ethylenediamine (CH2)2 95 82
BP2 1,6-hexanediamine  (CHy)s 89 67
BP3 diethylenetriamine (CH2)o:NH(CH,), 94 68

Slight excess of the alkene was added in order to ensure the formation
bis-2-pyrrolidinone exclusively. Upon reaction completion as monitored by 'H
NMR, the excess of amine and the solvent were removed under reduced
pressure to afford bis-pyrrolidinone diester derivatives in high yield and purity.
The structures of the different compounds were investigated by NMR
spectroscopy but elemental analysis remained the most reliable technique to
confirm structures. No accurate assignement of the compounds NMR peaks
could be obtained due to the extreme spectral complexity. For instance, Figure
9.1 below displays the '*C NMR spectrum of the bis-pyrrolidinone diester

intermediate to the synthesis of BP1.
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Figure 9.1. ">*C NMR spectrum of bis-pyrrolidinone intermediate (CDCls).
The peak multiplicity observed in the ">*C NMR of the intermediate

displayed above can be explained by the fact that this compound is a mixture of
three different isomers. Indeed, the bispyrrolidinone compounds are statistically
constituted of a combination of different heterocycle configurations: cis-cis, trans-
trans and trans-cis/cis-trans. In a cis-trans configuration, both groups will
influence each other differently than in a cis-cis configuration so that the chemical
shifts associated with the cis group in the first configuration are different than
those in the cis-cis configuration. It was noticed that this multiplicity decreases as
the spacer length between the two pyrrolidinone groups increases as illustrated
in Figure 9.2 that displays the ">*C NMR carbonyl regions of each diester
intermediate. This can be explained by the fact that the reciprocal influence of the

heterocycles decreases as the distance that separates these groups increases.
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Figure 9.2. >°C NMR carbonyl regions of diester intermediates (CDCl3).
Treatment of the diester intermediates with sodium hydroxide and
hydrochloric acid led to the formation of the bis-pyrrolidinone acid derivatives
BP1, BP2 and BP3 (Table 9.1). Similar peak multiplicity was observed in the '>C

NMR spectra of the di-acid derivatives (Figure 9.3).
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Figure 9.3. >°C NMR spectrum of BP2 (DMSO-d6).

The melting points of BP1, BP2 and BP3 were estimated to range between 180

°C and 220 °C depending on sample. All the samples were found to be highly

hygroscopic and exposure of the material to atmospheric moisture for a short

period resulted in “melted gel” material as illustrated in Figure 9.4 below.

Figure 9.4. Bis-2-pyrrolidinone acids (BP2) before exposure (left) and after

exposure (right) to air.
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Water absorption would be expected to break up the hydrogen bonding
interactions between pyrrolidinone units Compounds stored under nitrogen, in
sealed test tubes, retained their integrity, confirming this hypothesis. . The all
series of bis-pyrrolidinone was found to be soluble in water. BP1, BP2, and BP3
were then analyzed using differential scanning calorimetry (Figure 9.5). Thermal
transitions at 82, 67, and 68 °C, respectively, were observed but no melting point

could be detected in the temperature range evaluated.
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Figure ,9'.5. DCS traces for BP1 ‘(A), BP2 (B) and BP3 (C) (second scans).

Thermogravimetric analysis (TGA) showed that the compounds were
stable up to 280 °C before decomposition. The observations of thermal
transitions resembling glass transition temperatures, solvent precipitation and the

change in mechanical properties when exposed to water seem to indicate that
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these bis-2-pyrrolidinones form hydrogen bonded supramolecular associations

as illustrated in Figure 9.6.
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Figure 9.6. Proposed supramolecular association (BP1).

Experimental
Materials. Ethyl glyoxylate, 50% in toluene, was purchased from Alfa Aesar and
used as received. 4-Diaza[2.2.2]bicyclooctane (DABCO), methyl acrylate,
hexamethylene diamine, ethylene diamine and diethylene triamine were
purchased from Aldrich Chemical Company and used as received. All solvents
were purchased from Acros Chemical Company, Fisher, or Aldrich Chemical
Company.
Characterization. 'H and "*C NMR analyses were performed on samples
dissolved in DMSO-d6 containing 0.1% TMS or CDClI; containing 0.1% TMS as
internal reference using a Varian Mercury 300 MHz spectrometer operating at a
frequency of 75.47 MHz for carbon. Thermal gravimetry analysis (TGA)
experiments were performed on a TA 2960, controlled by a Thermal Analyst
2100. The temperature was ramped at a heating rate of 10 °C/min, under inert

atmosphere, to a temperature well above the degradation temperature (600 °C).
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Dynamic scanning calorimetry (DSC) experiments were performed on a TA
Instrument 2920, controlled by a Thermal Analyst 2100. All scans were taken at a
heating rate of 10 °C/min under nitrogen atmosphere, to a maximum of 220 °C
than cooled to room temperature and re-scanned at the same heating rate.
Preparation of methyl 2-carboethoxyhydroxymethylacrylate 1. This alkyl 2-
carboethoxyhydroxymethylacrylate derivative was synthesized according to
previously reported literature procedure.'” Ethyl glyoxylate, 50 wt-% in toluene
(20.39 g, 199.7 mmol), DABCO (3.64 g, 32.4 mmol) and methyl acrylate (199.7
mmol) were added to a 250 m! round-bottom flask. The mixture was stirred at
room temperature for two hours. The crude solution was then concentrated under
reduced pressure. The resulting mixture was washed with three aliquots of
saturated sodium chloride solution followed by three aliquots of deionized water.
The organic phase was then dried over a bed of sodium sulfate and vacuum
distillation of the residue gave the corresponding compounds which show the
following data:

Clear liquid; bp 135-137°C (20 mm Hg); c.a. 68% isolated yield after distillation;
'H NMR (300 MHz, CDCl3) 51.26 (t, 3H, -CH3), 3.68 (s, H, -OH), 3.78 (s, 3H, -
OCHs), 4.26 (q, 2H, -CH2CH3), 4.88 (s, H, -CHOH), 5.96 and 6.37 (s, 2H, -
CH,=C); "*C NMR (CDCl3)  14.04 (-CH3), 52.12 (-OCH3), 62.20 (-CH,CHj3),
71.19 (-CHOH), 128.96 (CH,=C), 138.08 (C=CHy), 165.68 and 172.30 (C=0).
FT-IR (neat, cm™) 3515, 2996, 1739, 1643, 1446, 1097, 823. Anal. Calcd for

CgH1505-0.25*H0: C, 50.59; H, 6.49. Found: C, 50.28; H, 6.28.
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Preparation of multifunctional bis-pyrrolidinone acid derivatives. General
procedure. Methyl 2-carboethoxyhydroxymethylacrylate (53.14 mmol) was
added to a 50 ml tube equipped with an argon gas inlet. The reaction tube was
then purged with argon for 30 minutes and sealed with a rubber septum. The
corresponding diamine (54.21 mmol) was added dropwise to this mixture and the
resulting solution was allowed to stir for 24 hours at room temperature. Upon
reaction completion as monitored by 'H NMR, the solvent was removed under
reduced pressure. Once concentrated, the crude product was purified by
precipitation into hexanes. The resulting product was then dried under reduced
pressure to afford the corresponding compounds BP1, BP2, and BP3 as

mixtures of diastereoisomers combinations (cis/cis, cis/trans and trans/trans).
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CHAPTER X
NEW BIODEGRADABLE POLY(ESTER AMIDE)S FROM ALKYL 2-CARBO-
ETHOXYHYDROXYMETHYLACRYLATES
Abstract
The synthesis of alkyl 2-carboethoxyhydroxymethylacrylates via the
Bayllis-Hillmann reaction pathway is described. These compounds are found to
be poor monomers when involved in free radical polymerizations but present an
extremely high reactivity upon Michael addition with primary amines leading to a
simple, mild and efficient route to the preparation of new multifunctional
heterocycles and polymers with potential applications in biodegradable coatings.
Real-time NMR spectroscopy permitted monitoring the extent of the reaction
sequence and determining the conversion profile of reactants and Michael
adduct intermediate. Poly(ester amide)s derived from diamines and hexane bis-
2-carboethoxyhydroxymethylacrylate were synthesized at room temperature by
means of a very efficient Michael addition/cyclization polymerization. These
polymers display excellent adhesion to metal, glass and paper substrates and
interesting hydrolytic susceptibility.
Introduction
Biodegradable polymers have attracted great attention over the past

decade, especially those that are moisture sensitive due to their degradability in
water. Poly(ester amide)s obtained by polycondensation are susceptible to
hydrolytic and biological degradation but retain good mechanical properties and

processing behavior.'* Carothers in 1932 was the first to synthesize poly(ester



217

amide)s from diacids, diols, and diamines.® Since then, a wide variety of such
polymers have been formed.® Among them, special interest presently exists for
poly(ester amide)s made from naturally occurring compounds based on their
potential as biomedical materials. For instance, poly(ester amide)s made from
amino acid’ derivatives and from carbohydrate-based monomers® constitute two
main families under investigation. Biodegradable polymers are currently being
investigated for use in wound closure (sutures); orthopedic fixation devices;
dental, cardiovascular and intestinal applications; and drug delivery systems.*"'
Current biodegradable devices are made of polyesters are either homopolymers
and copolymers of gycolide.'”'* However, poly(ester amide)s that incorporate
glycolic acid units have recently been investigated for use as biodegradable
sutures.”™'® .

We have been exploring an interesting Michael addition/cyclization
reaction sequence involving alkyl 2-carboethoxyhydroxymethylacrylates (Figure
10.1) and primary amines. As described earlier in this dissertation, such alkenes
present an extremely high reactivity to Michael addition with primary amines
providing a simple, mild and efficient route for the preparation of new
polyfunctional 2-pyrrolidinone derivatives (Chapter V)."” It is believed that this
behavior is due to the presence of the secondary hydroxyl group attached to the
a carbon which induces hydrogen bonding that may lead to preorganization of
molecules in the system and activates both the alkene and the saturated ester
carbonyl of the neighboring molecules. This unique combination of intra- and

intermolecular hydrogen bonding activates the alkene for reaction with primary
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amines and leads to the extremely fast cyclization multifunctional heterocycles.
The presence of this hydroxyl group also activates adjacent ester carbonyl
groups, increasing the hydrolytic susceptibility of the ester. These unique
characteristics make alkyl 2-carboethoxyhydroxymethylacrylates interesting
compounds for the design of biodegradable materials obtained by a fast, high
conversion reaction sequence. The presence of the pyrrolidinone unit within the
backbone promotes moisture sensitivity of the final polymer as well as its

adhesion to a wide range of substrates.

O

Figure 10.1. Alkyl 2-carboethoxyhydroxymethylacrylates.

Herein, we report the synthesis of new poly(ester amide)s from hexane
bis-2-carboethoxyhydroxymethylacrylate monomer. Also described is Michael
addition/cyclization polymerization kinetics investigated via real-time NMR
spectroscopy. The final polymer physical properties are also discussed.

Results and Discussion
Synthesis of alkyl 2-carboethoxyhydroxymethylacrylates 1, 2 and 3.
Following the synthetic procedures describes in previous chapters, alkyl 2-carbo-
ethoxyhydroxymethylacrylates were synthesized via the Baylis-Hillmann pathway
from ethyl acrylate and n-butyl acrylate, respectively, as shown in Scheme 10.1.
The difunctional monomer 3 was synthesized following the same reaction
pathway. 1,6-Hexanediol diacrylate was reacted with ethylene glyoxylate in

toluene in the presence of DABCO. Upon reaction completion, the crude product
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was purified by column chromatography to give slightly yellow oil in 65% yield
with 96% purity as determined by NMR spectroscopy (Figure 10.2). The main
impurity is attributed to monosubstitued diacrylate that could not be separated by
column chromatography. The appearance of the two peaks at 128.9 and 138.2
ppm correspond to the carbons of the newly formed double bond, while the
appearance of the unique peak at 71.3 ppm (-CHOH carbon) confirms formation

of the expected product.

Q Ethyl gl lat o
: X
R\O y g yO Y ate R\O O\/
| DABCO S
toluene
25°C
90 minutes
1 R=Me
2 R=n-butyl
o O OH
Ethyl glyoxylate
I O\/\/\/\ @) O~
0 | DABCO S
O toluene 2
25°C
12 hours
3

Scheme 10.1. Synthesis of alkyl 2-carboethoxyhydroxymethylacrylates 1, 2 and

3.
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Figure 10.2. '3C NMR spectrum of hexane bis-2-carboethoxyhydroxymethyl-

acrylate 3 (CDCl,).

Michael addition reaction and polymerization kinetics study. While these
monomers do not undergo free radical copolymerization easily, giving only low
polymer yields and molecular weights, we have demonstrated in previous work
that multifunctional 2-pyrrolidinone derivatives can easily be synthesized by
means of an extremely fast and efficient Michael addition/cyclization reaction
sequence. For example, methyl 2-carboethoxyhydroxymethylacrylate and
aliphatic primary amines react quickly and cleanly attesting to the utility of such
alkenes."” No evidence of the Michael adduct intermediate could be detected
upon analysis of the final product by NMR spectroscopy, confirming efficient
cyclization to the pyrrolidinone.

We were interested in investigating the kinetics of this Michael
addition/cyclization reaction sequence involving two alkyl 2-carboethoxyhydroxy-
methylacrylates, methyl and butyl derivatives (1 and 2), and hexylamine by mean

of real-time NMR spectroscopy in CDCl;. These alkenes show such high
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reactivity upon addition of primary amines that dilution at 10 wt-% of the starting
materials in chloroform-d1 was necessary to obtain '>°C NMR spectra of
intermediates. Figure 10.3 shows spectral changes observed for reaction of the
diethyl ester 1 and hexylamine. On the basis of changes in the characteristic
peaks during Michael reaction, especially those of the protonated carbon of the
acrylate double bond at 128.2 ppm (C,), a-carbon of the adduct at 71.7 ppm (C>),
and ethanol methylene carbon at 58.2 ppm (Cs), the kinetics of formation of the
Michael adduct intermediate and then the heterocyicle could be investigated
(Figure 10.3). The normalized peak evolution profiles for the reaction between
compound 1 and hexylamine are presented in Figure 10.4. It was found that the
Michael addition step is much faster than the formation of the corresponding
heterocycle, allowing evolution profiles for the Michael adduct intermediate

formation and disappearance to be determined.

SIS t r
1 2
R'l'-\-u - O o~ Ri el S \.__‘_’_.f" R' W .F‘J\
0 Tr ;ﬂ; o Ry-NHz 0 CIE EtOH {G3) \{; =)
Ty thtl h ,
Rz )
GA G2 C3

Figure 10.3. Real-time >C NMR monitoring of the Michael addition/cyclization

reaction (R1=CH2CH3, R2=(CH2)5CH3, in CDC|3).
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The heterocycles 1’ and 2’ formed from ethyl a-carboethoxyhydroxy-
methylacrylates 1 and 2, respectively, were isolated by evaporation of the solvent
under reduced pressure. The resulting compounds were found to be a mixture of
two diastereoisomers (A and B) based on data presented in the experimental
section. Two distinct sets of peaks were observed in the ratio 33:67 and 31:69 for

1’ and 2’, respectively.
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Figure 10.4. Real-time 3C NMR profiles of carbon C,, C, and Cj; for the reaction

between ethyl 2-carboethoxyhydroxymethylacrylate 1 and hexylamine.

The same reactions were carried out with other alkenes such as butyl
acrylate, dimethyl itaconate and ethyl a-hydromethylacrylate. Michael addition
reaction and heterocycle formation conversion are reported in Table 10.1. Both

ethyl and butyl a-(carboethoxyhydroxymethyl)acrylate derivatives displayed
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essentially the same reactivity upon reaction with hexylamine and were shown to
be orders of magnitude faster than butyl acrylate and dimethyl itaconate. No
heterocycle formation could be observed in the reaction involving the latter
alkenes. Reaction between ethyl a-hydromethylacrylate and hexylamine showed
higher conversion, perhaps due to some degree of intra- and intermolecular
hydrogen bonding interactions brought about by the allylic hydroxyl of this
compound.

Similar profiles were obtained for the Michael addition/cyclization
polymerization involving hexamethylene diamine and monomer 3. Mono- and bis-
acrylate derivatives showed similar rates of reaction for addition and cyclization
steps (Figure 10.5). This reaction behavior led to the formation of poly(ester
amide) A as shown in Figure 10.5. That is, with careful control of stochiometry,
good conversions to the Michael adduct was followed by rapid cyclization to the

pyrrolidinone polymer shown.
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Figure 10.5. Real-time "*C NMR profiles of carbon C4, C, and Cs for the reaction

between 3 and hexylamine (left) and comparison of profiles for 2 and 3 (right).
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Table 10.1. Michael addition/cyclization reaction characteristics.

Michael addition  cyclization
conversion after  conversion

entry alkene amine 2 hours after 2 hours
(%)(a) (%)(a)
O
1 /\/\OJ\I‘ hexylamine 8 -
O
2 \OJ\’(\”/O\ hexylamine 12 (b)
O
O
3 /\O)H(\OH hexylamine 54 -
O OH
4 /\O)]\")\’(O\/ hexylamine 100 98
O
O OH
5 /\\/\O/“\"/K”/O\/ hexylamine 100 97
O
7 h thyl
o examethylene
6 0 ~ Diamine 100 98

0 | 2

(a) — Determined from analysis of "H NMR spectrum after 2 hours.
(b) — No heterocycle formation could be noticed.

Polymer characterization. Poly(ester amide)s were formed following the
synthetic route presented in Scheme 10.2 using two diamines, HMDA and EDA.
Polymerizations were carried out in chloroform at room temperature for 24 hours

to ensure high monomer conversion. Upon removal of the solvent under reduced
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pressure, the resulting polymers were collected. Dissolution in organic solvent
was attempted, but the materials remained insoluble in all organic solvents tried.
It is believed that some degree of crosslinking arises perhaps due to competing
intermolecular transamidation. Dynamic scanning calorimetry experiments did
not reveal any transition which comfirms the fact that these materials possess
some degree of crosslinking (Table 10.2). Thermal gravimetry analysis
experiments allowed determining the onset of thermal degradation for the two
polymers synthesized and both polymers degrading at approximately 280 °C.
The polymers collected were highly hygroscopic and swelled in water and
methanol but did not disolved. Figures 10.6 and 10.7 show CP/MAS spectra for
the resulting polymers A and B obtained by Michael addition/cyclization
polymerization. In Figure 10.7, the ">C NMR spectra of polymer A and buty! 1-
hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate 2’ are superposed to show peaks
similarities between the two materials. This comparison allowed assigning the

polymer carbon peaks.

A: HDA Q OH
0 OH B: EDA 0
2 25°C o) X
24 hours HO O n
3 A x=3

B x=1

Scheme 10.2. Synthesis of poly(ester amide)s A and B.
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Figure 10.6. >°C NMR spectra of butyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-
carboxylate 2’ (top, CDCls) and poly(ester amide) A (bottom, solid state

CP/MAS).
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Figure 10.7. ">*C NMR spectrum of poly(ester amide) B (solid state CP/MAS).

Coatings were formed by deposition of polymer synthesized in chloroform
on different substrates (glass, steel and paper) using slow evaporation of the
solvent overnight. The resulting films displayed excellent adhesion to all
substrates as indicated by attempts to physically remove the corresponding films
from their substrates. Quantitative characterization of the adhesion is current
being investigated. This remarkable adhesion may be attributed to the
combination of pendant alcohol and backbone pyrrolidinone that together can
promote specific interactions with such substrates. For example, hydrogen
bonding with glass and paper can involve OH groups on polymer and substrate
interactions, or surface hydroxyls bonding to ester and pyrrolidinone carbonyls.
On metal, a similar combination of interactions may involve metal-carbonyl
bonding and metal oxide hydrogen bonding with polymer alcohol groups.

Preliminary study showed that these materials are highly susceptible to

hydrolysis in mild conditions (pH=8). This behavior is currently under
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Figure 10.8. >°C NMR spectrum of monomer 4 (CDCls).
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Scheme 10.3. Synthesis of poly(ester amide) C.
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Figure 10.9. "H NMR spectrum of poly(ester amide) C (CHCls).

No peak was detected in the vinyl region, suggesting high monomer
conversion and high efficiency of the polymerization process in such mild
conditions. Such hydrophilic polymer presents high potential in a wide range of
bio-medical applications such as bio-adhesives, bio-coatings and biodegradable
polymers.

Conclusions

Kinetics studies were carried out of the Michael addition/cyclization
reaction sequence involving known and new alkyl 2-carboethoxyhydroxymethyl-
acrylates and primary amines using real-time NMR spectroscopy. This allowed

determination the conversion profiles of the Michael adduct intermediate. It was
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shown that these alkenes are rapidly consumed at a much higher rate than the
formation of the corresponding heterocycles in the second step. Alkyl 2-
carboethoxyhydroxymethylacrylates were shown to be orders of magnitude more
reactive than commercially available dimethyl itaconate and butyl acrylate. We
hypothesize that hydrogen bonding involving the allylic alcohol promotes both the
initial amine attack and the subsequent cyclization to pyrrolidinone.

Based on this sequence of reactions, new biodegradable poly(ester
amide)s that incorporate 2-pyrrolidinone in their backbone were synthesized
efficiently via an ultra-fast, clean and mild Michael addition/cyclization
polymerization route. The intra- and intermolecular interactions responsible for
the high reactivity of the starting alkene monomers may also be responsible for
the high hydrolytic susceptibility of the final polymer. The multifunctionality of the
pyrrolidinone groups confers excellent adhesion of the polymer to glass, paper
and metal substrates. This new polymerization route opens up new perspectives
in the formation of biodegradable polymers with enhanced hydrolytic
susceptibility and adhesion to specific substrates such as glass, paper, metals
and biological tissue.

Experimental
Materials. Ethyl glyoxylate, 50% in toluene, was purchased from Alfa Aesar and
used as received. 4-Diaza[2.2.2]bicyclooctane (DABCO), 1,6-hexanediol
diacrylate (HDDA), poly(ethylene glycol) diacrylate (PEGDA), n-butyl acrylate,
ethyl acrylate and dimethy! itaconate were purchased from Aldrich Chemical

Company and used without further purification. Hexylamine (HA), hexamethylene
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diamine (HMDA), ethylene diamine (EDA), and L-lysine dihydrochloride were
purchased from Aldrich Chemical Company and used as received. All solvents
were purchased from Acros Chemical Company, Fisher, or Aldrich Chemical
Company. Ethyl a-hydromethylacrylate was synthesized according to previously
reported procedure.®

Analyses. Monomer characterization. Solution 'H and "*C NMR spectra of the
monomers were collected at room temperature with TMS as an internal reference
on a Varian 300 MHz spectrometer at a "°C frequency of 75.47 MHz. FT-IR
spectra were obtained using a Mattson Galaxy series 5000 FTIR spectrometer.
Polymer characterization. Solid state NMR experiments were performed on a
Varian 400 MHz spectrometer operating at a ">C frequency of 100.62 MHz and
equipped with a double-resonance H/X CP-MAS 4-mm probe for CP/MAS
experiments. The MAS rate was fixed at 10 kHz, and each experiment was
recorded at ambient temperature (294 + 1 K). Thermal gravimetry analysis (TGA)
experiments were performed on a TA 2960, controlled by a Thermal Analyst
2100. The temperature was ramped at a heating rate of 10 °C/min, under
nitrogen atmosphere, to a temperature well above the degradation temperature
(600 °C). Dynamic scanning calorimetry (DSC) experiments were performed on a
TA Instrument 2920, controlled by a Thermal Analyst 2100. All scans were taken
at a heating rate of 10 °C/min under nitrogen atmosphere, to a maximum of 220
°C then cooled to room temperature and rescanned at the same heating rate.

In Situ Monitoring of Michael Addition Reaction and Polymerization. Michael

addition reactions involving alkyl 2-carboethoxyhydroxymethylacrylates 1 and 2,



233

and an equimolar amount of hexylamine were monitored via real-time NMR
spectroscopy in deuteriochloroform using a Varian Inova 500 MHz spectrometer.
The monomer concentration was approximately 10 wt-% and the reaction was
carried out at room temperature. '*C NMR spectra were recorded every 2
minutes (32 scans/spectrum). Similar conditions and equipment were used in
monitoring Michael addition polymerization involving diacrylate 3 and
hexamethylene diamine.

Preparation of alkyl 2-carboethoxyhydroxymethylacrylates 1 and 2. The
corresponding alkyl 2-carboethoxyhydroxymethylacrylate derivatives were
synthesized according to previously reported literature procedure."’ Ethyl
glyoxylate, 50 wt-% in toluene (20.39 g, 199.7 mmol), DABCO (3.64 g, 32.4
mmol) and the corresponding acrylate (199.7 mmol) were added to a 250 ml
round-bottom flask. The mixture was stirred at room temperature for 2 hours. The
crude solution was then concentrated under reduced pressure. The resulting
mixture was washed with 3 aliquots of saturated sodium chloride solution
followed by 3 aliquots of deionized water. The organic phase was then dried over
a bed of sodium sulfate and vacuum distillation of the residue gave the
corresponding compounds 1-4 which showed the following data:

Ethyl 2-carboethoxyhydroxymethylacrylate 1. Clear liquid; bp 140-142°C (20 mm
Hg); 67% vield (isolated yield after distillation); "H NMR (300 MHz, CDCls) 5 1.26
(t, 3H, -CHs), 1.30 (t, 3H, -CH3), 3.64 (s, H, -OH), 4.23 (t, 2H, -CH,CHs3), 4.25 (,
2H, -CH,CHs), 4.87 (s, H, -CHOH), 5.94 and 6.37 (s,2H, -CH»=C); *C NMR

(CDCls) 3 14.05 (-CH3), 14.11 (-CHs3), 61.17 (-CH2CH3), 62.19 (-CH,CHs), 71.26
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(-CHOH), 128.77 (CH2=C), 138.32 (C=CHy,), 165.21 and 172.39 (C=0). FT-IR
(neat, cm™') 3516, 2998, 1737, 1643, 1446, 1098, 823. Anal. Calcd for
CyH1405°0.25*H,0: C, 52.30; H, 7.02.Found: C, 52.01; H, 6.88.

n-Butyl 2-carboethoxyhydroxymethylacrylate 2. Clear liquid; bp 153-155°C (20
mm Hg); 37% yield (isolated yield after distillation); '"H NMR (300 MHz, CDCls) &
0.94 (t, 3H, -CHs), 1.27 (t, 3H, -CHs), 1.42 (m, 2H, -CH,CHj3), 1.66 (m, 2H, -
CH>CH,CHg3), 3.59 (s, H, -OH), 4.19 (t, 2H, -CH,CHj3), 4.23 ((t, 2H, -
CH,CH,CH>CHs), 4.86 (s, H, -CHOH), 5.93 and 6.37 (s,2H, CH,=C); *C NMR
(CDCl3) 8 13.69 (-CHs3), 14.06 (-CHs), 19.15 (-CH2CHj3), 30.56 (-CH2CH2CHs),
62.22 (-CH,CHgs), 65.04 (-CH,CH3), 71.27 (-CHOH), 128.82 (CH,=C), 138.28
(C=CH,), 165.28 and 172.39 (C=0). FT-IR (neat, cm™) 3516, 2998, 1737, 1643,
1446, 1098, 823. Anal. Calcd for C11H105-0.5*H,0: C, 54.21; H, 8.01. Found: C,
53.84; H, 7.39.

Preparation of multifunctional pyrrolidinones derivatives 1’ and 2’. General
Procedure. The corresponding alkyl 2-carboethoxyhydroxymethylacrylate (53.14
mmol) was added to a 50 ml tube equipped with an argon gas inlet. The reaction
tube was then purged with argon for 30 minutes and sealed with a rubber
septum. Hexylamine was then added dropwise and in slight excess (5.48 g,
54.21 mmol) and the resulting solution was allowed stirring for 24 hours at room
temperature. Upon reaction completion as monitored by "H NMR, the solvent
was removed under reduced pressure. The crude products were purified by
distilling off the excess of amine. The resulting compounds 1’ and 2’ show the

following data:
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Ethyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate (1’). Brown oil; c.a. 99%;
d.r. 33:67; "H NMR (300 MHz, CDCls) 8 0.88a.p) (t, 3H, -CH3), 1.28(a:s) (M, 2H, -
CHy), 1.52(a+g) (M, 2H, -CH>CH:2N), 4.29(5) and 4.22g) (9, 2H, - CH3), 4.56(, and
4.58g) (d, H, -CHOH); "*C NMR (CDCls) 8 14.17 a+g) (-CH3), 22.49a:5) (-
CH,CH3), 26.38(4) and 26.87 g, (-CH>CH>CHj3), 31.41(4) and 31.44g) (-CH,CHs),
42.97 5 and 43.06(g) (-CH2N), 43.06(») and 45.70() (-CHCH:2N), 46.22(4 and
46.31@) (-CH2N), 61.53(a+g) ((OCHs), 70.53(x) and 72.43 ) (-CHOH), 170.27
and 171.76(g) (C=0), 172.76(4 and 173.09) (NC=0). FT-IR (neat, cm™") 3363,
2958, 2935, 2866, 1741, 1695, 1278, 740. Anal. Calcd for C13H23NO4: C, 60.68;
H, 9.01; N, 5.44. Found: C, 60.49; H, 8.88; N, 5.49.

Butyl 1-hexyl-4-hydroxy-5-oxopyrrolidine-3-carboxylate (2’). Brown oil; c.a. 97%;
d.r. 31:69; "H NMR (300 MHz, CDCls) 50.884) (t, 3H, -CH3), 0.94, (t, 3H, -CH3),
1.28(a+g) (M, 2H, -CH>), 1.40(a+g) (M, 2H, -CH2CHa), 1.51(a+g) (M, 2H, -
CH>CH,CH3), 1.52(a+g) (M, 2H, -CH2CH2N), 4.17 a+g) (9, 2H, -OCHy), 4.55(») and
4.58) (d, H, -CHOH); "*C NMR (CDCls) & 14.16(a+g) (-CHs), 22.50(a+) (-
CH>CH3), 26.39(4) and 26.93g) (-CH2CH2CHs), 31.42(4) and 31.45) (-CH2CHs),
42.97 5 and 43.06s) (-CH2N), 43.18(4) and 45.72) (-CHCH:2N), 46.244) and
46.33(g) (-CH2N), 65.03(4) and 65.37 ) (-OCHz), 70.52(4) and 72.43g) (-CHOH),
170.34(5) and 171.82() (C=0), 172.79(») and 173.13@) (NC=0). FT-IR (neat, cm’
') 3357, 2958, 2875, 1739, 1693, 746. Anal. Calcd for C1sH27NO4: C, 63.13; H,
9.54; N, 4.91. Found: C, 62.97; H, 9.42; N, 4.94.

Preparation of hexane bis-2-carboethoxyhydroxymethylacrylate 3. Ethyl

glyoxylate, 50 wt-% in toluene (20.39 g, 199.7 mmol), DABCO (3.64 g, 32.4
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mmol) and 1,6-hexanediol diacrylate (technical grade, 80%, 28.24 g, 199.7
mmol) were added to a 250 ml round-bottom flask. The mixture was stirred at
room temperature for two hours. The crude solution was then concentrated under
reduced pressure. The resulting mixture was washed with three aliquots of brine
solution followed by three aliquots of deionized water. The organic phase was
then dried over a bed of sodium sulfate and column chromatography (10:1
hexane/ethyl acetate) gave the corresponding product as clear oil in c.a. 47%
isolated yield.

'H NMR (300 MHz, CDCl5) 8 1.26 (t, 3H, -CHs), 1.30 (t, 3H, -CH3), 3.64 (s, H, -
OH), 4.23 (t, 2H, -CH2CH3), 4.25 (t, 2H, -CH2CHj3), 4.87 (s, H, -CHOH), 5.94 and
6.37 (s,2H, -CH,=C); *C NMR (CDCl3) 8 14.05 (-CHs), 61.17 (-CH,CH3), 62.19
(-CH2CH3), 71.26 (-CHOH), 128.77 (CH»=C), 138.32 (C=CH>), 165.21 and
172.39 (C=0). FT-IR (cm™, NaCl) 3516, 2998, 1737, 1643, 1446, 1098, 823.
Preparation of PEG bis-2-carboethoxyhydroxymethylacrylate 4. Ethyl
glyoxylate, 50 wt-% in toluene (2 g, 19.6 mmol), DABCO (3.64 g, 32.4 mmol) and
PEGDA (11.2 g, 19.6 mmol) were added to a 50 ml round-bottom flask. The
mixture was stirred at room temperature for three days. The crude solution was
then treated with hydrochloric acid to remove the catalyst. The white precipitate
was then filtered off. The solvent was removed under reduced pressure to give
the corresponding product as yellow aoil in c.a. 87%.

'H NMR (300 MHz, CDCl3) 81.26 (t, 3H, -CHa), 1.30 (t, 3H, -CH3), 3.65 (s, 44H, -
CH»0), 4.23 (t, 2H, -CH,CH3), 4.25 (t, 2H, -CH,CHj3), 4.87 (s, H, -CHOH), 5.94

and 6.37 (s,2H, -CH,=C); "*C NMR (CDCls) d 14.11 (-CH3), 61.17 (-CH,CH),
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62.19 (-CH,CHg), 69.62 (-CH20), 71.28 (-CHOH), 128.77 (CH,=C), 138.36
(C=CHy), 165.23 and 172.40 (C=0).

Preparation of Michael adduct polymers A and B. In a typical polymerization
procedure, the corresponding diamine (11.61 mmol) was added to hexane bis-2-
carboethoxyhydroxymethylacrylate 3 (0.5 g, 11.61 mmol) in 5 ml of chloroform.
The polymerization was carried out at room temperature and monitored by "H
NMR. Upon reaction completion, the solution was precipitated in diethyl ether
under vigorous stirring. The polymer was collected and dried under reduced

pressure for two days.
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