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Abstract

The methodology of conventional free radical polymerization was employed
throughout our research to study polymerization behavior in three RTILs (room
temperature  ionic  liquids):  1-butyl-3-methylimidazolium  hexafluoroposphate
([BMIM]PF), (tetrabutylammonium dioctyl) sulfosuccinate (Terrasail) and (1-isopropyl-
3-methylimidazolium) methanesulfonate (Marisail).

Sequential addition free radical polymerization in RTILs emerged as a new route to
obtain polystyrene - poly(methyl methacrylate) block copolymers. We applied the same
strategy to the block copolymerization of other two systems: the monomer pair of
styrene-vinyl acetate in Terrasail, and the monomer pair of styrene-acrylic acid in
[BMIM]PFs. While styrene-vinyl acetate block copolymers with a composition of 50%
(VAc mol%) were obtained, the polymerization of styrene-acrylic acid only yielded
polymers with mainly styrene units. Therefore, sequential addition free radical
polymerization in RTILs is not effective on all polymerization systems (eg. Styrene-
acrylic acid/[BMIM]PF).

Our study on free radical homopolymerization of 2-hydroxyethyl methacrylate
(HEMA) in RTILs showed that the positive effects of employing RTILs as reaction
medium could be extended from polymerization of alkyl methacrylates to that of
functional methacrylates. All of the reactions exhibited very high polymerization rates,
and the resulting products possessed higher molecular weight than those polymers
obtained using methanol as solvent.

Copolymerizations of the monomer pairs styrene/vinyl acetate, styrene/acrylic acid,

styrene/HEMA (2-hydroxyethyl methacrylate) were carried out in RTILs via
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conventional free radical polymerization. However, our results failed to show any
dramatic effects of RTILs on the free radical copolymerization, although RTILs are
believed to be able to enhance the rates of propagation while depressing the rates of

termination in homopolymerizations.
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1 Introduction

1.1 General Introduction to Room Temperature lonic Liquids

Room temperature ionic liquids have become promising candidates to replace
traditional molecular solvents in both the chemical industry and in academia because of
their ease of handling, low vapor pressure, and the potential for recycling.

Room temperature ionic liquids are also called molten salts and are liquids containing
only cations and anions at ambient temperature. Since the first report of a room
temperature ionic liquid (RTIL), [EtNH3][NOs] in 1914[1], a great deal of research effort
has been exerted to exploit the possible applications of RTILs. Their weakly coordinating
anions, e.g. BF4 and PFs make them highly polar yet non-coordinating solvents. Their
hydrophilicity/lipophilicity is adjustable by varying the combination of cations and
anions, and thus RTILs are also referred to as “designer solvents”. They exhibit a
relatively wide electronchemical window, good electronic and ionic conductivity, a broad
range of room temperature liquid compositions and excellent chemical, thermal, air and
moisture stability[2-8].

Recently, the lack of volatility in room temperature ionic liquids, a unique property
that has been assumed to be common to all ionic liquids that do not undergo thermal
decomposition, is being challenged. Earle[9] and colleagues discovered that certain
ionic-liquid structures known for their very high thermal stability, in particular
bis{ (trifluoromethyl)sulphonyl }amide salts, can be evaporated and re-condensed under
relatively mild conditions. This discovery facilitates application of ionic liquids in some

fields such as gas-phase processes.



One blooming application of RTILs is as the reaction medium in organometallic
catalysis, due to the fact that most RTILs have limited miscibility with some common
organic solvents but high compatibility with transition metals. Therefore, a so-called
liquid-liquid biphasic catalysis (“biphasic catalysis”) concept could be applied to
RTIL/organic solvent biphasic systems, in which a homogeneous catalyst is immobilized
in the RTIL phase while the reactants and/or products reside largely in the organic
solvent phase[10]. These biphasic systems combine the advantages of both homogeneous
(greater catalyst efficiency and mild reaction conditions) and heterogeneous (ease of
catalyst recycling and separation of the products) catalysis, and thus various common
organic reactions employing organometallic catalyst have been tried in different ionic
liquids as alternative reaction media including hydrogenations[11], dimerizations and
telomerizations[12, 13], hydroformylation[14], alkoxy carbonylation[15], alcohol
oxidations[16], Heck coupling reactions[17], Suzuki couplings[18-20], Sonogashira
couplings[21, 22], Stille couplings[23], Ullmann couplings[24], alkylations[25], ring-
closing olefin methathesis reactions[26, 27], Diels-Alder reactions[28], Friedel-Crafts

reactions[29], and nucleophilic substitutions[30].

1.2 Application of lonic Liquids in Polymer Systems

1.2.1 Polymerization in Ionic Liquids

As described above, although ionic liquids have been already widely investigated in
synthesis of low molecular organic compounds, their use in polymer synthesis is still in
its infancy. One of the earliest examples of polymerization in RTILs was reported in

1990[31]. Carlin and coworkers carried out Ziegler-Natta polymerization of ethylene
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using TiCly/AlEthylCl, catalysts in a Lewis acidic ionic liquid: AlCls-1-ethyl-3-
methylimidazolium Chloride [EMIM]CI. Although the yield of polyethylene (PE) was
low, the TiCly catalyst precursor was still able to promote polymerization with a catalytic
activity up to 0.023 g of ethylene min™' due to the acidic nature of EMIM]CL. Later, the
same group[32] reported that high yields of PE could be achieved in a similar RTIL
system by replacing TiCly with Cp,MCl, (Cyclopentadienyl dichloride complexes of M;
M=Ti, Zr, and Hf). Nevertheless, these works have opened a new route to synthesize
polymers using RTILs as alternative reaction media. At the very beginning, the use of
ionic liquids was mainly as convenient electrolytes[33], however Carlin and
Osteryoung([34] produced a new electroactive material by electrochemical oxidation of
triphenylsilyl chloride (Ph3;SiCl) in the acidic ionic liquid (AICls-[EMIM]Cl). The
obtained film was self-standing, flexible, and exhibited high ionic conductivity as well as
rubbery gel electrolyte properties. However, most of the RTILs employed in the above
works are the 1% generation ionic liquids, which are chloroaluminate based ionic liquids
and have quite high moisture sensitivity and the decomposition product of hydrolysis,
HCI, is highly corrosive. Not much polymerization work was done in these moisture-
sensitive ionic liquids although there are certain advantages of polymerization in RTILs
compared to traditional solvents, until the introduction of pnd generation of air, moisture
and thermally stable neutral ionic liquids, composed of dialkylimidazolium cations and
PF¢ or BP, anions.
1.2.2 Free Radical Polymerization

Free radical polymerization involves long chain free radicals as propagating species,

usually initiated by the attack of free radicals derived by thermal or photo-chemical
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decomposition of initiators. Polymerization proceeds by the chain reaction addition of
free radical chain ends to double bonds of monomer molecules. Finally two propagating
species (growing free radicals) combine or disproportionate to terminate the chain
growth. Because of its versatility, synthetic ease, compatibility with a wide variety of
functional groups, and its tolerance to water and protic media, free radical polymerization
has been widely used in industry and in academia for the synthesis of various polymeric
materials. However, typical free radical polymerization has a significant drawback, in
that these polymerizations proceed with accompanying chain-breaking reactions due to
the radical character of propagating centers. Bimolecular termination and chain transfer
are ever present in radical chain polymerization and limit the lifetime of the propagating
radicals. The polymers obtained are therefore polydisperse with very limited control over
macromolecular weight and architecture. In “living polymerization” techniques, in which
the termination is greatly diminished, much of the academic and industrial research of
earlier years has focused on anionic, cationic, coordination, and ring-opening
polymerizations. Although these methods can generate polymers with low polydispersity,
controlled molecular weight, and defined chain ends and architecture, they are not
suitable for the polymerization and copolymerization of a wide range of functionalized
vinylic monomers. Take anionic and cationic techniques for example. The
incompatibility of the growing polymer chain end (carbanion or carbocation) with
numerous functional groups and certain monomer families limits their use in both
industry and academia. Furthermore, the moisture and oxygen sensitive nature of the
propagating species, stringent reaction conditions, including the use of ultrapure reagents

and the need for rigorous exclusion of water and oxygen, prevents the widespread use of
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these techniques. This limitation inspired the search for new polymerization concepts and
thus the discovery and development of living free radical polymerization. The
development of controlled/living radical polymerization (CRP) methods has been a long-
standing goal in polymer chemistry, as a radical process is more tolerant than ionic
polymerizations of functional groups and impurities and is thus the leading industrial
method to produce polymers. All of the newly emerged CPR methods are based on
establishing a rapid dynamic equilibrium between the growing free radicals and dormant
species. The dormant chains may be alkyl halides, as in atom transfer radical
polymerization (ATRP) or degenerative transfer (DT), thioesters, as in reversible addition
fragmentation chain transfer processes (RAFT), alkoxyamines, as in nitroxide mediated
polymerization (NMP) or stable free radical polymerization (SFRP), and potentially even
organometallic species.[35] Specifically, the general mechanism of these processes is the
reversible termination of the growing polymeric chain with the mediating radical to
reduce the overall concentration of the propagating radical chain ends. In the absence of
the other reactions leading to initiation of new polymer chains (i.e., no reaction of the
mediating radical with the vinylic monomer), the concentration of reactive chain ends is
extremely low, minimizing irreversible termination reactions, such as combination or
disproportionation. All chains would be initiated only from the desired initiating species
and growth should occur in a living fashion, allowing a high degree of control over the
entire polymerization process with well-defined polymers being obtained.[36, 37]
Solution polymerization is currently widely used in industry due to the fact that
during polymerization of a monomer in a solvent, the solvent acts as diluent and aids in

the transfer of the heat of polymerization. However, this approach has limitations as the
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rate of reaction is decreased, and as volatile organic compounds (VOCs) are emitted into
the environment[38]. With the introduction of ond generation of air, moisture and
thermally stable neutral ionic liquids, polymer chemists realized that RTILs could be
promising reaction media for polymerizations. Despite the fact that these ionic liquids are
assumed to be potential solvents for ionic polymerization due to their highly polar nature,
the first report of polymerization in the new non-hydroscopic ionic liquids was based on a
free radical polymerization process — atom transfer radical polymerization (ATRP).
Carmichael et al.[39] reported in 2000 that the reactions progressed in a manner
consistent with a living polymerization over a wide range of reaction temperatures using
ethyl-2-bromoisobutyrate initiator and CuBr/N-propyl-2-pyridylmethanimine as the
catalyst pair in 50/50 (V/V) MMA/[BMIM]PF; system. First-order kinetic behavior and
evolution of number-average molecular weight (M,) with time were observed. Faster
polymerization rates were observed as compared to those in common solvents while the
polydispersities were narrow: 1.30~1.43. The final product was separated from solution
(PMMA and catalyst are miscible with [BMIM]PF¢) by extraction with toluene, while
copper catalyst remained in the ionic liquid phase, which facilitated the catalyst re-use by
adding fresh monomer and also excluded the need for post purification procedure by
passing the solution through purification columns to remove the toxic copper salt.
Although the mechanisms have not been fully understood, two features of ionic
liquids, high polarity and high viscosity, are considered to be the causes of the higher
polymerization rates than those in common solvents. Carmichael et al. attributed the
polymerization behavior they observed to the increased polarity of ionic liquids because a

similar increase in the rate has been observed with other polar/coordinating solvents,
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while Hong et al.[40] discussed the viscosity feature. Their work [40] showed large
increases in both the rate of polymerization and the molecular weights that were obtained
in the polymerization of methyl methacrylate (MMA) in [BMIM]PFs as compared to
those in conventional organic solvents. They believed these dramatic increases were at
least in part because of the high viscosity of the polymerization media, and thus proposed
a “diffusion-controlled termination” mechanism to explain the diminished chain
terminations in viscous system. Harrison et al.[41, 42] measured the rate constant of the
propagation (kp) by using a pulsed laser polymerization (PLP) technique to polymerize
MMA in [BMIM]PFs, which is the IUPAC-recommended standard procedure. They
found that both an increase of k, and decrease of k; contribute to a roughly 10-fold
increase of over-all rate of polymerization, which were significantly affected by
[BMIM]PFs. They attributed the increase of the propagation rate to the increased polarity
of the ionic liquid solution, which lowers the activation energy of propagation through
charge-transfer interactions. On the other hand, the termination rate is decreased simply
because of the increased viscosity of the polymerization medium. Attempts to correlate
viscosity of RTILs with polymerization data have also been made. Strehmel et al.[43]
found that the higher the viscosity, the higher yields and molecular weights of the
polymers while Zhang et al.[44] reported that physical data with polymerization
behaviors in RTILs revealed that no obvious trend existed between polarity or viscosity
of RTILs and polymerization rate or molecular weight of the formed polymer. The
discrepancy may arise from two factors. Firstly, Zhang tried to keep monomer
conversions low enough to avoid the Trommsdorff effect while Strehmel carried their

polymerizations to high conversions, where the Trommsdorff effect impacts
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polymerization because the high viscosity will affect polymerization behavior in this
regime. Secondly, the RTILs employed in Stremel’s case are actually composed of
cations and anions of similar structures except for the variation in the alkyl length and
positions on the cation, while either cations or anions are structurally different in Zhang’s
case. Thus, Zhang stated that it was still too early to make a conclusion that polarity or
viscosity has no apparent effect on the MMA in RTILs. The polarity of molecular
solvents is complex, involving many interactions including: H-bonding, p-interaction or
van der Waals forces. In RTILs, polarity is more complicated since both cations and
anions may have their own distinct interactions. In addition, the polymers synthesized in
RTILs have similar glass transition temperatures and local microstructures as those
obtained in benzene or bulk, as analyzed by thermoanalysis techniques and *C-NMR
spectroscopy[45, 46].

Recently, Strehmel et al.[43] extended their research to free radical polymerization of
n-butyl methacrylate initiated by AIBN into a wider range of ionic liquids, which were
based on imidazolium, pyridinium, and alkylammonium salts. The reactions were carried
out under nitrogen atmosphere at 70°C for as long as 24 hrs. They observed a widespread
phenomenon for ionic liquids of different cation and anion structure. That is, the use of
ionic liquids results in higher molar masses of the polymers, which can exceed even the
molar masses obtained by bulk polymerization notably, and consequently, the increased
glass transition temperature of the polymers together with a reduction in their thermal
degradation in comparison with the polymer made by solution polymerization in toluene.
They also discovered that imidazolium based ionic liquids were preferable over n-alkyl-

4- methylpyridinium and aliphatic ammonium salts because of higher degree of
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polymerization of the poly(butyl methacrylate)s obtained in the imidazolium salts.
Though polymerization in ionic liquids was initially considered as “green chemistry” due
to the presumed nonvolatile natural of RTILs, before long chemists realized the necessity
of using volatile organic compounds (VOCs) during the recovery of final products from
RTILs. Thus, in order to make the process more environmentally friendly, Guerrero-
Sanchez et al.[38] studied ionic liquids as solvents in water-soluble systems. The
principles involved taking advantage of the miscibility of some RTILs with water and the
insolubility of several important commercial polymers in this natural solvent, as an
alternative for the separation process. Among the advantages of this alternative approach
are: the saving of resources (since RTILs can be reused and the polymerization reactions
can be performed at lower temperature than normally required) and the minimum
emission of VOCs into the environment. Methyl methacrylate (MMA), butyl
methacrylate (BMA) and styrene (St) were polymerized in two RTILs, 1-butyl-3-methyl-
imidazolium tetrafluoroborate ((BMIM]BF,) and 1-ethyl-3-methyl-imidazolium tosylate
((EMIM]TOS), using 2,2’-azobisisobutyronitrile (AIBN) as initiator. Preliminary results
showed MMA and BMA conversions reached over 80% in less than an hour, and thus
demonstrated the feasibility to use water soluble RTILs efficiently as reaction media. In
addition, a concept of continuous industrial production of PMMA with the use of water
soluble RTILs was proposed.

Besides commonly used thermal decomposition initiation, other initiation methods
such as radiation initiation have been tried in RTILs. Liu[47, 48] carried out
polymerization of St;, MMA and butyl methacrylate (BMA) in a RTIL

[MesNC,H,OH][ZnCl;]” and its mixture with THF initiated by Co gamma radiation.
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Their work suggested that radiation polymerization in ionic liquids followed a radical
propagating process. Free radical copolymerizations in ionic liquids were reported as
well.[49, 50]

As discussed above, atom transfer radical polymerization has attracted great interest
in the field of polymer synthesis. However, a potential limitation to commercialization of
this technology is that relatively high levels of catalyst and ligand are often required in
order to obtain an acceptable reaction rate[51, 52]. Thereafter, the removal and the
recycling of catalytic materials are necessary. To overcome this problem, it is expected
that using ionic liquids as polymerization solvents will make the removal and the
recycling of the catalytic materials easier because of their good dissolving power for
transition metals. Biedron et al.[53] described a now-called “biphasic” ATRP in
[BMIM]PFs. Depending on the solubilities of alkyl-substituted acrylates (methyl, butyl,
hexyl or dodecyl) in the RTILs, polymerization may proceed either homogeneously or
heterogeneously. A heterogeneous system was formed for the alkyl acrylate, which is not
completely soluble in the RTILs, and thus formed an upper monomer phase while
CuBr/pentamethyldiethylenetriamine (PMDETA) catalyst remained in the lower RTIL
phase. Methyl acrylate (MA) and poly(methyl acrylate) (PMA) are miscible with
[BMIM]PFs and form a homogeneous polymerization system, therefore, all reactions
proceed in one phase. For other acrylates, the growing macromolecular chains react with
the monomer at the interface but reside predominantly in the monomer phase. Ding[54]
reported an ionic liquid catalyst, synthesized by anchoring CuBr/N,N,N",N"-
tetracthyldiethylenetriamine (TEDETA) on an imidazolium-based ionic liquid (BITT),
for biphasic ATRP of MMA. The required ionic liquid was only 5 wt% of the organic
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solvent. The polymerization was well controlled, producing polymers with high initiator
efficiency and low polydispersity (approximately 1.2-1.4). The liquid catalyst could be
easily isolated from the polymer solution and the recycled catalyst retained high activity.

Sarbu et al.[55] successfully carried out ATRP in a range of 1-butyl-3-
methylimidazolium ionic liquids by using different catalyst systems (iron or copper
halide). They found that in iron-mediated ATRP, no additional ligand was required to
achieve a controlled polymerization of MMA, although both of reaction and initiation
rates were low. On the contrary, maintaining controlled polymerization natural without
using organic ligands can only be achieved in a phosphonate ionic liquid for copper
mediated ATRP of MMA, while a ligand was required in ionic liquids with halide or
carbonate anions.

Biedron[53] conducted ATRP of methyl acrylate and ethyl acrylate in a chiral ionic
liquid containing a center of chirality in a cationic fragment: ethyl L-lactate tosylate.
However, their results showed that the chiral natural of this ionic liquid had no significant
effect on the stereochemistry of polymer chain propagation.

Generally, ATRP in ionic liquids proceeds with low initiation efficiency. This has
been attributed to the high concentration of the catalyst in the RTIL phase, into which the
small initiators can easily diffuse and thus generate high concentration of free radicals.
The free radicals can easily undergo irreversible termination and cause the low initiation
efficiency. However, this situation can be improved by employing macroinitiators, which
have low diffusion coefficient to the RTIL phase. In addition, the catalyst can be
regenerated after removal of polymer and unreacted monomer.

Reversible atom transfer radical polymerization of MMA in [BMIM]PFg,
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[BMIM]BF, and [DMIM]BF, (1-dodecyl-3-methylimidazolium tetrafluoroborate) have
been reported[56, 57]. In [BMIM]PFg, the (AIBN)/CuCly/2,2’-bipyridine initiation
system was introduced, and the reaction proceeded in a homogeneous way. Due to a cage
effect with ionic liquid molecules, the termination of the primary radicals through
decomposition of AIBN might occur before they can initiate polymerization, which
accounts for the low initiation efficiency of AIBN. Due to the good solubility of Cu
catalyst in the ionic liquid, less catalyst is needed to effectively mediate the
polymerization process in ionic liquids that in other ATRPs. The ionic liquids and
catalyst can be recovered and reused.

Nitroxide-mediated radical polymerization has been tried in ionic liquids as well.
Zhang et al.[58] employed both a bimolecular initiator system (benzoyl peroxide (BPO) +
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)) and a universal initiator system (2,2,5-
trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane (TMPPAH)) for the attempted
nitroxide-mediated polymerization of MMA and St in an ionic liquid: 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM]PFs). However, because of the low
rates of the mediating radical and slow degradation of free TEMPO at the elevated
temperatures in the presence of [BMIM]PFs the polymerizations were not
living/controlled for either monomers. Ryan et al.[59] achieved a controlled/living
polymerization of MA in 50% V/V of [HMIM]PFs initiated by the initiation pair:
AIBN+4-0x0-2,2,6,6-tetramethyl-1-piperidine-N-oxyl (4-oxo-TEMPO) at 140°C-155 °C.
The reaction rates were greater than in anisole, and were similar to the rate of
spontaneous polymerization in the ionic liquid. In both works, self-polymerizations were

observed because of the high temperature used. Other kinds of living free radical
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polymerization such as RAFT and charge transfer polymerization have also been
reported[60-62].

Copolymerization of N-hexylmaleimide and styrene via ATRP has been conducted in
[BMIM]PFs.[63] The two monomers tended to form alternating structure in RTILs,
which differed from those conducted in anisole. It is shown that combining catalyst
CuB1r/PMDETA with dendritic polyacrylether 2-bromoisobutyrates (Gn-Br, n=1-3) could
yield an effective macroinitiators for ATRP of N-hexylmaleimide and styrene in
[BMIM]PFs at lower temperature than that in anisole. The polymerizations were well-
controlled and low polydispersity products were obtained (1.18<PDI<1.36).

Furthermore, attempts to synthesize block copolymers in RTILs have been made.
Zhang et al.[64] demonstrated the formation of PS-b-PMMA by sequential addition in
[BMIM]PFs through the traditional free radical polymerization mechanism using benzoyl
peroxide (BPO) as initiator. St was polymerized first and then was gradually precipitated
out when the conversion reached around 50% due to the insolubility of PS in
[BMIM]PFs. After adding the second monomer (MMA), diblock copolymers were
formed at room temperature. The key to the success was that the chain coils wrapped the
PS macro-radicals inside resulting in prolonged lifetimes because of the diminished
termination. However, reversed and sequential addition polymerization only afforded
homopolymer PMMA. Different results arose from the differences in monomer
solubilities of St and MMA in [BMIM]PFs. Zhang and coworkers also experimentally
studied the solvent effect on reactivity ratios and sequence length distributions for free

radical polymerization. The calculated reactivity ratios of St and MMA (ry = 0.381 £ 0.02

and rym, = 0.464 = 0.02) in [BMIM]PF¢ by non-linear method (CONTOUR computer
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program) were significantly different from those (r4=0.5410.04 and r;m,=0.50£0.04) in
benzene at 60°C[65]. The “boot-strap” model[66], polarity of the solvents, interaction
between solvent and monomers (e.g. solvent-monomer complex), viscosity and system
heterogeneity all possibly contribute to the apparent difference of the reactivity ratios in
RTILs and in benzene.

Living radical polymerization has been employed to make block copolymers in
RTILs as well. Kubisa and coworkers produced PBA1-b-PMA2 and PMA1-b-PBA2 with
different sequence of addition of monomers by ATRP method in [BMIM]PF¢[53]. They
found that when conversion of MA, the first polymerized monomer exceeded 70%, a
significant percentage of PMA chains would be “dead”, and thus became homopolymer.
However, for the reverse polymerization order, “clean” diblock can be formed essentially
free of either BA or MA homopolymer. (Even BA can be polymerized to complete
conversion.) Ma et al.[56, 57] described a successful strategy of synthesis of block
copolymer, in which St was reinitiated by chlorine-atom-ended PMMA macroinitiators
via reverse ATRP in [BMIM]PFs, [BMIM]BF,; and [C;,MIM]BF; (1-dodecyl-3-
methylimidazolium tetrafluoroborate).

1.2.3 Ring-opening Polymerization

Ring-opening polymerization (ROP) is of importance with cyclic monomers such as
cyclic ethers, acetals, amides (lactams), esters (lactones), and siloxanes. RTILs have been
applied in the field of ROP. By using cationic allenylidene precatalyst: [(p-
cymene)RuCl(Pcy;)(=C=C=CPh,)][OTf], Csihony[67] carried out ring-opening
metathesis polymerization of norbornene in a biphasic medium (1-butyl-2,3-

dimethylimidazolium hexafluorophosphate ((BDMIM]PFs/toluene), in which the catalyst
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remained in the ionic liquid phase while the upper toluene phase dissolved the formed
polymer. Besides the ease of separating polymer from catalyst, both the ionic liquid and
catalyst can be reused up to six times without significant loss of catalytic activity and led
to quantitative yields of polymer. After reloading of catalyst, the catalyst system can still
be used for up to five times.

Biedron et al.[53] attempted cationic ring opening polymerization of 3-ethyl-3-
hydroxymethyloxetane in the most common hydrophilic ionic liquid: [BMIM]BF, using
BF;-Et,O initiation system. The relatively high polarity of ionic liquids considerably
reduced the intermolecular H-bonding leading to the formation of aggregates, whereas
the intramolecular H-bonding facilitating intramolecular chain transfer is not significantly
affected. The multihydroxyl, branched structure was preserved, and the molecular
weights of polymers were in the same range as those made in organic solvents or in bulk.
In the same ionic liquid, Xiong[68] conducted ring-opening polymerization of &-
caprolactone (e-Cl) using LnCls/epoxides as catalyst. High conversion (96.0%) was
observed under mild reaction condition (60°C, 30 min).

The application of ionic liquids can also help to reduce the reaction temperature.
Polycarbonate made by ring opening polymerization of ethylene carbonate may undergo
decarboxylation when reaction is carried out at 180-200°C[69]. In acidic ionic liquids
such as [BMIM]CI-AICI; or [BMIM]CI-SnCl,, however, the reaction can take place at
temperature below 100°C or at 120°C depending on the ionic liquid used, leading to a
decrease of the decarboxylation side reaction, although low content of ethylene carbonate

polymer was formed.
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1.2.4 Electrochemical Polymerization

During electrochemical polymerization, polymer is formed when current is passed
through a solution resulting in oxidation (electron loss) at the anode and reduction
(electron gain) at the cathode. Due to some advantages over chemical synthesis including
faster reaction, simple procedure, generation of the polymer in the doped state and easy
control of the film thickness, electrochemical polymerization became the main method to
synthesize conducting polymer for potential application in energy storage devices,
electrochromic devices and light-emitting diodes. Naudin et al.[70] reported
electrochemical polymerization of poly(3-(4-fluorophenyl)thiophene) (PFPT) in ionic
liquids. The electrochemical behavior was similar to that in common non-aqueous
electrolyte. However, X-ray photoluminescence spectroscopy revealed some ionic liquid
residue in the formed film. Other kinds of conjugated polymers such as polypyrrole and
polyaniline  were also synthesized in ionic liqud[71, 72]. Poly(3,4-
ethylenedioxythiophene) (PEDOT) was synthesized by electrochemical polymerization
of 3,4-ethylenedioxythiophene (EDOT) using imidazolium and pyrrolidinium-based
TEFSA [trifluoromethanesulfonylamide] ionic liquids as both the growth medium and the
electrolyte.[73]
1.2.5 Transition-metal Catalyzed Polymerization

Insertion polymerizations of vinyl monomers are typically catalyzed by cationic metal
complexes with weakly coordinating anions. Polar, non-coordinating RTILs are attractive
solvents for these reactions, since they may stabilize the solvent separated ion pairs that
are necessary for high activity. Rogers and coworkers[74] have used 1-hexylpyridinium

bis(trifluoromethanesulfonyl) imide ([C¢Pyr][NTf,])/methanol as a solvent pair for

16



palladium-catalyzed alternating copolymerization of styrene and carbon monoxide. The
catalyst used was LPd(OAc), (L=2,2’-bipyridine and 1,10-phenanthroline).
[CePyr][NTf,] and catalyst can be recycled and the yields and molecular weights were
higher as compared to the polymerization carried out in methanol alone. Furthermore, the
catalyst stability and propagation rate were improved due to the inhibited chain transfer
and catalyst decomposition in [C¢Pyr][NTf,]. Pd-catalyzed asymmetric alternating co-
polymerization has been carried out in ionic liquids as well: Wang[75] synthesized

regioregular polyketones from propene and carbon monoxide using chiral ligands, such

OMe
N~
|
MeG-'"J\ — PPh,
H
0~ PPh, Me .~ PPhy
) N o
07 PPh I
as (2S,35)-DIOP ( H 2 ) and (R)-P-Phos ( Me ) in

[BMIM]PFs or [BMIM]PFg as a reaction medium. It showed that with (2S,3S)-DIOP as
chiral ligand and [BMIM]PFs as medium, the Pd-catalyzed co-polymerization of propene
and CO gave almost completely regioregular polyketones, whereas the highest molar
optical rotation = +15.9 and polydispersity = 1.2 were attained when (R)-P-Phos was
used as the ligand and [BMIM]PFs as the solvent. The copolymer exhibited
regioregularity of H-H/H-T/T-T (%) = 17:66:17.

Poly(phenyl-acetylene) (PPA) is a conjugated polymer with interesting
photoconductivity, photoluminescence, non-linear optical properties and membrane
properties. It can be obtained by different polymerization methods including radical,

cationic, metathesis catalyst or Ziegler-Natta polymerization. High molecular weight
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PPA can also be obtained by Rh(I) catalyzed phenylacetylene polymerization in ionic
liquids such as n-butylpyridium tetrafluoroborate ([bupy]BFs) or [BMIM]PF¢[76]. The
catalyst used was either (diene)Rh(acac) or [(diene)RhCI2]2, and the cocatalyst used was
triethylamine. The polymer was separated from the ionic liquid using either extraction
with toluene or filtration by adding methanol into ionic liquid to form a suspension of
PPA in the solvent mixture methanol/RTIL. Extraction usually facilitates the catalyst
recycling, but cannot permit the maximum product recovery. While more polymer can be
recovered through the filtration method, the Rh(I) complex solution after filtration shows
no catalytic activity. The molecular weights were from 55,000 to 200,000.

1.2.6 Polymerization of Ionic Liquids

The polymer forms of ionic liquids have been found to be potential new polymer
materials with exceptional properties, due to their stability, electrochemical activity, and
CO, absorption ability. Ohno and coworkers[77-80]synthesized poly(ionic liquid)s by
free radical polymerization and obtained flexible and transparent films with excellent
ionic conductivity from their polymer brushes and crosslinked polymers. Shen and
coworkers[81] observed that the CO, absorption of poly(ionic liquid)s, 1-(4-vinylbenzyl)-
3-butylimidazolium tetrafluoroborate polymer (PVBIT) and 1-(4-vinylbenzyl)-3-
butylimidazolium hexafluorophosphate polymer (PVBIH), both of which was
synthesized by free radical polymerization, was much faster than that of room
temperature ionic liquids. The same group[82] reported a well controlled ATRP of the
previous two ionic liquids by using CuBr/1,1,4,7,10,10-hexamethyltriethylenetetramine

or CuB1/2,2'-bipyridine as the catalyst and ethyl 2-bromoisobutyrate as the initiator.
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1.3 General Introduction to Polymerization of HEMA
HEMA (2-hydroxyethyl methacrylate) homopolymer is a typical hydrophilic polymer

and has a high degree of hydration, however, it is not water-soluble.[75] Synthesis of
poly(HEMA) and its copolymers is of great interest because of their wide variety of
applications. Their biocompatibility makes them excellent candidates for the preparation
of various biomedical and pharmaceutical materials like optical lenses, implants, drug
delivery devices, and polymeric supports for enzyme immobilization.[83, 84]

Anionic polymerization has long been adopted to synthesize controlled structure
HEMA homopolymer or HEMA-based block copolymers,[85] but this approach requires
protection of the alcohol functionality due to the labile proton on the hydroxyl group.[86]
Thus obvious drawbacks include the cumbersome protection and deprotection procedures
and low reaction temperatures needed for living anionic polymerization of
methacrylates.[87]

Recent years have witnessed the emergence of living radical polymerizations and
because of its great versatility with a wide range of monomers, the control of the
molecular weights, and the low polydispersities of the resulting polymers. Synthesis of
poly(HEMA) via this method is of particular interest, in that the protection of functional
group is not necessary and the reaction conditions are less strict. The efficient, controlled
polymerization of HEMA was achieved by Armes et al.[75] using ATRP in methanol/

water mixtures or in methanol (M,/M,=1.2-1.3).
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2 Experimental

2.1 Materials
HEMA, acrylic acid, VAc and St (Aldrich, 99%) were distilled under vacuum just

before use. Benzoyl peroxide (BPO) (Aldrich, 97%) was recrystallized from chloroform.
[BMIM]PFs (1-butyl-3-methyl- imidazolium hexafluorophosphate) (Sachem) was
washed by distilled water for 10 times and dried under vacuum over night. Terrasail and
Marisail (Sachem) were dried under vacuum over night prior to use. All other organic

solvents (Aldrich, 99%) were used as received.

2.2 Instrumentation

The size exclusion chromatography (SEC) experiments were carried out at 30 °C
using a Polymer Laboratories Knauer 501 HPLC pump and Knauer 2301 RI detector.
Two PSS (Polymer Standard Service) columns were used (one 100A pore size and one
linear mixed bed column). The flow rate of the mobile phase (tetrahydrofuran, THF) was
1 mL/min. The 'H and "°C spectra were recorded on a Varian Mercury 300 MHz NMR
spectrometer using CDCls;, (CD3),SO or DCON(CDs3), as solvents and internal
references. Differential Scanning Calorimetry (DSC) was carried out on a DSC Q1000
(TA Instruments) in the Polymer Characterization Laboratory at the Chemistry
Department (University of Tennessee at Knoxville) under nitrogen using (scanning rate
10°C min'l). Polarity tests were run on a Perkin-Elmer Instruments, Lamda 35 UV/Vis
Spectrometer (Perkin-Elmer). Transition energy, E, of the solvatochromic band, was
calculated by equation: E=28591.44/A .y in kcal/mol or =(hcNa/lmax)x106 (h is Planck’s

constant, c is the speed of light, Na is Avogadro’s number and Imax is the wavelength of
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maximum absorption; 1 cal is 4.184 J). Viscosities were measured by AERS-LS
#0012005 rheometer (Rheometric Scientific (TA Instruments)): Angular velocity: 7.0498

(rad/s).

2.3 Polymerizations

2.3.1 Homopolymerization and Copolymerization

All polymerizations were performed under a dry nitrogen atmosphere. The initiator,
monomer or monomer pairs and reaction media were weighed and measured into flasks
separately. After bubbled by dry nitrogen for 30 minutes, the flasks were kept in a water
bath at 70°C for a certain time. The polymerizations were stopped by precipitation into
appropriate organic solvents. After the decantation of solvent, the crude polymer was
dissolved in THF and re-precipitated repeatedly, then dried under vacuum to constant
weight. Conversions were determined gravimetrically.
2.3.2 Sequential Block Copolymerization

First monomer was polymerized in a certain ionic liquid for 4 h at 70 °C using BPO
as initiator. Then predetermined amount of second monomer was introduced via vacuum
followed by heat-sealing the reactor from the vacuum line and the reaction was allowed
to proceed for 4 days in room temperature. To stop the reaction, the mixture was
precipitated in appropriate solvent. The crude polymer was dissolved in THF and
reprecipitated for three times, and then was dried for further characterization. Methanol
(for PVAc or PAA) and cyclohexane (for PS) was used to Soxhlet extract any

homopolymers.
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3 Results and Discussion

3.1 Solubility Tests

The success of block copolymer formation in this work was thought to depend on the
poor solubility of the first polymer chains in the ionic liquids. The precipitation of the
first block from the medium under the reaction temperature hinders diffusion of the
propagating radical centers, which must find one another to terminate, and thus increases
their life times.[88] When the second monomer which is soluble with the reaction
medium at room temperature is added, it diffuses to the radical sites, polymerization
continues and block copolymer is formed.[64] Therefore, solubility tests of monomers
and their polymers under both the reaction temperature (70°C) and the room temperature
were conducted. Tests were carried out by adding 1 ml monomer into 1 ml RTIL under
room temperature, as shown in Table B-1 or 70°C, shown in Table B-2, and allowing the
mixture to stand overnight.

[BMIM] PFs (1-butyl-3-methylimidazolium hexaflurophosphophate Figure A-1) is
probably the most commonly studied ionic liquid, and [BMIM] BF, (I1-butyl-3-
methylimidazolium tetrafluroborate Figure A-2) is another commonly used imidazolium
RTIL. Terrasail (Figure A-3) is the viscous hydrophobic RTIL (tetrabutylammonium
dioctyl) sulfosuccinate, whereas Marisail (Figure A-4) is a hydrophilic and less viscous
RTIL (1-isopropyl-3-methylimidazolium) methanesulfonate. At least one of the RTILs
was found to serve as a solvent for each of the monomers studied, while many of the
polymers were insoluble in all of the RTILs tested. Terrasail was found to dissolve the

most monomers and polymers among those tested, while Marisail dissolved the fewest
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Table B-1 Solubility tests at room temperature

[BMIM][BFs] [BMIM][PFs] Terrasail Marisail

tert-Butylacrylate Partial

PtBA

Acrylic acid
PAA

t-BMA
Pt-BMA

DEAEMA
Poly (DEAEMA)

|z z|z=zz~<|z

DMAEMA
Poly(DMAEMA)

U
el
=)
zz|z 2|z 2|z <|z Z

Partial

g

vinyl pyrrolidone
PVP

Vinyl acetate
PVAc

4-vinyl pyridine
P (4-vinyl pyridine)

Acrylonitrile
Poly(Acrylonitrile)

ZO|z<|zZ|Z2<|Z22|z2z2Z2|Z22Z2ZT|Z2Z

Methylmethacrylate Partial
PMMA N

Butyl acrylate N
PBA Partial

Styrene
PS

<K|Z <] Z <K<K K|Z<]|Z2 <|Z2 <]|Z2 <|Z

HydroxyethyIMA
Poly (HEMA)

K HEIZRRK[Z<K|Z<|Z2Z2]|1Z<|Z2 <K<K KK K]Z<]|Z2<]|Z <
< =<|Zz|zZz|zZ|Z~<|Z2Z|ZZ|<

Z |z Z

Partial

?Y-soluble; N-not soluble; C-crystals appeared; P-Polymer present in monomer precipitated; D-

RTILs decomposed; Partial-Partially soluble.
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Table B-2 Solubility tests at 70 °C

[BMIM][BF4]

[BMIM][PF]

Terrasail

Marisail

t-Butylacrylate
PtBA

Partial

Acrylic acid
PAA

t-MBA
Pt-MBA

DEAEMA
Poly (DEAEMA)

Z Z|ZZ|Z~<|Z

DMAEMA
Poly(DMAEMA)
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vinyl pyrrolidone
PVP
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PVAc

4-vinyl pyridine
P (4-vinyl pyridine)
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Acrylonitrile
Poly(Acrylonitrile)

Z =

Methylmethacrylate
PMMA

Butylacrylate
PBA

Styrene
PS

HydroxyethyIMA
Poly (HEMA)
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?Y-soluble; N-not soluble; C-crystals appeared; P-Polymer present in monomer precipitated; D-

RTILs decomposed; Partial-Partially soluble.
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Figure A-1. Structure of [BMIM] PF; (1-butyl-3-methylimidazolium
hexaflurophosphophate)
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Figure A-2. Structure of [BMIM]BFE;, (1-butyl-3-methylimidazolium tetrafluroborate)
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(tetrabutylammonium dioctyl) sulfosuccinate

Figure A-3. Structure of Terrasail ((tetrabutylammonium dioctyl) sulfosuccinate)

(1-isopropyl-3-methylimidazolium) methanesulfonate

Figure A-4. Structure of Marisail ((1-isopropyl-3-methylimidazolium)

methanesulfonate)
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monomers and polymers. Temperature (room temperature versus 70 °C) had little if any

influence on solubility.

3.2 Sequential Block Copolymerization in Room Temperature Ionic
Liquids

Zhang successfully obtained styrene methyl methacrylate block copolymers via
sequential addition free radical polymerization in [BMIM]PFe.[64] Thus we tried two
other polymerization systems (St/VAc/Terrasail and St/AA/[BMIM]PFs) to see whether
sequential addition free radical polymerization in RTILs could be widely applied.
3.2.1 Sequential Block Copolymerization of Styrene and Vinyl Acetate
3.2.1.1 Polymerization Starting From Styrene

Terrasail was chosen to be the reaction medium in this study for the following
reasons: Table B-2 clearly showed that neither polystyrene nor poly(vinyl acetate) was
miscible with Terrasail under 70 °C, while at room temperature as shown in Table B-1,
both vinyl acetate and styrene monomer was able to be dissolved in Terrasail. Either of
the two monomers could be the first polymerized monomer. Furthermore, the other
hydrophobic ionic liquid - [BMIM]PF; - is not suitable in polymerization of vinyl acetate
in that it was involved in degradation while heated with vinyl acetate, generating harmful
HF gas.

Styrene was first polymerized in Terrasail for 4 h at 70 °C using BPO as initiator.
About 2 ml of the mixture was sampled via a syringe under N2 atmosphere, followed by

pumping off any unreacted styrene under vacuum for 3 hours. Then a predetermined
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amount of vinyl acetate was introduced via vacuum distillation followed by heat-sealing
the reactor from the vacuum line and the reaction was allowed to proceed for 4 days at
room temperature. To stop the reaction, the mixture was precipitated in ethyl ether. The
crude polymer was dissolved in THF and re-precipitated in ethyl ether three times, and
then was dried for further characterization. Methanol and cyclohexane was used to
Soxhlet-extract any homopolymers of poly(vinyl acetate) and polystyrene, respectively.

'H NMR was utilized to characterize the final product. However, as shown in Figure
A-5, the spectra indicate the existence of pure St units. Prior to the experiment we had
believed that it would be advantageous to polymerize styrene as the first block since PS is
not soluble in Terrasail. The insoluble nature of the PS radicals should increase their
lifetimes (two macroradicals must diffuse together to terminate), resulting in the presence
of residual PS radicals upon addition of the second monomer. Failure to obtain St-VAc
block copolymers could be attributed to the large difference in relative stabilities of the
two types of radicals. In another word, the PS radicals were stabilized by the benzyl
rings, resulting in the lack of ability to initiate the VAc monomers. Our results indicated
that Terrasail had little effect on the “stabilized” PS radicals, which was further verified
by the copolymerization of St with VAc (3.4.1). Thus, there is not an effective crossover
from styrene type radicals to vinyl acetate radicals.

Therefore, starting from styrene polymerization may not be an appropriate path to

obtaining St-VAc block copolymers.
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ppm

Figure A-5. "H NMR spectra of final product of sequential block copolymerization of

St and VAc (starting from St)

3.2.1.2 Polymerization Starting From Vinyl Acetate
The basic approach to preparing PV Ac-b-PS is as follows:

BPO, 70°C
Terrasail

PVAc" + VAc
@

I + Styrene —L0OMIMP o bo 4 VAC

VAc

The general procedure for block copolymerization of vinyl acetate and styrene is as
follows. Vinyl acetate was polymerized in Terrasail for 4 h at 70 °C using BPO as
initiator. Then a predetermined amount of styrene was introduced via vacuum distillation

followed by heat-sealing the reactor from the vacuum line. The reaction was allowed to

29



proceed for 4 days at room temperature. To stop the reaction, the mixture was
precipitated in ethyl ether. The crude polymer was dissolved in THF, re-precipitated in
ethyl ether three times, and then was dried for further characterization. Methanol and
cyclohexane were used to Soxhlet-extract any homopolymers of poly(vinyl acetate) and
polystyrene, respectively.

A control experiment has been carried out to see if Soxhlet-extraction is an effective
way to purify our polymers: Equal amount of PS and PVAc homopolymers (molpyac:
molps = 1:1) were Soxhlet-extracted using methanol for 3 days, than the sample was dried
and its "H NMR showed that only PS homopolymer existed. After another 3 days of
Soxhlet-extraction using cyclohexane, no solid samples were left.

VAc monomers are preferentially polymerized first due to several factors. First, VAc
is easily dissolved in Terrasail while PVAc precipitates from the reaction medium.
Secondly, styrene, which is soluble in Terrasail, copolymerizes much faster than VAc as
discussed above, thus St monomer aggressively reacts with PVAc chains more
preferentially than VAc monomers due to the large difference in reactivity ratios. This
advantage also allowed direct addition of styrene monomers without pumping away
unreacted vinyl acetate monomers. Characteristics of the resulting polymers are
summarized in Table B-3.

A great increase of incorporated vinyl acetate units (from 9% to 50%) could be
attributed to the increased ratio of first monomer (vinyl acetate) to initiator (from
Iml/20mg to 1.5ml/20mg). The higher the molecular weight of poly(vinyl acetate), the
longer the polymer chain, and thus in this study, the better the “living” radical chain ends

are preserved. The decreased overall molecular weight and yield may due to the larger

30



Table B-3 Preparation of PVAc-b-PS using BPO at 70°C in Terrasail

Block copolymers

PV Ac block
o M, (*107) PDI Composition Yield (%)°
M, (*10°) PDI " (VAc mol%)°
V3S82* 0.67 1.22 6.00 3.41 50.00 227
Vv2S2° 0.37 1.90 10.81 2.14 9.09 8.12

VAc/St/IL/BPO=3ml/2ml/5ml/40mg.
*VAc/St/IL/BPO=2ml/2ml/5ml/40mg.
Obtained from 'HNMR.

dCalculated gravimetrically.

amount of residue vinyl acetate monomers after polymerization of the first block. In
sample V3S2 (VAc/St=3ml/2ml), the unreacted vinyl acetate monomers acted as diluent
during the addition of the second monomer (St), and thus facilitated the termination
reaction of polymer chains.

Figure A-6 shows the SEC (size exclusion chromatography) trace of sample V2S2
(VAc/St=2ml/2ml). Unavoidably there is PVAc homopolymer present in the un-extracted
block copolymers. The actual amount of PVAc homopolymer by mass is underestimated
in Figure A-6 because the dn/dc value for PVAc in THF (dn/dc = 0.052 ml/g) is lower
than that for PS (dn/dc = 0.189 ml/g). However, after extraction by methanol (solvent for
PVAc and nonsolvent for PS), the peak representing PVAc homopolymer disappeared.
The existence of PS homopolymer was observed after extraction using cyclohexane
(solvent for PS above room temperature and nonsolvent for PVAc). Since the addition

and polymerization of the second monomer (St) was carried out at room temperature, the
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Figure A-6. SEC traces of St-VAc block copolymers (V2S2 in Table B-3)

32



half-life of BPO (t;) at 25 °C is more than 45,000 h as calculated from the Arrhenius

equation (K=A *exp “/kT)

and the initiation rate equation (1 = In 2/Ky), with E, = 139.0
kJ mol™?, R =8.314 J mol'K!, and A = 9.34%10" s the production of PS homopolymer
was unlikely to be caused by the initiation of BPO, but the chain transfer of PVAc
radicals to St monomer as vinyl acetate propagating radicals have very high reactivity.
The final products were further characterized by DSC and IR.

Figure A-7 and Figure A-8 show the DSC traces of sample V2S2 (VAc/St=2ml/2ml)
and V3S2 (VAc/St=3ml/2ml), respectively. Two distinct glass transition temperatures
(T,) corresponding to PS and PV Ac blocks can be clearly seen in Figure A-8, reflecting
the formation of two immiscible phases from PS and PVAc blocks (St mol%: VAc mol%
= 1:1). The composition was calculated from 'H NMR spectra as shown in Figure A-10.
However, only a single intermediate 7, (95.29°C) close to that of PS homopolymer
(T,=100°C) is observed in Figure A-7. This homogeneity was caused by inability of a
small amount of PVAc (<10 mol%) units to induce the phase separation. The distinct
small peak around 5 ppm in the '"H NMR spectra, as shown in Figure A-9, clearly
demonstrates that the polymers do contain vinyl acetate units. IR spectra of sample V3S2
(VAc/St=3ml/2ml), as shown in Figure A-11, also verify the presence of both styrene
units and vinyl acetate units. Peaks around 3028 cm™ are due to the C-H stretching of the
benzyl ring of styrene units. The peak at 1737 cm™ depicts the C=0 stretch of vinyl

acetate units.
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Figure A-8. DSC trace of sample V3S2 (VAc/St=3ml/2ml)
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Figure A-9. 'H NMR spectra of sample V2S2 (VAc/St=2ml/2ml)
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Figure A-11. IR spectra of V3S2 (VAc/St=3ml/2ml)
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3.2.2 Sequential Block Copolymerization of Styrene and Acrylic Acid
3.2.2.1 Sequential Polymerization of Styrene and tert-Butyl Acrylate (t-BA)

Our first attempt involved tert-butyl acrylate (t-BA) as a protected precursor to PAA.

The general procedure was carried out as below: polymerizing the first block
(styrene) for a short time (4 hours) at elevated temperatures (70 °C), followed by removal
of residual monomer under vacuum, followed by introducing of the second monomer (t-
BA), and allowing the reaction to proceed at room temperature for 3-4 days.

The crude copolymers were Soxhlet-extracted with methanol to remove the homo-
PtBA contaminant formed during the second block formation. Methanol is a marginal
solvent for PtBA. A blank experiment was first tried to see whether or not methanol
could dissolve high molecular weight PtBA synthesized by bulk polymerization under
Soxhlet extraction. The results were positive and high molecular weight PtBA was
completely removed by extraction for three days. After hydrolysis and dialysis to
hydrolyze the ester group and remove any impurities during the hydrolysis process, the
PtBA was converted to PAA (poly(acrylic acid)). Then samples then were Soxhlet-
extracted using cyclohexane to remove any PS homopolymers. After extraction, the
samples were dried for further characterization.

However, '"H NMR spectra indicated that only pure polystyrene homopolymers
formed, as shown in Figure A-12. The failure to obtain the targeted block copolymers
may be attributed to the fact that the second monomer, tert-butyl acrylate, is partially
soluble in [BMIM]PFg. Since propagation of the second block is diffusion-controlled,

poor solubility prohibits tert-butyl acrylate from reaching PS chain ends.
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Figure A-12. "H NMR spectra of the final product of sequential block
copolymerization of St and t-BA

3.2.2.2 Sequential Block Copolymerization of Styrene and Acrylic Acid

Solubility test shows that acrylic acid is miscible with the ionic liquid [BMIM]PFq
and PS homopolymers are insoluble in this ionic liquid, thus there is a possibility that
blocky copolymers could be formed if polymerizing these two monomers in a sequential
manner with styrene being the first monomer.

The general procedure followed is as described before. Acetone was used to extract
products out of RTILs. Methanol and cyclohexane were used to Soxhlet-extract any
homopolymers of poly(acrylic acid) and polystyrene, respectively. 'H NMR was then

employed to characterize the obtained polymers.
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Figure A-13A shows 'H NMR spectra of the final product; Figure A-13B shows 'H
NMR spectra of PAA homopolymer. The typical peak around 2.2 ppm representing o-H
of PAA backbone (shown as ‘a’ in Figure A-13B) cannot be clearly seen in Figure A-
13A. Both of the two spectra demonstrated a sharp singlet around 3.5 ppm, which was
attributed to the mobile proton on the carboxyl group. Thus, it could be concluded that in
the sequential polymerization of styrene and acrylic acid, only a few units of acrylic acid
grew into the PS radical chains. This may partly because acrylic acid is so reactive, that

during the diffusion process it self-polymerizes.

3.3 Conventional Free Radical Homopolymerization of HEMA in Room

Temperature lonic Liquids

It is agreed that RTILs are able to increase rate constant of the propagation while
decrease that of termination for the free radical polymerization of alkyl methacrylates.
Therefore, both higher overall polymerization rate and higher molecular weight were
observed.[38-43]

Herein we studied free radical polymerization of HEMA in three different types of
room temperature ionic liquids (Structures of them are shown in Figure A-1; Figure A-
2; Figure A-3; Figure A-4). Our results showed that the positive effects of employing
ionic liquids as the reaction medium extended from polymerization of alkyl methacrylate

(methyl methacrylate) to that of functional methacrylates (HEMA).
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All polymerizations were performed under a dry nitrogen atmosphere. The initiator,
monomers and reaction media were weighed and measured into flasks separately. After
bubbling with dry nitrogen for 30 minutes, the flasks were kept in a water bath at 70°C
for the desired time. The polymerizations were stopped by precipitation into appropriate
organic solvents. After the decanting of solvent, the crude polymer was dissolved in THF
and re-precipitated repeatedly, then dried under vacuum to constant weight. Conversions
were determined gravimetrically.

To extract resulting polymers out of RTILs, appropriate organic solvents (ethyl
acetate for [BMIM]PFg, and water for Marisail) were chosen. When methanol was used
as polymerization medium, the reaction mixture was allowed to sit at room temperature
to evaporate the solvent, and then dried to obtain pure polymer. Results are summarized
in Table B-4.

HEMA polymerized very fast in the three RTILs employed, and in general, the
resulting products possessed higher molecular weights than those polymers obtained in
methanol. When monomer concentrations were relatively high (1:5), gelation occurred
for all three polymerizations in RTILs within less than an hour. Especially in Terrasail,
the most viscous RTILs of the three, the system still gelled even if monomer
concentration was lowered to 1:10, and polymer was very difficult to isolate from the gel.

[BMIM]PFs was the best of the three RTILs in terms of obtaining high molecular
weight polymers. The SEC trace of poly(HEMA) obtained from [BMIM]PFs (HEMA :
[BMIM]PFs = 1:10 (v/v)) displayed two apparent peaks as shown in Figure A-14, which,
however, could be the splits of one peak, due to the ultra high molecular weight, which is

out of the instrument’s operating range. The unexpectedly high molecular weight of this
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Table B-4 Homopolymerization of HEMA (2-hydroxyethyl methacrylate) in three

different room temperature ionic liquids

HEMA : Solvent = 1:5 (v/v)

HEMA : Solvent = 1:10 (v/v)

Time Yield M,*107

Time Yield M,*107

Run b Run b
(hr) (%) (My/My) (hr) (%) (My/My)
Terrasail 1 0.3 5 1.5
24.27
8.45 1.10
[BMIM]PFq 2 0.5 73 6 4 76
1.44 3.38
1.82
9.44 10.65
Marisail 3 0.8 42 7 4 36
1.75 1.66
2.41 2.73
Methanol 4 4 52 8 4 40
1.57 1.29

"HEMA/BPO=1ml/20mg.

PCalculated gravimetrically.
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Figure A-14. Sec trace of poly(HEMA) obtained from [BMIM]PF; (HEMA :
[BMIM]PFs = 1:10 (v/v), as Run 6)
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poly(HEMA) may be attributed to [BMIM]PFs’s mildly high viscosity as well as its
partial miscibility with generated poly(HEMA). Therefore, [BMIM]PFs could be a
potential polymerization medium for the synthesis of ultra high molecular weight
poly(HEMA).

However, in regard to “green chemistry”, Marisail was the most ideal of the three
RTILs, due to the fact that 1) no volatile organic solvent was used during the whole
process; 2) polymer can be easily recovered simply by precipitation from water.
Furthermore, the molecular weight of the obtained poly(HEMA) reached as high as 10°,
which was 4 times higher than that obtained from polymerization in methanol under
identical polymerization conditions.

Strehmel et al.[49] found that the higher viscosity, the higher yields and molecular
weights of the polymers. Zhang et al.[44], however, stated that their attempts to correlate
viscosity with polymerization behavior failed. This discrepancy could be attributed to two
different procedures the two groups followed. Strehmel et al. carried out the
polymerizations to relatively high conversions, while Zhang et al. tended to keep
conversions low to avoid so called “Trommsdorff effect”. We also carried out viscosity
tests of the three RTILs, and results are summarized in Table B-5. However, our study
failed to show any clear correlations between the viscosities of the RTILs and the

polymerization behavior under the conditions we employed.
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Table B-5 Correlations between viscosities of RTILs and the characterization data for

poly(HEMA) produced in RTILs

HEMA : Solvent = 1:5 (v/v) HEMA : Solvent = 1:10 (v/v)

o Viscosity
lonic Liquids D) Time  Yield M,*10°  Time  Yield M,*10°
(hr) (%)°  (My/M,)  (hr) (%) (My/M,)
Terrasail 518.07 0.3 1.5
24.27
8.45 1.10
[BMIM]PF,  48.65 0.5 73 4 76
1.44 3.38
1.82
9.44 10.65
Marisail 33.05 0.8 42 4 36
1.75 1.66

"HEMA/BPO=1ml/20mg.

PCalculated gravimetrically.
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Another interesting trend witnessed is that, for RTILs, as the systems was diluted
(volume fraction of monomer was lowered from 1/6 to 1/11), molecular weights were
higher, which is usually not the case in conventional organic solvents. This may be
attributed to the RTILs’ ability to preserve “living” polymer chain radicals, which is at
least partly caused by higher viscosities of ionic liquids. Hong et al.[40] described it as a
“diffusion-controlled termination” mechanism to explain this diminished chain
terminations in viscous systems. Thus, the more diluted the system was, the less chance
for two polymer chain radicals to react with each other, the more time for monomers to

react with the chain ends.

3.4 Copolymerization in Room Temperature Ionic Liquids

The motivation for us to try free radical copolymerization in RTILs is the assumption
that the RTILs are able to keep polymer macroradicals “living”. Furthermore, if there is a
big difference between the reactivity ratios of the two monomers, which is, one monomer
polymerizes much faster than the other one when co-existing in the polymerization
system, then there is a chance to obtain blocky copolymer. Three different polymerization
systems were chosen to test out this method: St/VAc/Terrasail (rg= 18.8; ryac= 0.02[89]),
St/AA/[BMIM]PF; (ry=0.253; 1,=0.136) and St/HEMA/Marisail (r4=0.5, rgpma=1.65

[90D).

46



3.4.1 Copolymerization of Styrene with Vinyl Acetate in Terrasail
3.4.1.1 Homopolymerization of Styrene and Vinyl Acetate

The procedure has been described in the experimental section. Generally, the
polymerizations were carried out in Terrasail for 4 h at 70 °C using benzoyl peroxide as
initiator under a nitrogen atmosphere. Then the reaction mixture was poured into
methanol for styrene (St) or ethyl acetate for vinyl acetate (VAc). After the decantation of
solvent, the crude polymer was dissolved in tetrahydrofuran (THF) and reprecipitated in
methanol or ethyl acetate repeatedly, then dried under vacuum to obtain pure PS. Results
are listed in Table B-6.

It is interesting that the rates of polymerization (reflected in yields) initially increase
on dilution with Terrasail to rates faster than for bulk polymerization, and only decrease
slightly with further dilution. Molecular weights and PDIs are not strongly affected by the
level of RTIL addition (normally dilution decreases M, in free radical polymerization). In
contrast to the behavior of styrene, with VAc the conversion, molecular weight, and PDI
all decreased with the increase of ratio of ionic liquid to monomer.
3.4.1.2 Copolymerization of Styrene and Vinyl Acetate

Copolymerizations of styrene and vinyl acetate were carried out under nitrogen
atmosphere in Terrasail as solvents. Distilled monomers, initiators (BPO) and Terrasail
were added together. Reactions were stopped by quenching the mixtures into ethyl ether.

Results are listed in Table B-7.
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Table B-6 Effect of Terrasail on the homopolymerization of styrene (St) and vinyl

Acetate (VAc)
Monomer
M=St M=VAc
[M] : [IL]* (jvit%, M, (*107) PDI (jvit%, Ma(*107) PDI
1:1 23 4.1 1.91 40 59 2.58
1:2 28 4.3 1.88 35 4.5 1.84
1:3 36 3.7 1.93 37 4.3 1.88
1:4 34 4.6 2.24 25 32 1.79
1:5 32 4.0 2.20 10 29 1.58

“Monomer /BPO=1ml/20mg.

PCalculated gravimetrically.
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Table B-7 Characteristics of random copolymerization of styrene (St) and vinyl acetate

(VAc)
Solvent Initiator Reaction . . w1
Run (Terrasail) MO?IgglerS (BPO)  Temp. "ELI;I)G ﬁ(fol/j;d 12/[1\1;[( /1\9[ ))
(ml) (mg) (°C) w/Ma
St (10ml)
I (szl) VAc 400 70 4 2420 2
(10ml) ,
St (10ml)
2 - VAc 400 00 190 5409 |2
(10ml) ,
St (Sml)
3 (szl) VAc 100 75 15 13-656
(10ml) :

*Calculated gravimetrically.

'H NMR was used to characterize the obtained polymers, and showed that only

polystyrene homopolymers were formed, as shown in Figure A-15. It was noticed that

few vinyl acetate units were incorporated in the obtained polymers, even with an increase

of the reaction time (Run 2, from 4 hours to 19 hours; Run 3, from 4 hours to 15 hours),

or with the increase of reaction temperature (Run 3, from 70°C to 75°C). The formation

of PS homopolymerization is not surprising since during copolymerization with VAc, St

tends to polymerize much faster than VAc, as indicated by the big differences of their

reactivity ratios (ry 1s over 900 times higher than ryac). Furthermore, our results suggest

that even in the case of long-lived PS radicals there is little tendency for VAc to react,

even at long times when styrene is nearly consumed.
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Figure A-15. '"H NMR spectra of obtained polymer from random copolymerization of

St with VAc (Run 2)
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3.4.2 Copolymerization of Styrene and Acrylic Acid

Polymerization was carried out using the general procedure as described in the
Experimental section. To stop the reaction, the solution was poured into acetone. A rough
test for block copolymer formation was done by dissolving a few samples in 1/1 (v/v)
THF-water mixture, resulting a clear solution. Adding several drops of either THF or
water gives a cloudy light blue color, which shows possible formation of micelles. 'H
NMR and DSC were then employed to further characterize the obtained polymer.
However, 'H NMR spectra, as shown in Figure A-16, clearly demonstrate that the
polymers are of a random nature since a cluster of peaks which are assigned to the benzyl
group of styrene units would indicate that not every styrene unit is next to each other,
thus most probably that a random order of styrene-acrylic acid copolymer is formed
instead of the blocky copolymer. For DSC result, since two T,s of the components are so
close to each other (7, = 106 °C for PAA; T, = 100 °C for PS), methylation of PAA units
was conducted in order to distinguish PAA units from PS units via their 7,s. (Procedure
of methylation was: 50 mg sample was dissolved in a mixture of THF and water (overall
volume = 10ml). The yellow solution of trimethylsilydiazomethan was added dropwise at
room temperature into the copolymer solution. Upon addition, bubbles appeared and the
solution became slowly colorless. Addition of the methylation agent was continued until
the solution remained yellow and stopped bubbling.) However, no clear evidence of the
formation of blocky copolymer was observed as only one unexpected low glass transition
temperature was observed by DSC, as shown in Figure A-17. The low T, (4.5 °C), which
is lower than that of either homopolymer (Tepma = 10°C, Tyse = 100 °C), may due to the
presence of residual RTIL.
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Figure A-17. DSC Traces of obtained polymer from copolymerization of St with AA
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3.4.3 Copolymerization of HEMA with Styrene

Our previous experience in homopolymerization of HEMA showed that HEMA
polymerizes very fast in RTILs, allowing more time for styrene to attach to the radical
chain ends. For “green chemistry” considerations, Marisail was studied as a reaction
medium.

Polymerization was carried out by injecting equal volumes of the two monomers at
the same time under a dry nitrogen atmosphere, followed by bubbling the whole system
with nitrogen for 30 min. Then the polymerization was allowed to proceed at 70°C for 4 h.
Distilled water was used to extract polymers out of RTILs. Characteristics of the resulting
polymers are listed in Table B-8.

From 'H NMR spectra, as shown in Figure A-18, the peaks between 0 ppm and 2
ppm could be attributed to the resonances of a styrene unit next to a HEMA unit, which
clearly demonstrated that random copolymers formed. Furthermore, DSC data, as shown
in Figure A-19, give a single T, of 96.08 °C, which agrees well with the one (93.43 °C)
calculated from '"HNMR and the equation 1/T, = (Wi/T,1) + (Wo/Ty). (T,-apparent glass
transition temperature of the two component system; w, wo-weight percentage of the two
components respectively; T,1, Ty —glass transition temperature of the two components

respectively.)
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Table B-8 Characteristics of Copolymers of HEMA with St

Reactivity  Yield 5 Composition
Solvent Monomers y Mn(¥107) PDI
Ratios (%) (wt%)
Marisail StOml),  ry=0.5; 103
(25ml) ~ HEMA ruEma=  33.72 7.95 2.23
(5ml) 1.65 (HEMA%)

“Monomer Pair/BPO=(5+5)ml/100mg.

PCalculated gravimetrically.

DMF
»

DME DMF

Figure A-18. '"H NMR Spectra of obtained polymer from copolymerization of St with
HEMA
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Figure A-19. DSC Trace of obtained polymer from copolymerization of St with
HEMA
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4 Conclusions

Sequential addition free radical polymerization in RTILs was applied to three
polymerization systems: the St/VAc monomer pair in Terrasail, the St/tBA monomer pair
in [BMIM]PF¢ and the St/AA monomer pair in [BMIM]PFs. The monomers pairs were
selected according to the solubility tests in the four RTILs based on the following
considerations: 1) the macro radicals obtained from the first monomer should be
immiscible with the RTIL; 2) the second monomer should be soluble in the RTILs. The
synthesis of styrene vinyl acetate block copolymer was made via two routes: styrene as
the first monomer, vinyl acetate as the second; and the reverse order. While the first route
only yielded polystyrene homopolymers, block copolymers of St and VAc were obtained
via the second route. The molecular weight of the product was as high as 6 * 10° with a
composition of 50% (VAc mol%). However, the overall yield was low (2.27%), as a
result of chain transfer reactions of vinyl acetate macro radicals. For the pair of styrene
and tert-butyl acrylate, the reaction medium was [BMIM]PFs. However, only pure
polystyrene homopolymers were obtained. When acrylic acid was used as the second
monomer, the final product was mainly polystyrene with a few acrylic acid units
incorporated. The unstable results indicated that sequential addition free radical
polymerization in RTILs is not effective on all polymerization systems. The choice of
appropriate RTILs may be a critical factor in order for this strategy to be successful.
Furthermore, we used BPO as the initiator for all our polymerizations. However, since
the residual BPO cannot be pumped away by vacuum, the polymerization of the second

monomer needs to be done under room temperature in order to avoid the decomposition
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of the residual BPO. This might be solved by using volatile thermoinitiators rather than
BPO, or by switching to photoinitiation.

Free radical copolymerization of St with VAc, St with AA and St with HEMA were
also carried out in RTILs. Far from our expectations, both St/VAc and St/HEMA
monomer pairs yielded random copolymers, while only PS homopolymer was obtained
for the pair of St/VAc. The generation of pure PS homopolymer, however, is not
surprising since during copolymerization with VAc, St tends to polymerize much faster
than VAc, based on their reactivity ratios (ry is over 900 times higher than ryac). Our
results further suggest that even in the case of long-lived PS radicals there is little
tendency for VAc to react, even at long times when styrene is nearly consumed. These
results failed to show any dramatic effects of RTILs on the free radical copolymerization,
although RTILs are believed to be able to enhance the rates of propagation while
depressing the rates of termination in homopolymerizations.

Free radical homopolymerization of HEMA was carried out in four different RTILs.
All of the reactions exhibited very high polymerization rates, and the resulting products
exhibited higher molecular weight than those polymers obtained in methanol. Therefore,
the positive effect of employing RTILs as polymerization medium has been extended
from alkyl methacrylates to functional methacrylates. RTILs are a potential reaction
medium for producing ultra high molecular weight poly(HEMA).

Additionally, homopolymerization of styrene and vinyl acetate was carried out in
Terrasail via conventional free radical polymerization. We observed that the two
monomers exhibit different behaviors. For the polymerizations of vinyl acetate, with an

increase of the ratio of ionic liquid to monomer, the conversion, molecular weight and
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PDI all decreased. However, for the polymerizations of styrene, the rates of
polymerization initially increase on dilution with Terrasail and only decrease slightly
with further dilution. The molecular weights and PDIs are not strongly affected by the

level of RTIL addition.
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