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Chapter 1

Introduction to alternative green solvents and eneagy sources in
polymer chemistry

Abstract

The usage of solvents produces the largest amdumiuxiliary wastes. Since the idea of
sustainable chemistry becomes more and more impona polymer research, alternative
reaction media are investigated in order to recucesplace organic solvents. The most widely
used green solvents in polymer chemistry are itigiods, supercritical C@and water. The
progress of utilizing these green solvents in p@gation processes is highlighted in this
chapter mainly on the basis of results publishettiénlast five years.

Parts of this chapter have been published: R. Hdmgam, T. F. Wilms, T. Erdmenger, U. S.
SchubertAust. J. Chen009 62, 236-243.
Parts of this chapter will be published: T. ErdmamgC. Guerrero-Sanchez, J. Vitz, R.
Hoogenboom, U. S. Schubert, submitted.
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1.1 Introduction

Polymers are an important part of our daily lifelaver 30 million tons of synthetic polymers
are produced every yehiPolymers have many advantages over traditionaéniaét, such as
e.g. less weight, higher energy efficiency, performaaoe durability, and more flexibility in
design and processing. Several materials such ad amd glass can be replaced by polymérs.
Nowadays, sustainable chemistry becomes incregssighificant in polymer research, since
nearly all aspects of polymerizations such as yimhgtic pathway, the chemical feedstock, the
reaction medium and the nature of the final polyawer related to its inherent toxicity or non-
biodegradability’*

Polymer modeling, new methods for polymer processind synthesis, and the utilization of
alternative reaction media are needed to improeesimthesis of polymers and/or to develop
new polymers. Advanced modeling of polymeric processes couldltés reduced waste and
energy use. New methods for polymer processingsgnthesis could reduce or eliminate the
environmental problems that are associated witlyrpet manufacturing as well as increase
energy efficiency and decrease waste generatiooduet recycling and recyclability is a
potentially large area in which alternative proaagsand polymer synthesis could have a
substantial impact. Alternative reaction media daelduce or replace solvents that are currently
in use for polymer synthesis and proces$iig. environmental standards increase, methods to
produce polymers in ways that either decrease mguats of organic solvents being used or
increase their recyclability will become more imjamit, since the usage of solvents produces the
largest amount of auxiliary wastes. The most widedlgd green solvents for polymer production
are ionic liquids, supercritical G@nd water.

Microwave heating is an alternative for conductineating systems.g.the oil bath. The first
investigations, starting from the 1980s, were higikperimental, using domestic microwave
ovens. Nearly a decade ago, the first scientificrawave ovens, dedicated and designed to
perform chemical syntheses, were commercially allel The major advantage of this
microwave synthesis equipment is the possibility refl-time monitoring of reaction
temperature and pressure, which can be adjustedohtrolling the microwave power. In
addition, these reactors are designed to cope widlent explosions that might occur during
runaway exothermic reactions. Nowadays, microwaiaectric heating is an established
method in,e.g. synthetic organft*®°and polymer chemistty*® as well as bioscience (synthesis
of peptides, and oligopeptide$)The popularity of microwave irradiation for chemysis based

on the observed higher vyields, faster reactiondyaged side-product formation, and in some
cases even a changed selectivity was obséfved.

In this regard, this chapter will provide an ovewi over alternative solvents and energy
sources, namely ionic liquids and microwave irradig and their recent applications in
polymer chemistry.
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1.2 lonic liquids

lonic liquids are organic salts that are mainly posed of organic cations and inorganic anions
(Figure 1.1), which are per definition liquid beld@0 °C**° In recent yearshey have been
proposed as ‘green’ solvents and as an attractteenative to conventional volatile organic
solvents due to their promising properti&é* The main advantages of ionic liquids are their
negligible volatility, their non-flammability, thecontrol of their properties due to their
composition, their high compatibility with variowsganic compounds and other materials, and
that they can easily be recycled and reused du¢hdéo immiscibility with a range of
solvents’®?* lonic liquids have a broad range of applicatfdiéand they have already been
used as catalyst8?° reagent® or solventd*? in several chemical reactions. Further
applications of ionic liquids can be found in sepimn processéand as an electrolyte material
in catalytic processe€é>® However, for polymer chemistry, the utilization iohic liquids as
reaction medium was up to now less interesting;esiorganic solvents are mostly still needed
for polymer purification. Nevertheless, the intéres utilizing ionic liquids as solvents;*
initiators3"*® monomer£?2 catalystd’ and for the preparation of ion g&lén polymer chemistry

increased over the last years as can be concludedigure 1.2*
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Figure 1.1 Schematic representation eélected structures of ionic liquid cations and arso
utilized in polymer chemistry.

As described in the overview article from Kubi&ahe utilization of ionic liquids as solvents in
polymerization processes can provide several adgast For instance, the rate of propagation
of free radical polymerizations conducted in iolgeiids increased, while the rate of termination
decreased in comparison to conventional free radmalymerization. Besides radical
polymerization processes, also coordination polyraéon, polycondensation polymerization,
electrochemical polymerization and enzymatic polyration processes can benefit from the
utilization of ionic liquids,e.g. mild reaction conditions, reuse of the catalytistem without
loss of activity or even polymerization in the atse of catalyst, higher yields, high conductive
polymer films and high enzyme activity were desedff In addition, when chiral ionic liquids
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were used in stereoselective polymerizatiang.(ATRP of acrylic monomer), the tacticity of
the polymer was changéd.

In the last years, the versatility of utilizing ioniquids as reaction media in polymerization
processes was enlarged by cationic ring-opening/npaiizations (CROP), ring-opening
polymerizations (ROP) and anionic polymerizatidnscase of CROP, the polymerization rates
were enhanced, which was explained by the presahaaother ionic species, in this case the
ionic liquid, modifying the association between tliging polymer chain ends and their
respective counter ions and thus reducing the icatime. In addition, attention was also paid
to the recycling of the applied ionic liquid affgslymerization, showing that the ionic liquid can
be recycled and reused. Comparable polymers withiagi molar masses and polydispersity
index (PDI) values can be achieved by using fresheoycled ionic liquids under otherwise
similar polymerization conditions. However, ioniquids are still relatively expensive and their
toxicity is still unknown limiting their applicatio in polymerization processes at industrial
scales.

Search in Scifinder for 'ionic liquid' and 'polymer' (08.06.2009)
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Figure 1.2 Schematic representation of the number of pubbecaticoncerning ionic liquids and
polymers starting from 2008.

1.3 Supercritical carbon dioxide

Carbon dioxide (Cg) is a sustainable solvent, due to its non-flamiitgt@nd low toxicity. CQ

is naturally abundant and relative inert, but ibwd be used judicious in order to improve the
overall sustainability>“*® An excellent and critical review about supercritiaad near-critical
CO;, (scCQ and ncC@Q, respectively) in synthesis and processing, cagebioth organic and
polymer chemistry, was written by Beckm&rMore advantages of utilizing GQre that it can
be used as a solvent in oxidation processes, ttigtin aprotic solvent, that the viscosity of the
liquid state is only 1/10 of that of water andsitim general inert to free radical chemistry, jast
name a few!?> Carbon dioxide also exhibits some inherent disathges such as high critical

4
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pressure and vapor pressure resulting in the neledpecialized equipment, a low dielectric
constant which limits the solubility, a low pH val~ 3) upon contact with water and that it is
not inert towards strong bases, metal alkoxidestaimalkyls, metal hybrids, and
hydrogenatiort® Beckman described in his review that in generfmers are poorly soluble in
CO,, but they swell extensively under moderate ,O®essuré® In contrast, fluorinated
polymers are soluble in Gbecause of a specific interaction of the fluonmiéh the electron
poor carbon on CPOand therefore, most publications in polymer chémiare dealing with
fluorinated polymers and block copolymers withestdt one fluorophilic block.

1.3.1 Ring-opening and condensation polymerization

Carbon dioxide has been employed as solvent irordaft’ anionic?’ metal-catalyze® and
metathesis ring-opening polymerizatidhsof various monomer. In general, anionic
polymerizations can not be performed in Qfde to the fact that GQeacts with carbanions to
form relatively unreactive carboxylat&sSurprisingly, poly{-caprolactone) was observed by
anionic ring-opening polymerization in sc€®ithout incorporation of C&*' It seems that the
propagation of the polymerization occurs fastemtliae above described side reaction. In
general, olefin polymerizations employing Zieglatalysts are problematic in scg®ecause
CO; will terminate and therefore inhibit polymerizati® In condensation polymerizations €O
has been applied as a dilute/plasticizer to enhtmeceemoval of the small molecule byproducts,
hence increasing the molar masses. In case of bhanes, scCQOwas utilized as alternative
‘blowing’ agent to chlorofluorocarbon or methylecidoride?

1.3.2 Free radical polymerization

In homogeneous free radical polymerizations of rbmoonomers, mostly precipitation
polymerization, scC®can provide a chain-transfer free solvent and ishte the need for
surfactanf?® In addition, dry, free-flowing, granular materizan be generated, while emulsion
or suspension polymerization conductedeary, hydrocarbon solvents are energy intensive and
the removal of the alkane produces waste. On ther diand, specialized equipment is needed in
order to handle the related high pressures. Hetargus free radical polymerization, such as
emulsion, dispersion and suspension polymerizatioa® conducted in scG® Only a few
examples of emulsion polymerization were reporteduding acrylamide, acrylic acid ard
vinyl formamide, due to the fact that it is difficwo identify a surfactant that is miscible with
scCQ. Therefore, expensive fluorinated surfactants igin and anionic) were employed
resulting in fast polymerizations with high molaass polymers. The less expensive silicone-
functional surfactants revealed a rather good pmdoce in comparison to the fluorinated
surfactants. More extensive work has been donledri¢ld of dispersion polymerization, where
the monomersg.g. vinyl monomers, are soluble in scgCStabilization of particles was
achieved by utilizing homo- and co-polymers of flacrylate monomers, comb-type
copolymers with an acrylate backbone and fluoraetiige chains, or fluoroether carboxylic
acid resulting in a rapid polymerization of MMA. trase of the suspension polymerization of

5
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styrene/divinyl benzene in scG@orous beads were obtained, where the pore sizlel te
controlled by the pressure of the applied,Cl® general, for heterogeneous polymerizations, th
costs for the stabilizers are rather high, limitthg industrial application. During the last five
years mainly heterogeneous radical polymerizationsscCQ were investigated utilizing
random copolymers, both fluorous and non-fluoras,stabilizers for the polymerization of
various monomers in scGQAn particular non-fluorous stabilizers are ofeir@st, since they can
provide lower costs and enhance the biodegradabitit addition, controlled polymerizations
were carried out in scGO® It was shown, that living polymerizations can henducted in
scCQ resulting in polymers with high molar masses ighhyields.

In conclusion, mostly heterogeneous radical polyragions have been studied due to the fact
that most polymers are not soluble in sgCiPwas also shown that living polymerizations can
be performed in scCQyielding polymers with high molar masses and hyg#ids. ScCQ has
also the ability to act as a chain transfer frelwesu, eliminating the need for surfactants. In
addition, dry, free-flowing granular material care lobtained when polymerizations are
conducted in scC©On the other hand, specialized and expensivepetgiit is needed in order
to handle the required high pressures limitingplicability together with the rather expensive
fluorinated stabilizers. In order to be able to pete with organic solvents low-cost stabilizers
for scCQ are required.

1.4 Water

Polymerizations carried out in aqueous media receiore and more attention due to increased
environmental concern and the growth of pharmacautand medical applications, where
mostly hydrophilic polymers are requirédWater is the most environmentally friendly and
inexpensive solvent of af>* However, controlled/living radical polymerizatioirs aqueous
media remain challenging due to compatibility pevb$ of the radical mediator with water and
the instability of the dormant species in the pneseof watef?

1.4.1 Homogeneous polymerization

The homogenous polymerization in aqueous medianegjthat the monomer, polymer and the
radical mediator (in case of controlled radicalypoérization) are water-soluble. In general,
monomers with ionizable pendant groups polymeriagchmfaster in water than in organic
solvents or in bulk. This observed enhancemenhénlf/k; ratio (k, = propagation rate,; k-
termination rate; the ratio increases in the oafamagnitude by 1.5-2) is attributed to (1) the
higher reactivity of the monomers in water duehargges in electron density of the double bond
caused by hydrogen bond formation between the menoamd water, (2) the greater
electrostatic repulsion between two growing radicas a result of the increased ionic
dissociation of the pendant group and (3) the ptate of the propagating radical center from
termination by reason of polymer-water interactitimst are able to produce a strong hydration
shell**In general, reversible addition fragmentation oteansfer (RAFT) polymerizations are
reported more often, while the literature for attmansfer radical polymerization (ATRP) is

6



Alternative green solvents and energy sources iynper chemistry

limited to methacrylates and certain water-solubdgyrenics®** nitroxide mediated

polymerization (NMP) of various water-soluble moregt’ are published too. The RAFT
polymerization is the most versatile method, immgrof monomer choice and the ability to
control the polymerization in a wide range of stycemonomers in water, as well as neutral,
anionic, and zwitterionic acrylamido monom&¥s! In case of ATRP, the catalyst stability in
aqueous media is problematic because of side ogactsuch as dissociation, complexation and
dispropornatiof>®*>*® On the other hand, the aqueous ATRP benefits frapid
polymerization rates at ambient temperatdr&s®® The faster ATRP kinetics in aqueous
media were mainly attributed to higher equilibriagoncentrations of propagating radicals and to
solvent effects on the rate of propagafidin general, the addition of organic solvents te th
water slows down the polymerization resulting iftérecontrolled polymerizatiorisin order to
improve the control over the polymerization, casédywith a large initial amount of deactivator
or additional halide salts can be used in ordesujgpress the dissociatidiRecently, ATRP of
acrylic acid was described as W&lIThe first aqueous NMP of sodium 4-styrenesulfonate
(SSNa) utilizing a new carboxy functionalized watand organo-soluble nitroxide based on
2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxy (TIPN®as reported in 2007, yielding well-
defined polymers at moderate temperatures (<100 ®Dythermore, the utilization of tertiary
SG-1 based alkoxyamine bearing a carboxyl acidtiondMAMA-SG-1) as mediator in the
NMP of acrylamide, acrylate and styrene based wsdkible monomers, lead to a
controlled/living polymerizations with first-ordé&netics up to high conversiofs.

1.4.2 Heterogeneous polymerization

Heterogeneous polymerizations are applicable to wchmwider range of monomers in
comparison to homogenous polymerizations. Heteregen free-radical polymerization is a
widely used polymerization technique in industryn iparticular the emulsion
polymerizatior***2®3These aqueous dispersed systems are prior to lemmoog processes,
due to low viscosity, better control of heat tramsand faster rate of polymerization, just to
mention a few?>>2%n order to obtain good polymerization result® tontrol agents have to
be stable and efficient in aqueous médi&or controlled polymerizations, mainly 2,2,6,6-
tetramethylpiperidinyloxyl (TEMPO) and its derivates well as acyclic nitroxides such as SG1
have been used in heterogeneous aqueous mediaiesl rmediators in nitroxide mediated
polymerizationg®®* In case of ATRP the mediation with copper compéeRave been studied
most extensivel§®®> RAFT has been reported in miniemulsion polymeiiatutilizing
nonionic surfactants, while cationic and anionicfatants were unsuccessftilin addition,
transition-metal catalyzed polymerization of olsfii as well as cationi¢®’ and anionic
heterogeneous polymerization in water were destfibén case of cationic polymerization,
water-tolerant Lewis acids such as metal triff&t&5sor tetrafluoroboratéd were employed.
Recently, surfactant-free emulsion polymerizatiotese performed in aqueous media utilizing a
cationic ionizable water-soluble initiator and de@jcohol as costabilizéf a surface-active
RAFT agent with low molar mas8, or a NMP macroinitiatof’ In all cases fast



Chapter 1

polymerizations, good control over the molar masmed smaller particles were obtained in
comparison to a conventional emulsion polymerizatiocor a deeper insight into
homogeneod&°%**and heterogeneotis*>**“radical polymerizations in aqueous media several
review articles are recommended. In the last yearstrolled radical polymerizations in aqueous
media were investigated in particular including NM&WTRP and RAFT, showing that the
control agents have to be carefully selected anthdu investigations are necessary in order to
achieve comparable control as obtained in orgapivests’®**>>**Besides controlled radical
polymerizations, online-monitoring of emulsion polgrization processes, new heterophase
polymerization processeg.. micro- and miniemulsion), synthesis of block comoérs and
nanosized hybrid structures, new stabilizers anghperization aids, model systems for latexes,
and better understanding of the kinetics and mastrawere parts of the ongoing research in
emulsion polymerizations->?

In conclusion, water is already extensively usedrnmulsion polymerizations on industrial scale.
In this case, a lower viscosity, a better contfdieat transfer and faster polymerization rates are
achieved in comparison to homogeneous polymeriastio water. Interestingly, homogeneous
ATRP has shown rapid polymerization at low tempeed in aqueous media. The concept of
near-critical water was introduced and applied atymer chemistry. This concept seems quite
promising due to the fact that two polymerizatieshniques (precipitation polymerization and
the thermal polymerization) can be combined resglin polymerization and precipitation in
one step.

1.5 Microwave irradiation

The concept of sustainable chemistry representgea of innovation which not only preserves
resources, but also includes development processashemical industry. In this regard,
alternative energy sources, such as photochemistigrtowave energy, electron beam and
ultrasound, are investigated in order to replaceventional heat sources fa.g. polymer
processing. The main goal of utilizing alternatereergy sources is to improve the efficiency of
the process bg.g.reducing the polymerization time. The main advgetatilizing microwaves
as heating source is the rapid, instantaneous eledtive heating compared to conventional
heating. The microwaves penetrate the reactionumaxto a certain extend (depending on the
penetration depth) providing volumetric heating,ilesthe energy dissipation in an autoclave
takes place by conduction and convecfidn. addition, microwave irradiation provides non-
contact heating, circumventing decomposition of @oales close to the walls of the reaction
vessel or the formation of undesired side prod{fdfirthermore, increased reaction speeds and
improvements in yield and selectivity have beeneolesd for a large number of organic and
inorganic reaction§' Moreover, the usage of low boiling solvents isilfeted, since reactions
can be performed in closed vessels. In polymer @tgm a significant increase in reaction
speed and therefore shorter reaction times werertexp for most polymerizations (including
step growth polymerization of polyamides, polyingdpolyethers, and polyesters, ring-opening
polymerization ok-caprolactams angdcaprolactones, and free radical polymerizatiostgfene
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and methyl methacrylate) resulting in an improveditp and, as a consequence, improved
polymer propertie&*

In general, microwaves are electromagnetic wavefenfrequency range of 0.3 to 300 GHz,
which corresponds to wavelengths of 100 to 1 cnspeetively. This region of the
electromagnetic spectrum lies between the farreérand radio frequencies (Figure 1.3). Out of
the several frequency bands that are availabledfomestic and scientific applications, a
frequency of 2.45 GHz (corresponding to a wavelengt 12.2 cm) is commonly used for
kitchen microwave ovens and industrial microwavacters. Radiation of this frequency only
affects molecular rotation and is not strong enciaghreak chemical bonds, since a microwave
photon has only an energy of 0.00001 eV in comparie 5 eV for a covalent bond or 0.025 eV
for the Brownian motion. As sources are availablesfficiently generate microwaves at this
frequency, it is a convenient method for heatingrowave-absorbing substances. Microwaves,
being of electromagnetic nature, consist of timeavay electric and magnetic fields, and
propagate through space at the speed of light (&igju4).

> 1200 1200-120 120-1 ~10~* ~107%

Energy (kJ/mol)

Nuclear Core Electronic Molecular Molecular
excitation  electron excitation vibration rotation
excitation

Frequency (v) in Hz

10"° 107 105 10"3 1070 10°

Ultraviolét| Visible | Infrared - Radio waves
|igp{ light | radiations. g"’°waves NMR
B

04 08 102 N0 101
Wavelength (1) in um

Cosmic

rays y-rays X-rays

10°6 1074

Figure 1.3Electromagnetic spectrum: wavelengths and freq@sngeprinted from reference 13).

However, the magnetic part of the electromagnetiwas does not interact with organic media
and, thus, will not participate in microwave hegtifor most chemical transformations. The
capability of a compound to convert microwave iraéidn to heat is given by the loss tangent
(Equation 1.1)?
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& |\w Equation 1.1
tan(s) = 22()
& (@)
&1 permittivity
& dielectric loss factor
1) electric field frequency

€ = electric field
H = magnetic field

2 = wavelength (12.2 cm for 2450 MHz)
c = speed of light (300,000 km/s)

Figure 1.4Schematic representation of a microwave at 2.45.GHz

The higher the tag] is at 2.45 GHz, the better the compound will absaicrowaves, resulting

in more efficient heating. Consequently, polar samhses are expected to heat up more efficient
than non- or less polar counterparts. In gendnaldielectric loss factor of a solvent determines
its ability to absorb microwave energy. The powessipation by the dielectric material is
proportional to this loss factor. However, dielectproperties are in general frequency and
temperature dependent and, unfortunately, the apfimquency for most efficient heating shifts
further away from 2.45 GHz on heatiffgAnother important parameter depending on the
dielectric constant is the penetration depth, wischuantitatively defined as the depth at which
the intensity of the radiation inside the matefadlls to 1/e (~36.8%) of the original value at the
surface. The penetration depth of microwaves i®démg on the temperature and decreases for
water with increasing temperature (Equation 1>ZJhe dielectric properties of selected organic

solvents and water are summarized in Table 1.1.

5 _ A {gl Equation 1.2
S I S

&1 permittivity

& dielectric loss factor

Ao wave length
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Table 1.1Dielectric parameters of different organic solveats! water’®’’

Boiling Penetration
Solvent point €1 tand € denth

°C] epth [cm]

DMSO 189 45 0.83 37.13 0.75
Ethanol 78 243 0.94 22.89 0.91
Water 100 80.4 0.12 9.89 3.53
DMF 153 37.7 0.16 6.07 3.94
Chloroform 61 4.8 0.09 0.44 19.36
THF 66 7.4 0.05 0.35 30.19

Besides dielectric heating, ionic species can laddeunder microwave irradiation by an ionic
heating mechanism. When an ionic solution is placedn electric field, the field causes an
ionic current, which gives rise to joule heatingloé solution, which is proportional to the ionic
conductivity of the material. The ionic conductivigpends on the ion concentration and is, in
general, also dependent on temperature and freguédngeneral, ionic heating will occur in
combination with dielectric heating of the surroungdsolvent and the total average energy
dissipation by a dielectric material in a microwdiedd can be given by Equation 1'3.

P =} e, (WES +40, () ] Equation 1.3
&0 permittivity of vacuum

& dielectric loss factor

) electric field frequency

Eo electric field amplitude

0 ionic conductivity

The second term represents the power dissipatiortadiaic currents, which depends on ion
concentration, frequency, and temperature. Fotaghgerature measurement in the microwave
field, specialized equipment is necessary. Theref®aensors, fiber-optic sensors, earthed and
shielded thermocouple elements and gas thermometges used for temperature
measurement$:®* In case of an IR sensor, the temperature is medsawehe surface of the
reaction vessel and therefore large differencesteimperature measurements can occur.
Therefore, in most cases the temperature is caddbraly the pressure values obtained for
distilled water, making the reported values morealé. The fiber-optic sensors are rather
expensive, but the accuracy of the temperature umement is the best (+ 1-2 KIn general,
there are four different types of fiber-optic senssatilizing gallium-arsenide crystals, Fabry-
Perot-Cavities, Bragg-Grids or luminescent/fluoeggcsubstanced®' Earthed and shielded
thermocouple elements are rather cheap in compattséiber-optic and IR, but they can only
be used on larger scales (> 30 mL) with polar suiusts, otherwise they will heat up by
themselves. In a gas thermometer the ability of tgasxpand with increasing temperature is
used to monitor the temperature. In general, twegmaies of equipment are used in microwave
chemistry, based on different design requiremesitsgle-mode and multi-mode microwave
ovens. Both types cater to a specific market segn&ingle-mode microwave equipment is

11
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primarily used for chemical synthesis, whereas mmitide microwave equipment is mainly
used for chemical analysik single-mode microwave systems a homogenous mavre field

IS generating a standing wave (the wave guide asength of the microwave). Unfortunately,
the maximum power is limited (up to 400 W). In nmwatode microwave systems a
‘homogenous’ microwave field is created by a higbhaotic wave distribution (mode stirrer).
In this case rather large quantities can be heatedpared to the single-mode microwave
systems.

1.6 Aim and outline of the thesis

As described above, alternative reaction media @asghonic liquids, water and scGQ@re
promising alternatives for organic solvents in podyization processes. However, the variety of
ionic liquids used in polymer chemistry is limitéal a few examples up to now. In order to be
able to obtain better results it is necessary ia gadeeper insight into the structure-property
relationships. In Chapter 2, the synthesis of ioligeids is described. The focus was on
imidazolium based ionic liquids with different allghain lengths as well as branched alkyl side
chains resulting in a library of ionic liquids. Dy the synthesis microwave irradiation was
used as a heating source, because ionic liquidbeagnthesized in short times as a result of the
elevated temperatures being applied. Moreoverditeet up-scaling of the microwave-assisted
synthesis in batch and continuous flow reactors iwmasstigated. In Chapter 3, the properties of
the ionic liquids synthesized are addressed. Itiqoer, the decomposition temperature, the
thermal behavior and the water uptake were invatgdyin order to elucidate and compare first
structure-property relationships of ionic liquidsttwlinear and branched alkyl side chains. In
cellulose chemistry, ionic liquids were found to dernative solvents for dissolving cellulose.
However, the ionic liquids used up to now are ladit In Chapter 4, the screening of the
synthesized ionic liquids for their ability to didge cellulose is described. Selected ionic
liquids, which dissolve cellulose in higher amountgere utilized as reaction media for the
homogenous tritylation reaction of cellulose in @rdto compare their performance. In
Chapter 5, new imidazolium based polymers werehggited by step growth polymerization.
In order to control the molar masses, the appboadif molar imbalance and chain stoppers were
investigated during the polymerization progresse Tiiermal behavior and the water uptake of
these materials were investigated. In Chapter ®rraltive synthesis routes for synthetic
polymers were investigated applying ‘green solvestsch as near critical water and ethanol. In
particular, the thermal auto-polymerization andcjp#ation polymerization of styrene were
combined in order to develop an environmental tiigmpolymerization process. To improve the
control on the thermal initiated polymerizationstyrene in ethanol, the effect of the presence of
a stable free nitroxide (SG-1) was examined. Fumloee, the hydrolytic ring-opening
polymerization of polyamides at elevated tempeestumder microwave irradiation was studied,
since it could be expected that the utilizationnatrowave irradiation might lead to cleaner
products with less side products.
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Chapter 2

Synthesis of ionic liquids

Abstract

lonic liquids are considered to be ‘green’ solvemtsaccount of their non-volatility and non-
flammability — which are results of their negliggbvapor pressure — as well as their reusability.
On the basis of ecological concerns, ionic ligugkem to be an attractive alternative to
conventional volatile organic solvents. lonic lidsican be synthesized in a fast and efficient
way by using microwave irradiation. In this thesigrious ionic liquids with linear and
branched alkyl side chains were synthesized undieromave irradiation. The optimized
reaction conditions for the synthesis of 1-butyl&thylimidazolium chloride were
subsequently transferred to various microwave oeacBatch and continuous flow, as well as
mono-mode and multi-mode microwave reactors weesl disr the direct up-scaling from 0.01
to 1.15 mol. In addition, the homogeneous synthesi&-ethyl-3-methylimidazolium diethyl
phosphate was performed in a continuous flow reasavell.

Parts of this thesis have been published: R. M.lu3aur. Erdmenger, C. R. Becer, R.
Hoogenboom, U. S. Schubexacromol. Rapid Commu2007, 28, 484-491; T. Erdmenger, R.
M. Paulus, R. Hoogenboom, U. S. Schubgust. J. Chen008 61, 197-203; T. Erdmenger, J.
Vitz, F. Wiesbrock, U. S. Schuberf. Mater. Chem 2008 18, 5267-5276; J. Vitz, T.
Erdmenger, C. Haensch, U. S. SchubBreen Chem2009 11, 417-724.
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Chapter 2

2.1 Introduction

lonic liquids are in general synthesized by quarzation of amines, imidazoles, pyridines or
phosphines through an alkylation reaction (Menshutiaction), as displayed in Scheme 2.1.

Ry

\N N w/\ /\ﬁ)\/Rz

\—/ ¢

R;=H; R,= Alkyl, phenyl; X=Halide

Scheme 2.1Schematic representation of the general synthdsisalkyl-3-methylimidazolium-
based ionic liquids.

The reaction has been named after its discoveher, chemist Nikolai Menshutkin, who
described the procedure in 1890. The reaction lEtwertiary amines and alkyl halides is hard
to control; however, when ionic liquids are the it end product, this reaction becomes an
interesting option, since the yields are good dredreaction is easily performed. Reactions can
be accelerated by utilizing polar aprotic solverdgy. DMSO and THF, or higher reaction
temperatures. Leaving groups facilitate the reaatidhe order chlorine < bromine < iodine.
Typically, the synthesis of ionic liquids is timerssuming and requires reaction times up to
several day$.However, in 2000, Personal Chemiétsynthesized for the first time ionic liquids
by using single-mode microwave irradiation, andhagsult, the reaction times were shortened
from several hours to minutes. Varma and Nambobgeiformed a solvent-free synthesis of
ionic liquids in a household microwave oven in camgble time frames. This acceleration of the
synthesis is believed to be a result of the in@eéasaction temperatures. The ability of ionic
liquids to be efficiently heated by microwave inatebn arises from their ionic nature and is an
appealing featur&® The thermal stability and the low vapor pressuriemnic liquids also allows
their use in high temperature reactions.

2.2 lonic liquids with linear alkyl side chains

The microwave-assisted synthesis of ionic liquidth wnear alkyl side chains in this thesis was
optimized on a small scale (~ 2 mL) utilizing agtetmode microwave system (Biotage Emrys
Liberator)’ The power can be either set to 150 or 300 W. Eheperature was measured by an
IR-sensor, located at the side of the microwavetgaVhe maximum temperature and pressure
were 250 °C and 20 bar, respectively. The reactioxtures were stirred with a magnetic
stirring bar. Reaction volumes of ~ 2 mL were ugadthe synthesis of the ionic liquids. The
schematic representation of the synthesis of 1HR4tgethylimidazolium chloride is depicted in
Scheme 2.2. In general, the synthesis of the ibgicds was performed in the absence of an
additional solvent and with a ratio of 1 to 1.3lafmethylimidazole to alkyl halide. Alkyl halides
are non-polar substances, which are poorly absgnicrowave. Therefore, they are indirectly
heated by the 1-methylimidazole and the arisingcidmquid, which are good microwave
absorbers. The thermal overshoot, which mainly mcdue to the very fast heating of the
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Synthesis of ionic liquids

formed ionic liquids in the microwave field, coutlldus be reduced by the excess of the alkyl
halides chloride preventing possible thermal runmsnaf the reactions. As a result of the very
efficient microwave absorption of the ionic liquida power of 150 W was used and a
temperature of 170 °C was chosen to stay within ghfety-limitations of the microwave
systems, also in case of a thermal runaway of yees. Nevertheless, a thermal overshoot of
8 °C was still observed under these conditions. Tdraperature/pressure profiles obtained
during the reaction of 1-methylimidazole and butyloride are shown in Figure 2.1.

~. NN \/\e/\/\
N Nt N N—> N N
\—/ ° \—/ &

Scheme 2.5chematic representation of the synthesis of 1H3utyethylimidazolium chloride.
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Figure 2.1 Microwave temperature and pressure profiles for fudvent-free synthesis of 1-
butyl-3-methylimidazolium chloride on a small scée01 mol) using a 1 to 1.3 ratio of 1-
methylimidazole to butyl chloride (170 °C, 7 miB0MW, IR sensor).

As depicted in Figure 2.1, the pressure increagexh theating due to vaporization of butyl
chloride. As the reaction progressed, the presdapeeased as a consequence of the volatile
educts being consumed and the formed 1-butyl-3-yfietldazolium chloride having no
measurable vapor pressure at the applied reactiompdrature. Consequently, the pressure
decrease could be used to directly follow the coiva of the reaction. When the pressure
inside the reaction vessel was stabilized, theti@aavas completed. Subsequently, the mixture
was cooled down by nitrogen, and a two phase syst@smobtained with the viscous ionic liquid
at the bottom and the remaining excess of butyraié in the upper phase. The butyl chloride
could be easily removed by decantation. THeNMR spectrum of the crude product is depicted
in Figure 2.2. For the first runs, a reaction timfe30 min was chosen. After this time, full
conversion, as measured By NMR spectroscopy, was reached and the ionic dichad a
reddish brown color (Figure 2.3 A). The strong cal@s thought to originate from impurities of
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the educts. Therefore, the experiment was condusted freshly distilled 1-methylimidazole
and butyl chloride. Unfortunately, only a small immpement in colorization was achieved
(Figure 2.3 B). In a next step, the reaction tinaswecreased to only 5 minutes resulting in only
slightly colored ionic liquid (Figure 2.3 C). Aftethis short reaction time, still 7% of 1-
methylimidazole were left (determined Hy NMR spectroscopy). However, the optimization of
the reaction time, besides the reaction temperasesms to be the main parameter to synthesize
ionic liquids with only a slight coloration at el#ted temperatures.

Crude product

1 23
J DMsO| !
1 _
10 9 8 7 6

o
T
©]

5 4 3 2 1 0
[Ppm]

Figure 2.2 'H NMR spectrum of the 1-butyl-3-methylimidazoliumodde before purification
(170 °C, 7 min, 150 W).

Figure 2.3 Synthesis of 1-butyl-3-methylimidazolium chloridd 20 °C: A) without purification
of the educts, 30 min; B) with purified eductspd@; C) with purified educts, 5 min.

Based on the pressure diminution observed in Fi@uethe reaction time could be limited
to a more specific time range for further optimiaat In case of 1-butyl-3-

methylimidazolium chloride, a reaction time of 7rmaies was found to be an optimum at
170 °C. Other ionic liquids with various alkyl chalengths were synthesized and their
reaction times optimized according to the abovecdbed procedure; the results are listed in
Table 2.1. At these conditions full conversions evezached and the ionic liquids were only
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slightly colored. Shorter reaction times resultedlower conversions and longer reaction
times in more strongly colored products. After daaay the remaining alkyl halide, the
ionic liquids were extracted with ethyl acetate awetone for further purification. The
optimized reaction conditions found for the synikesf 1-butyl-3-methylimidazolium
chloride were employed to investigate the directsopling utilizing various microwave
systems, including both batch and continuous flewvall as mono-mode and multi-mode as
described later in this chapter. In addition, iohguids with different chain lengths (from
ethyl to decyl) utilizing alkyl bromides were syeized under microwave irradiation. In
these cases lower reaction temperatures (120 °@ amgplied due to the higher reactivity of
the alkyl bromides in comparison to the alkyl cides. The reaction times are summarized
in Table 2.2. In case of the alkyl bromides, a éatigermal overshoot (~55 °C) was obtained
during the reaction, as depicted in the heatindileron Figure 2.4.

Table 2.10Optimized reaction conditions for the microwaveistesl synthesis of 1-alkyl/aryl-3-
methylimiazolium based ionic liquids with chloricieunter ion at 170 °C.

lonic liquid Time Conversiof Yield Purity’

[min] [%] [%] [%]
[CsMIM][CI] 9 >99° 95 96
[C.MIM][CI] 7 >99° 99 95
[CsMIM][CI] 8 >99° 98 94
[CioMIM][CI] 7 >99° 98 98
[C1eMIM][CI] 7 >99° 97 95
[BnMIM][CI] 12 >9d 99 93

2100 °C° no starting material detectable (determinedHbyNMR spectroscopy¥, purity determined by
'H NMR spectroscopy.

Table 2.2Synthesized bromo containing ionic liquids witHetént alkyl side chain lengths.

lonic liquid Time Conversion
[min] [%]
[C.MIM][Br] 20 ~99°
[CsMIM][Br] 30 >99°
[C.MIM][Br] 10 >99?
[CaMIM][BT] 20 99
[CeMIM][Br] 10 >99?
[C:MIM][Br] 10 >99?
[CsMIM][Br] 10 >99?
[CoMIM][Br] 10 >99°
[C1MIM][BI] 10 >99°

2 No starting material detectable (determinedbNMR spectroscopy).

In addition, for the synthesis of 1-ethyl-3-methyilazolium diethyl phosphate, full conversion
was achieved after 5 hours reaction time at 150Ti@& educts were used in an equimolar
amount, since no phase separation is taking plagagithe reaction making it more difficult to
remove any excess of either 1-methylimidazoleiethtyl phosphate.
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Figure 2.4 Microwave temperature and pressure profiles for fudvent-free synthesis of 1-
methyl-3-pentylimidazolium bromide (120 °C, 10 M0 W, IR sensor).

2.3 Branched ionic liquids

When branched alkyl halides are used to synthésige liquids not only a substitution, but also
elimination takes place. Hydrogen chloride is pr@tilas an elimination product, which reacts
with the 1-methylimidazole to form 1-H-3-methylinaigolium chloride as side product, which
could be identified by'"H NMR spectroscopy for all branched ionic liquidshereas the
corresponding alkenes could not be detected dtieetovolatility. Thus, a mixture of two ionic
liquids was obtained as depicted in Scheme 2.3.

R R H
NN . R, _»\N/\g)\/ 2 NN LN
\:/ \=/ g \=/ g ’
X X X

R;=Alkyl; R,= Alkyl, phenyl; X=Halide

Scheme 2.3Schematic representation of the reaction schemel-ofethylimidazole with
branched alkyl chains yielding side products (1-4fh8thylimidazolium chloride and alkene).

Nevertheless, ionic liquids with branched alkyl esichains were synthesized under
microwave irradiation at 170 °C. As depicted in g 2.5, the pressure increases during the
synthesis of 1-(1-methylpropyl)-3-methylimidazatiuchloride ([2-GMIM][CI]) and even
after cooling down to 40 °C, still a pressure ofpapximately 3 bar is detected for the
system. In general, higher pressures were obtam®dcompared to the synthesis of
[C4sMIM][CI]. These findings support that a volatile mpound, in this case most propably
butene, arises during the reaction.
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Figure 2.5 Synthesis of 1-(1-methylpropyl)-3-methylimidazoliaghloride at 170 °C under
microwave irradiation.

The conversions of the methylimidazole were quatitie (determined by'H NMR
spectroscopy), but only 59% of the desired iomjikl was produced in the best case due to
the formation of the above described side prodlise equilibrium between substitution and
elimination could be shifted towards substitution decreasing the reaction temperature to
80 °C. In this case, the side product could be egsed and 74% of the desired ionic liquid
was obtained after 2 days reaction time. The opethireaction conditions for the branched
ionic liquids are summarized in Table 2.3.

Table 2.3 Optimized reaction conditions for the synthesidiffierent branched ionic liquids
according to Scheme 2.1 under microwave irradiatein170 °C and under conventional
conditions at 80 °C.

Reaction type Microwave-assisted (170 °C) Conveati¢80 °C)
o Time Conversiofi Yield PuritY  Time Conversiofi
lonic liquid :
[min] [%] [%] [%] [h] [%]
[2-CMIM][CI] 7 59 28 98 48 74
[2-C,MIM][CI] 11 35 31 96 48 68
[2-CsMIM][CI] 11 30 14 97 48 65
[3-CsMIM][BI] 2 43 — .
[MBnMIM][CI] 7 51 39 97

2 Determined by*H NMR spectroscopy® no separation/purification achieveti purity determined by
'H NMR spectroscopy.

In order to separate the H-3-methylimidazolium chloride from the desired ioniquid
different solventsd.g.tetrahydrofuran, methyl ethyl ketone, diethyl ethend acetone) were
investigated. This attempt was unfortunately unssfid as shown in Figure 2.6.
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Tetrahyrofurane

Ethyl methyl ketene
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w

Ethylacetate ﬁt

Acetonitrile/acetone mixture
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Figure 2.6"H NMR spectra of a branched ionic liquid, contaigib-H-3-methylimidazolium
chloride as side product, after extraction withfdient solvents and solvent mixtures.

The 'H NMR spectra shows the two imidazolium rings of thranched ionic liquid and the
side product in the aromatic region. Between 8 @ngpm still two peaks with the same
ratios are obtained after extraction with differeptvents and solvent mixtures in all cases.
For this reason, an alternative purification pragedfor the branched ionic liquids was
developed, which consisted in drying the samplelk2ét°C for two days under vacuum in an
infrared-light evaporator (IR-Dancer). As depictedFigure 2.7, the undesired side product
was nearly removed after one day drying in the #akr. For a complete removal oHE3-
methylimidazolium chloride the ionic liquid was dd an additional day.

After 1 day in IR-dancer

Ll

Before drying

1I0 ‘ 9 I é I 7 6
[pPpm]

Figure 2.7*H NMR spectra of a branched ionic liquid, contaigib-H-3-methylimidazolium
chloride as side product, before and after one dayng in the IR-dancer.
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It seems that the H-3-methylimidazolium chloride decomposes to 1-mkthigazole and
hydrogen chloride under the applied conditions. Ewesv, the side products could be
successfully removed from the desired ionic liq@at high temperatures under vacuum.
Subsequently, the remaining ionic liquid was fipgdurified by either filtration over silica gel or
charcoal in order to remove traces of decomposddriah In the second case, the color of the
ionic liquid is improving (slightly yellow).

In case of 1-(1-ethylpropyl)-3-methylimidazoliumadmnide the above described purification
procedure was unsuccesful due to the fact thatlthe3-methylimidazolium bromide in
contrast to the H-3-methylimidazolium chloride could not be removed. possible
explanation for this finding is the higher stalyilaf the 1H-3-methylimidazolium bromide.
The use of a higher temperature in the IR-Dancewispossible and could, in general, also
lead to a decomposition of the desired ionic liquik a consequence, an alternative
synthesis route according to Scheme 2.4 was chdbsen

\—/ \—/ ¢

Scheme 2.45chematic representation of an alternative synthesite for the synthesis of 1-(1-
ethylpropyl)-3-methylimidazolium iodide.

In the first step of this new synthetic approacbhh@ne 2.4), imidazole was alkylated with
3-bromopentane using sodium hydride as a depratapagent. The reaction was performed
under conventional conditions and under microwaxadiation. The progress of the reaction
was monitored byH NMR spectroscopy as depicted in Figure 2.8.

Microwave, 120 °C, 30 min Qilbath, 60 °C a

b b
6
1 23 5
\—/ 5 - 4 A
23 2/3 S M
1 23 5 6
3 days b 4
2 40 i I R S
trs , | asomsos b 6
L - I (I SRS B
8 7 4 3 2 1 7 :

0 8 7 4 3 2 1 0
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Figure 2.8 'H NMR spectra of the synthesis of 1-(1-ethylprdmjitjazole under a)
microwave irradiation (120 °C) and b) conventiorainditions (60 °C).

The peak for the imidazole ring at 7.0 ppm (2) dig=ars, while two new signals at 7.14 (b)
and 6.9 (c) arise for the alkylated imidazole riNgarly full conversions were obtained after
5 days under conventional heating (60 °C), whildyoBO minutes were required under
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microwave irradiation (120 °C). This accelerationthe reaction is caused by the applied
higher temperature (120 °C instead of 60 °C), whscAbove the boiling point of the utilized
solvent (THF). Thereafter, the obtained reactionxtare was purified by column
chromatography and a yield of 48% was achievedthtn second reaction step methylene
iodide was added to the alkylated imidazole at raemperature to yield 55% of the desired
ionic liquid. The'H NMR spectrum of the desired ionic liquid is depitin Figure 2.9. All
peaks of théH NMR spectrum could be assigned to the desiredymb An overview of the
ionic liquid cations with different branched sideains synthesized in this work is given in
Figure 2.10.

7 H.O

\—/ © ° d,-DMSO

6
5

[Ppm]

Figure 2.9'H NMR spectrum of 1-(1-ethylpropyl)-3-methylimidaaniiiodide.

\N/\ﬁ’J\ \N/%QJ\/ \N/\(;?J\/\

1-(1-Methylethyl)-3- 1-(1-Methylpropyl)-3- 1-(1-methylbutyl)-3-
methylimidazolium methylimidazolium methylimidazolium
[2-CsMIM] * [2-C,MIM] * [2-CsMIM] *

NN
iy \N/\E?Ji/

\—/

1-(1-Methylbenzyl)-3-methylimidazolium 1-(1-ethylpropyl)-3-methylimidazolium
[MBnMIM] * [3-CsMIM] *

Figure 2.10 Overview of the chemical structures of the syn#eesibranched ionic liquid
cations.
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The synthesized ionic liquids were also charaateriby matrix-assisted laser deflection
ionization — time of flight — mass spectrometry (MA-TOF-MS). Since the imidazolium rings
of the ionic liquids are already charged and ablalisorb the laser energy, no matrix or ionizing
agents were required in order to measure the cong®o(in this case the laser desorption
ionization approach (LDI-TOF-MS) was used). Theigdoliquids were dissolved in methanol
and directly spotted onto the target. The LDI-TOK-8pectra were recorded in positive mode,
measuring only the cations of the ionic liquidseTmear and branched ionic liquids have the
same molar mass and therefore similar mass peaksisatopic pattern were obtained as
depicted in Figure 2.11. The measured spectra \itheg well to the calculated isotopic
pattern.

1,04 0,81 Calculated isotopic pattern
-— 0’8_ E 0,4’
5 069 J\/ 3
3 04 T 8 0.0
2 0:2_ \=/ c_‘g J\/
£ 00 2 05 \"\/\/@
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8 0,8 N 0,0 A
N Y07 =
—_— (U
= 0,6 _ \N/\@/\/\ £ 08 \N/\@/\/\
E 04] \—/ 5 \—/
S 0,2 < 044
0,0 Lot P —— T T T T T 1 0,0 T £ T T T T 1
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Figure 2.11LDI-TOF-MS spectra (positive mode) of linear an@reched ionic liquids with the
same number of carbon atoms in the side chain. &idit, top: [2-GMIM][CI]. Left side,
bottom: [GMIM][CI]. Right side: comparison of the theoreticélop) with the experimentally
obtained isotopic pattern of the linear (bottomypamanched (middle) ionic liquid.

In order to get a better insight into the fragme&atabehavior of linear and branched ionic
liquids, LDI-TOF MS/MS was measured of 1-(1-methgipyl)-3-methylimidazolium chloride
and 1-butyl-3-methylimidazolium chloride. In cordtdao LDI-TOF-MS, a parent peak (in this
case the ionic liquid cation) was selected by aymsor ion selector and the fragmentation of
this parent peak was achieved by collision-indugisdociation (CID) resulting in an additional
mass spectrum that allows the examination of clgesvand reaction pathways (Figure 2.12). In
this case, better spectra were obtained when @wsimatrix (higher signal intensities, dithranol
was used). For both ionic liquids, the MS speatr&igure 2.12 showed that the dealkylation of
the butyl side chain is the main fragmentation pssc(loss of the largest substituent is most
favored). The spectrum illustrates the loss oflibieyl carbocationi{-C4Hg, or secC4Hg) from

the ionic liquid (m/z 139) and the resulting 1-mydithidazole ([MIMH]*, m/z 83 (100%)). A
lower intensity for the molar peak (m/z 139) waarfd for the ionic liquid with branched butyl
side chain (14%) as compared to the ionic liquithwinear butyl side chain (20%), which is in
agreement for the findings observed with branchkanas’® In general, secondary carbocations
are known to be more stable compared to primanyocations (stability: tertiary > secondary >
primary > methyl)’ which also might explain the overall lower fragrmariensities for the ionic
liquid with a branched butyl side chain (FigureL?.fight side).
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In addition, a difference in the fragmentation babawas found in the region from 83 to
139 m/z. In case of 1-butyl-3-methylimidazolium atidle, fragments at 124, 110 and 96 m/z
were found (typical for loss of GHand CH), whereas the intensity increased with decreasing
molar mass, as it would be expected. Since thevatga of alkanes is favored at branching
points? the fragment at 96 m/z found in the spectrum biifyl-3-methylimidazolium chloride
was not obtained in the spectrum of 1-(1-methylgheB-methylimidazolium chloride. In this
case, the cleavage ofld;s is favored as depicted in Figure 2.17 (left side).

[MIMH]"
100 -

Relative intensity [%]

i [2-C MIM]
20 CH 4

4 8
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Figure 2.12MALDI-TOF-MS/MS spectra of 1-(1-methylpropyl)-3-hydimidazolium cation.
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Figure 2.13 Left side:Schematic representation of the favored cleavager(ore favored than

) for 1-(1-methylpropyl)-3-methylimidazolium chidei ([2-GMIM]) and 1-butyl-3-
methylimidazolium chloride ([{MIM]); Right side:MALDI-TOF-MS/MS spectra of [2-481M]
(top) and [GMIM] (bottom) cation.
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2.4 Anion exchange

The bromide or chloride anions of the synthesizeamlk$l-3-methylimidazolium based ionic
liquids can be easily exchanged by various saldepscted in Scheme 2.5. For some exchange
reactions water was found to be the best sofffemther exchange reactions must be carried out
in dichloromethane or acetonitrit&® In principle, sodium salts are used for the amrchange
from hydrophilic to hydrophobic anions,g.from [CI] to [PK]". In this case the ionic liquid
separates from the aqueous phase, while the aratraege salt stays in solution.

The completeness of the anion exchange was chdokediding a silver nitrate solution to a
solution of the ionic liquid in wate?.

\N/\ﬁ/e\/\
\—/ Br

SN

Anions: eNsz Me884

a: AgNO; b: AgOAc, c: LiNTf,, d: NaMeSO,4

Scheme 2.5Schematic representation of the anion exchange-akyl-3-methylimidazolium
based ionic liquids with halide counter ion.

In addition, an anion exchange resig. Amberlite IRA-406* can be used for the preparation of
1-alkyl-3-methylimidazolium acetate (Scheme 2.6).

@
NH,
Sonc NG AN ®
\N/\%/e\/\ N f— "éOAc ’ :‘:IH3

Scheme 2.6chematic representation of the anion exchange‘\ittiberlite IRA-400".

The advantage of using an exchange resin is theehgxchange efficiency and the minimized
risk of contaminating the ionic liquid. Unfortunbtethe use of the exchange resin is limited
due to the fact that the exchange potential ine®asth increasing atomic number and that the
solubility of the ionic liquid in the used solveshould stay the same. Therefore, the anion
exchange from hydrophilic to hydrophobic anionglisblematic and also for the synthesis of
fluoride containing ionic liquids the exchange nesan not be used. Therefore silver fluoride
(AgF) was used to synthesize 1-ethyl-3-methylimadiam fluoride ([GMIM][F]) and 1-butyl-
3-methylimidazolium fluoride ([@MIM][F]). During the exchange, the poorly solubléver
chloride precipitates from the solutibhUnfortunately, some excess of silver fluoride ravad

in [C4MIM][F]. The results for the anion exchange of stdel ionic liquids are summarized in
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Table 2.4. In case of the branched ionic liquidsahion of the chloride containing ionic liquids
was exchanged according to a literature procetflifée ionic liquids were dissolved in water
and the anion exchange salt was added in a ratib.Gofto 1.06 of ionic liquid to sodium
tetrafluoroborate. The reaction mixture was stifi@dl5 min and then methylene chloride was
added. The aqueous phase was extracted with ataitioethylene chloride and the combined
phases were washed with water containing sodiurafiigbroborate. The methylene chloride
was removed by evaporation under reduced pressuteh@ ionic liquid was freeze dried to
remove remaining water. The completeness of thenaekchange was checked with silver
nitrate. In addition, the OH stretching vibratiomgyich are very sensitive to hydrogen bonding,
are shifted to higher wavenumbers and instead @ddrabsorption bands for the chloride and
iodide containing ionic liquids, two narrow bandgpital for symmetric 1:2 H-bonded
complexes (anion-HOH-anion) were found as depittdeigure 2.14>

Table 2.4Anion exchange of selected imidazolium based iaqids.

lonic liquid Cor‘[;’/oe]rs'on P[Lj;;;f
[CMIMIF] >99° 98
[C,MIM][OAC] 5992 95
[CMIMI[I] 599 92
[CMIMI[F] 5992 98
[C.MIM][OAC] 95 95
[CMIM][NO 4] >0 99
[CMIM]INTF ] 99 95

2 No starting material detectable (determined'yNMR spectroscopy),
® purity determined byH NMR spectroscopy.

[C,MIM][CI]
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-N rin:
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Figure 2.14 IR spectra of 1-alkyl-3-methylimidazolium based igotiquids (linear and
branched alkyl side chain) with different countens.
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Furthermore, the anion exchange can be followed.D¥TOF-MS. When measuring in the
negative mode, in principle the anions of the iolmuids can be measured (Figure 2.15).
Unfortunately, in case of the chloride anion a éargimber of other peaks next to the chloride
were detected. In case of tetrafluoroborate, omg peak was observed, but we can not
conclude if the exchange was complete, since tlaidlb anion could not be easily detected.

BF, Cl
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Figure 2.15LDI-TOF-MS spectra (negative mode) of ionic liquidigh different anions. Left
side: comparison of the theoretical (top) with theperimentally obtained (bottom) isotopic
pattern of [2-GMIM][BF 4. Right side: comparison of the theoretical (tom)ith the
experimentally obtained (bottom) isotopic patteff2aC,MIM][CI].

The anion of 1-(1-ethylpropyl)-3-methylimidazoliumdide was exchanged by using silver
tetrafluoroborate as exchange salt. The ionic diguias dissolved in water and the anion
exchange salt was added in a ratio of 1.0 to 1f@6nac liquid to silver tetrafluoroborate. The
precipitated silver iodide was filtered off the widn and the aqueous phase was extracted three
times with methylene chloride. The solvent was reeabby evaporation under reduced pressure
and the ionic liquid was freeze dried to removeagmnmg water. The completeness of the anion
exchange was checked with silver nitrate. The tesof this anion exchange process are
summarized in Table 2.5.

Table 2.5Results for the anion exchange process of the tigeg¢sd ionic liquids with linear
and branched alkyl side chains.

lonic liquid Anion exchange salt Y[:;;I]d
[CsMIM][CI] NaBF 4 27
[CMIM][CI] NaBF, 62
[CsMIM][CI] NaBF, 83
[BnMIM][CI] NaBF, 72

[2-CMIM][CI] NaBF, 19
[2-C,MIM][CI] NaBF, 30
[2-CsMIM][CI] NaBF, 71
[MBnMIM][CI] NaBF 4 73

[3-CsMIM][1] AgBF 4 50
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2.5 Microwave-assisted up-scaling

In order to be able to take advantage of the priogpigroperties and broad range of applications
of ionic liquids, scale-up possibilities for thaiynthesis are of significant importance. The first
attempts for large scale preparations of ionicitigufrom 0.3 to 2.0 mol) under microwave-
assisted heating were performed in 2002 by Charcewdrkers'® who carried out the synthesis
in the absence of solvent and in an open vess&l003, Deetlefs and Seddoused a closed
system for their medium scale synthesis (0.15 8rfol). The difficulty encountered during
scale-up, particularly for continuous flow experintg is the handling of a two-phase system
with rather high viscosities. A too high viscostign cause blockades in the tubes of the reactor.
In this thesis, the reaction conditions for thetbgsis of 1-butyl-3-methylimidazolium chloride
were optimized on a small scale in a batch micramaactor. Due to homogenous heating by
microwave irradiation a direct up-scaling withoah and mass issues was expettadd the
obtained optimal reaction conditions could therefbe transferred to a variety of microwave
reactors, both batch and continuous flow, for scaleof the ionic liquid synthesis under
pressurized conditions. In the current study, weestigated the scale-up of the synthesis of
1-butyl-3-methylimidazolium chloride under presged microwave conditions in order to
produce large quantities of this ionic liquid inshort time. Special requirements for the
microwave systems were necessary for this purpise. result of the rapid heating of the ionic
liquid, a sufficient temperature control was reqdito avoid thermal runaway of the reaction. In
addition, for the continuous flow synthesis, themwave system must be able to handle a two
phase reaction system and the high viscosity optbduct. The microwave systems used in the
current study for the synthesis of 1-butyl-3-meitinydlazolium chloride are shown in
Figure 2.16.

1.1 small scale
1.2 intermediate scale
\ 1.3 intermediate scale
| 1.4 large scale

Continuous
l 2.1 small scale
2.2 large scale

2.1: CEM Discover®, 1.3: Anton Paar Synthos 300@; Biotage AdvancerTM, 2.2: Milestone
ETHOS CFR.

32



Synthesis of ionic liquids

2.5.1 Batch reactor

6-5-&

The optimization of the synthesis of 1-butyl-3-m@ithhidazolium chloride on a small scale in a
batch reactor under microwave irradiation is désatiin Chapter 2.2. The optimum conditions
were found to be a 1 to 1.3 ratio of 1-methylimiolezto butyl chloride, a reaction temperature
of 170 °C, a reaction time of 7 min and a powerld80D W. For up-scaling the reaction
temperature, reaction time and ratio of 1-methydizaole to butyl chloride were kept constant.
In addition, the applied microwave power was fixedthe single-mode microwave systems.

2.5.1.1Intermediate scale batch synthesis with single-nmabeowave irradiation

At first, an intermediate up-scaling was investigatn a CEM Discovéf microwave system
with a large reactor upgrade (up to 50 mL fill vole). In the single-mode microwave system
the power could be set in intervals of 1 up to 800The safety-limit for the temperature, which
was measured by a fiber optic sensor, was 250 txtes maximum pressure was 17 bar. The
reaction mixture was stirred with a magnetic sigribar. During the reaction, an additional
simultaneous air cooling was possible, which alldwee use of higher microwave power while
maintaining the internal reaction temperatures. &kgeriments were carried out on a reaction
volume of 40.8 mL (0.19 mol) and the temperatures Wapt at 170 °C for 7 min without
simultaneous cooling. Subsequently, the system aoated with a compressed nitrogen flow
and a slightly yellow colored ionic liquid was ointad. Under these conditions, conversions of
66% and 84% were reached for two reactions: witd anthout simultaneous cooling,
respectively. This indicates that the reaction tiweess too short to reach full conversions. The
differences between the two systems can be expldigehe higher thermal overshoot of 19 °C
in the system without cooling compared to 9 °C waboling. In other words, a higher
conversion could be reached for the reaction witlsouultaneous cooling (Figure 2.17). During
the reaction, the temperature fluctuated aroundaitget value. This was due to a gradual
increase/decrease of the microwave power beingiemppWWhen the target temperature was
reached, the applied microwave power was slowlueed. In the mean time, the reaction
mixture was heated further thus causing a thermatstoot of around 3 °C. This occurred for
both processes whether simultaneous cooling waslogew or not. Subsequently, the
temperature decreased as a result of the lower mpsupply. When the temperature fell below
the set value, the system slowly increased theawmve power again. During this time, the
temperature of the reaction mixture dropped arad@ii@ below the set point. In addition, more
power was necessary in order to reach the presgtei@ture value when simultaneous cooling
was used.
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Figure 2.17 Microwave temperature and power profiles for thdvent-free synthesis of

[C4sMIM][CI] with (line) and without (dash) simultanegucooling on an intermediate scale

(0.19 mol) using a 1 to 1.3 ratio of 1-methylimidigzto butyl chloride (170 °C, 7 min, 150 W,
fiber optic sensor).

The lower conversions as compared to the 2 mL imecimight be explained by the observed
fluctuations in reaction temperature or the difféermeans of measuring the temperature of the
two devices. To improve the conversion, the reactime was increased to 10 min, and for
these experiments, the difference between the #ileowershoots and the heating rates were
found to be even larger. The experiment withoutliogsshowed a thermal overshoot of 30 °C,
while the experiment with cooling revealed almostthermal overshoot at all. The reaction
solution with cooling was heated more slowly instiexperiment, which can be the result of a
difference in air-flow as compared with the expemmnts where the reaction time was 7 min. The
decreased heating rate might be a possible exmanahy only a small thermal overshoot was
observed. The conversions were found to be verylaimattaining values of 96% for the
reaction without cooling and 98% for the one withe color of the ionic liquid was similar to
the product which was obtained in the 7 min reactim conclusion, the up-scaling of the
synthesis of 1-butyl-3-methylimidazolium chlorideutd be performed in a single-mode CEM
microwave system. However, a direct up-scalingltedun lower conversions, probably due to
temperature fluctuations, the different temperatasmasurement methods or inefficient stirring.
For a reaction time of 10 min, nearly quantitate@versions were obtained.

2.5.1.2Intermediate scale batch synthesis with multi-mod=zowave irradiation

The up-scaling of the batch synthesis with multig@anicrowave irradiation was investigated
in an Anton Paar Synthos 3080In this multi-mode microwave system, the microwgesver
could be set in steps of 1 up to 1400 W. The marimeaction volume of the reactor was 60
mL. In one run 4, 6 or 8 of these quartz-glasstmaaould be used in parallel. The temperature
inside a reference vessel was measured by a gasdimeter and the temperature outside of all
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the vessels was obtained with an IR-sensor at tittorh of the microwave cavity. This
temperature control system implied that all pataléactors should have similar microwave
absorptions to ensure an accurate temperatureotoAtsafety-limit of 300 °C was set for the
inside and 280 °C for the outside temperature. Mlagimal pressure is 120 bar (safety-limit)
and the system can be operated up to 80 bar. T$tensyis able to hold 120 bar, but the
maximum working pressure is 80 bar, than the systens off the microwave irradiation. The
combination of 300 °C and 80 bar allowed reactionsear-critical water (temperature range of
250 to 350 °C). The reaction mixtures were stimgth magnetic stirring bars. The system could
be cooled by three levels of air-flow, and the owplcould be independently set, both during
heating and for the subsequent reaction. One ruresmonded to four parallel reactions, each
with a volume of 27.2 mL, resulting in a total rean volume of 108.8 mL (0.50 mol). The
volume could be further increased to 480 mL by gifntimes 60 mL per vessel. The targeted
reaction temperature of 170 °C was reachieda temperature ramp of 5 min with the lowest
level of cooling. The attained temperature was theld for 7 min under maximum cooling. No
thermal overshoot was observed for this microwassesn, which was probably a result of the
well-controlled heating of the reaction mixture due the selected temperature ramp
(Figure 2.18).

Temperature [°C]

0 100 200 300 400 500 600 700

Time [s]
Figure 2.18Microwave temperature profile for the solvent-fesmthesis of [(MIM][CI] on an
intermediate scale (0.50 mol) using a 1 to 1.3cai 1-methylimidazole to butyl chloride

(170 °C, famp = 3 min, hog = 7 min, power adjusted automatically to contrbettemperature
ramp, gas thermometer (line), IR-sensor (dash)).

The temperature fluctuations during the heatingc@ss were caused by the power regulation
employed by the microwave system to follow the terapure ramp. All reactors showed more
or less identical IR-temperature profiles, whichreveower than the temperature profile of the
immersed temperature-probe. During the heating, stéyere the lowest level of cooling was
used, almost no difference between the IR-temperatwas observed, whereas a difference of
10 °C was detected for the reaction step with marintooling. At the end of the reaction, the
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system was cooled down for half an hour and a weslo ionic liquid was obtained. All four
reactions revealed conversions of ~96% demonstydhiat the small scale synthetic protocol
could be directly scaled to this multimode microeaynthesizer.

2.5.1.3Large scale batch synthesis with multi-mode micraieradiation

The scale-up of the large batch synthesis with imuitde microwave irradiation was
investigated in a Biotage AdvancerTMn this system, the microwave power could be et i
steps of 1 up to 1200 W. The maximum volume of rémctor was 250 mL. The temperature
was measured with an internal temperature probesafety-limits were set to 250 °C and
20 bar. The reaction mixture was stirred with aerbead mechanical stirrer. The experiments
were carried out with the maximum reaction voluragy. 250 mL (1.15 mol), and a preset
temperature value of 170 °C that was held for 7.min
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Figure 2.19 Microwave temperature and pressure profiles for gwvent-free synthesis of
[C4MIM][CI] with (line) and without (dash) simultanesucooling on a large scale (1.15 mol)
using a 1 to 1.3 ratio of 1-methylimidazole to butyloride (170 °C, 7 min, microwave power
adjusted manually, internal temperature probe).

As shown in Figure 2.19, also this system revealdidermal overshoot of approximately 6 °C.
To prevent the occurrence of a larger thermal dwamt the microwave power had to be
carefully adjusted manually during the heating ettigry. After the 7 min hold time, the

pressurized reaction mixture was released in a ymtodessel, which gave rise to an
instantaneous adiabatic cooling. This procedure tleda conversion of 98%, which was

comparable to what was obtained in the small soathesis. Surprisingly, the product obtained
from this large scale synthesis was found to cHyztawith time, whereas the small scale
products remained viscous oils. A possible explanator this behavior could be the rapid

cooling. This parameter was the only differencewieen the methods, since the reaction
temperature and the used chemicals were the saatleeixperiments.
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2.5.2 Continuous flow reactor

Reagentl

Product

Reagent2

2.5.2.1Small scale continuous flow synthesis with singbelermicrowave irradiation.

The single-mode microwave system from CEM coula &ls used in a continuous flow mode
with the Voyager module. In this setup, the voluofighe glass reactor was 10 mL. The flow
rate could be varied from 0.01 to 20 mL/min, and temperature was measured by an IR-
sensor, located at the bottom of the microwavetgavhe system can be used with a maximum
temperature of 250 °C and a maximum pressure d@fat.7The reaction mixture flowed through
a tube reactor without stirring. A residence tinthdd® min, resulting in a flow rate of 1 mL/min
(4.6 mmol/min), was chosen based on the batch ewpets with this microwave system. Since
the IR-sensor measured the temperature at theceunfahe glass vessel, it was only possible to
perform the experiment without simultaneous cooliAgcording to the temperature profile of
the experiment there was no thermal overshoot. Meweo ionic liquid was formed during the
experiment using the above mentioned conditionpogsible explanation for this result was the
fact that the temperature was measured with arefiRes. The temperature of the system was
measured at the surface of the glass vessel, amiydhe early stages of the experiment, the
reaction mixture was heated by absorbing micronenergy. This heat was then transferred to
the colder glass vessel. During the experimentntieasured temperature could thus be higher
than the actual temperature of the reaction salutsince the glass vessel was heated by the
exothermic reaction whereas the continuously addadtion mixture was much colder. As a
result, the reaction solution was partially hedbgdthe hot reaction vessel, since a microwave
energy of only 1 W was applied to the system (cwdus 10 mL vessel) throughout the
duration of the reaction, whereas up to 60 W wasired for the batch mode (50 mL vessel) in
order to hold the temperature at the set valueoviewcome the problem, the residence time was
increased to 16 min by reducing the flow rate &0nL/min (2.9 mmol/min). The heating and
conversion profiles of the experiment are showrFigure 2.20. Under these conditions the
reaction solution was heated very quickly givingerito an enormous thermal overshoot of
33 °C. The average temperature was about 6 °C hitiaa the preset value of 170 °C and
varied in a range of £ 3 °C. During the processysas were collected for 1 min with 5 min
intervals and the conversion was subsequently mi@ted. As it can be seen in Figure 2.20, the
conversion reached its maximum value of 64% afteeaction time (corresponding to the
residence time) of 16 min. This indicated a narresidence time distribution between 12 and
16 min. The conversion remained at a constant lemgl the completion of the reaction. The
conversion value of 64 % was lower as comparetidsinall scale batch mode, even though the
residence time was prolonged. A reasonable exptanat the temperature gradient in the flow
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reactor. The IR-sensor measured the temperatutkeabottom of the glass vessel, and the
reaction mixture at the inlet of the flow reactoasvat room temperature after which it was
heated to the target value. It is unknown whetlines value was reached at the point of
temperature measurement or before. Due to the wwikineating profile inside the reactor, no
conclusions about the residence time at the tdegeperature were possible. Additionally, the
temperature profile inside the reactor was alsahomkn. The conversions might become higher
with a lower flow rate, but such experiments woatdate a risk of clogging the system due to
higher viscosities. The residence time distributias checked by utilizing a methyl orange
solution, which absorbs at 505 nm. Figure 2.21 shtve rather sharp increase in absorption
maximum with increasing elution times, resulting @ relative narrow residence time
distribution (£' derivative). Nevertheless, the residence time ineseased further to 30 min,
which corresponded to a flow rate of 0.33 mL/mirb(fhmol/min). The heating and conversion
profiles are shown in Figure 2.22.
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Figure 2.20 Microwave temperature and conversion profiles foe tontinuous flow solvent-
free synthesis of [{MIM][CI] on a small scale (2.9 mmol/min) using at& 1.3 ratio of 1-
methylimidazole to butyl chloride (170 °C, 16 mésidence time, 150 W, IR-sensor).

The heating profile was very similar to the expemnwith a flow rate of 0.63 mL/min, as both
the thermal overshoot and the temperature fluaoativere in the same range. In addition, the
jump in conversion from 0 to 72% between 25 anar®® was also rather sharp. However, the
conversion only increased from 64 to 72% even thahg residence time was prolonged from
16 to 30 min. In addition, more fluctuations in tt@nversions were observed, which might be
explained by the irregular, pulse-wise release rodpct from the reaction vessel leading to
differences in the residence times. The averageearsion was 72% + 5%, and this low value
was most likely due to phase separation and thie Vigcosity of the reaction system. The 1-
methylimidazole and the ionic liquid were misciblghereas the butyl chloride was immiscible
with the ionic liquid, thus giving rise to the pleaseparation. This phase separation and the
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absence of stirring in combination with limitedfdgion due to the high viscosity could explain
the limited conversion observed.
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Figure 2.21Residence time distribution of methyl orange fer@EM continuous flow reactor.
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Figure 2.22 Microwave temperature and conversion profiles fog tontinuous flow solvent-
free synthesis of [{MIM][CI] on a small scale (1.5 mmol/min) using at& 1.3 ratio of 1-
methylimidazole to butyl chloride (170 °C, 30 mésidence time, 150 W, IR-sensor).

2.5.2.2Large scale continuous flow synthesis with multdenmicrowave irradiation

Large scale synthesis in a continuous flow reaafitlh multi-mode microwave irradiation was
investigated in a Milestone ETHOS CFR systérin this microwave system, the microwave
power could be set in steps of 1 up to 1000 W. vdlame of the continuous flow reactor was
200 mL. The flow rate could be varied from 12 t® I8L/min resulting in residence times from
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16 to 1.5 min. The residence times were thus detechby the pump speed. The temperature
was measured in- and outside the reactor by adgldgéhermocouple element. The system could
endure a maximum temperature of 200 °C and a marirpressure of 50 bar. The reaction
solution was mixed with a mechanical screw stitoeated in the middle of the flow reactor as
seen from top to bottom. At least 1 L of reactioadmm was required in order to obtain a stable
running system. A residence time correspondinghtd of the small scale continuous flow
synthesis (16 min) was chosen, which was obtaineddtting the flow rate to 12.5 mL/min
(58 mmol/min). No thermal overshoot occurred during heating of the reaction solution, due
to the controlled heating rate (Figure 2.23). Theersved increase and decrease of temperature
during the holding time were related to a suddenimlition of the pump pressure, which led to
a lower flow of the reaction solution resultinganlonger heating period and, consequently, a
higher reaction temperature. This behavior alsawed for the outlet temperature. After 18 min
running time, which was close to the chosen residéime of 16 min, full conversion was not
reached. This indicated a broad distribution ofrésdence time, which has also been observed
for methyl orange as depicted in Figure 2.24.
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Figure 2.23 Microwave temperature and conversion profiles fog tontinuous flow solvent-
free synthesis of [{MIM][CI] on a large scale (58 mmol/min, 170 °C, béin residence time).

The broad distribution with respect to the smadllscontinuous flow synthesis can be a result
of the reactor size and the different flow profileside the reactors (Figure 2.24). The
conversion of approximately 75% was lower than ttzttined for the small scale batch mode,
but higher than for the small scale continuous fkywmthesis. These differences may have been
caused by the temperature profile in the reactdongjer residence time was not possible, due to
the limitations of the pump. In addition, the syagts of [GMIM][Et ,POy] was performed in the
Milestone ETHOS continuous flow reactor. In contras [C;MIM][CI], no phase separation
occurs, which should improve the conversion. A terafjure of 140 °C was chosen, and the
reaction solution was pumped in cycles through rtherowave reactor. Samples were taken
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every hour in order to check the conversion. Inllh&ch experiments, nearly full conversion
was reached after 5 h at 150 °C. For the continflousexperiments, the conversion increased
relative rapidly within the first 2 hours (up to%{ as depicted in Figure 2.25. Afterwards, the
conversion increased only slightly and reached aximmam of 97% after 10 hours.
Unfortunately, the ionic liquid became relative idhp dark under the applied conditions, which
might be caused by hot spots due to insufficientirsg during the reaction (also under
conventional conditions). In order to decreasevibeosity of the system and to avoid the strong
colorization, 40 v% acetone was added to the m@aatiixture. In this case, the reaction was
slowed down and lower conversions (~30%) were abthicompared to the solvent-free
synthesis as a result of the lower educt conceotraihe addition of acetone did not have a
significant influence on the color and a dark reactmixture was obtained.
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Figure 2.24 Residence time distribution of methyl orange fax Milestone continuous flow
reactor.

41



Chapter 2

100 -
n
[ ] u .
|
| |
80 "
<
= 60+
iel
UL) | |
g
c 40
o
(@]
20
= Solvent-free
Acetone (40 v%)
0+ T T T T T T T T T T
0 2 4 6 8 10

Time [h]

Figure 2.25Microwave temperature and conversion profiles fog tontinuous flow synthesis of
[Co.MIM][Et,POy] on a large scale (58 mmol/min, 170 °C, 16 min resa time) solvent-free
and with 40 v% acetone.

2.6 Conclusions

lonic liquids with a linear alkyl side chain can bgnthesized in a fast and efficient way by
using microwave irradiation (solvent-free, withih tinutes). In general, the reaction times can
be decreased from several hours to a few minuteis. dcceleration is mainly a result of the
elevated temperatures applied during the reactiortase of the ionic liquids with branched
alkyl side chain, the synthesis could be acceldrateelevated temperatures (170 °C) as well,
but the equilibrium was shifting towards the undesiside product compared to the synthesis at
lower temperatures (80 °C). In this regard, seveel branched ionic liquidse.g. 1-(1-
ethylpropyl)-3-methylimidazolium iodide and 1-(1-thglbenzyl)-3-methylimidazolium
chloride and their tetrafluoroborate containing lagaes, were synthesized applying two
different synthetic approaches. In principle, aedirscaling for the synthesis of ionic liquids
with linear alkyl side chains from small scale ©ol) to large scale (1.15 mol) was possible,
although lower conversions were observed when ugiagCEM microwave system. Possible
reasons for these differences include the temperdtuctuations, the different temperature
measurement methods or inefficient stirring. Howgwamost complete conversions could be
obtained in this system by increasing the readimoe to 10 min thus making it comparable with
the other microwave systems. The details for dttb@xperiments are summarized in Table 2.6.
The results of the continuous flow experiments éatid that 1-butyl-3-methylimidazolium
chloride can be synthesized with short reactionesinby using continuous flow microwave
systems. However, direct scaling from the batcheerpents was not possible. Even when
employing a residence time of 16 min, a completevecsion could not be obtained. Further
difficulties include the unknown temperature prefihside the reactor, the handling of a two-
phase system during the reaction and a highly usqaroduct at the outlet of the reactor.
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Nonetheless, for the first time, the synthesisawfia liquids in continuous flow reactors was
achieved. After optimization, the ionic liquid cdube successfully synthesized in continuous
flow reactors up to 58 mmol/min, corresponding fauae product flow of ~ 460 g/h. The details
for all continuous flow experiments for the syntkesf [C,MIM][CI] are summarized in
Table 2.7. In case of fMIM][Et.PQy], higher conversions were achieved, since thetimac
proceeds in a homogeneous phase, but unfortunatétya strongly colored ionic liquid could
be obtained under the applied conditions.

Table 2.6 Details of the synthesis of JRIM][CI] at 170 °C with various batch microwave
systems.

Volume n t Tov . Conversion
System L [mo] [rrr:i)lr(i] ‘Eoeg]h"‘“ Cooling (%]
1.1 2.2 0.01 7 8 off 95
1.2 40.8 0.19 7 9 on 66
1.2 40.8 0.19 7 19 off 84
1.2 40.8 0.19 10 3 on 98
1.2 40.8 0.19 10 30 off 96
1.3 108.8 0.50 7 4 on 96
1.4 250 1.15 7 5 off 98

Table 27 Details of the synthesis of J@IM][CI] at 170 °C with different continuous flow
microwave systems.

Flow rate Mass Regidence T Conversic_)n Calcd. product
System [mL/min] tranqurt tlme °C] (thoi=30 min) throughput
[mmol/min] [min] [%0] [a/h]
2.1 1.00 4.6 10 z = o~
2.1 0.63 2.9 16 33 64 19.5
2.1 0.33 15 30 27 72 11.3
2.2 12.50 58.0 16 4 76 462.0

#No ionic liquid formed.

2.7 Experimental details
Materials

1-Methylimidazole (Aldrich) was distilled under necked pressure prior to use and stored at
room temperature. 1-Chloro-1-phenyl-ethane, 2-dpospane and benzyl chloride (Acros
Organics), iodomethane (Riedel-de Haén), all o#tieyl halides (Aldrich), sodium hydride,
sodium tetrafluoroborate and silver tetrafluorolteréAldrich) were used as received. THF
(Biosolve) was dried and deoxygenated using a solperification system (PURE SOLV
400-4-MD, Innovative Technology). 1-Ethyl-3-methyidazolium chloride and 1-methyl-3-
octylimidazolium chloride were donated by Merck.

The synthesis of the ionic liquids was performedaisingle-mode microwave reactor (Emrys
Liberator, Biotage, Swedef)The reactions were performed in glass vials (5 toL) sealed
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with a septum. The pressure of the system was atedrby a load cell connected to the vessel
and the temperature of the reaction mixture wasitmi@d using a calibrated infrared sensor
which is located at the side of the reaction vesA#lexperiments were performed using a
Teflon®-coated magnetic stirring bar. In all microwaveistssl reactions a maximum
microwave power of 150 W was used. The batch amdiramous flow synthesis of the ionic
liquids were performed using mono-mode microwav&esys from Biotage (Emrys Liberator)
and CEM (Discover®) as well as multi-mode microwaystems from Anton Paar (Synthos
3000), Biotage (AdvancerTM) and Milestone (ETHOSR}.F

An Infra-Red Vortex-Evaporator connected to a PtdeSColdtrap System, both from
HETTLAB, was used for drying the ionic liquids umdeacuum. In this system the samples
and a steel rack holder are heated by infrared.lifhe drying temperature was measured
with a sensor connected to the steel rack. The maxi temperature for this system is
120 °C. To remove water after the anion exchangegss the freeze dryer Alpha 1-2 LD
from Christ was used. The dried ionic liquids wetered under dry conditions in an
exsiccator.

'H NMR spectra were recorded on Varian spectrome(8f® or 400 MHz) at 25 °C.
Chemical shifts are given in ppm downfield from TM&or FT-IR spectroscopy a
TENSOR 37™ from Bruker was used. The device is moed with a HTS-XT (High
Throughput Screening eXTension) compartment toguerfan automatic measurement of
the samples in transmission and/or diffuse reftectinode. For all measurements with this
compartment the transmission mode was used. Intiaddithe FT-IR spectrometer is
equipped with a microscope (HYPERION™ 3000), whighs also used in transmission
mode to characterize the samples. The samples aveselved in methanol and spotted on a
silica microtiter plate (96 well format). The backgnd was measured on an empty spot on
the microtiter plate. All MALDI-TOF-MS experimentgin this case LDI-TOF-MS
experiments) were performed on a Voyager-DE PRGB@atrometry Workstation (Applied
Biosystems, Foster City, CA) time-of-flight masssfrometer in reflector mode. All spectra
were obtained in the positive ion mode. lonizatiwas performed with a 337-nm pulsed
nitrogen laser. Samples were dissolved in methandl spotted on the target without using
any matrix. All spectra are averaged over 500 labets over the complete sample area. All
data were processed using the Data Explorer softwackage (Applied Biosystems).

General synthesis for ionic liquids

A similar synthetic procedure as described in dtere was used (new ionic liquids are marked
with *).232° A mixture of 1-methylimidazole (5 to 13 mmol) aatkyl halide (6 to 16.9 mmol)
was placed in a sealed reaction vessel (2 to 5with)a magnetic stirrer. A 1.0 to 1.3 ratio of 1-
methylimidazole to alkyl halide was used for alpexments. The reaction mixture was heated
up to the desired temperature (120 to 170 °C) at\WW=and then hold at this temperature for the
required reaction times (1 to 11 minutes). Thetreaanixture was cooled down to 40 °C in the
microwave system and after that to room temperaftNog reacted alkyl halide was decanted
from the reaction mixture and the conversion wasrdgned by'*H NMR spectroscopy.
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Purification of the ionic liquids with linear alkgide chain
The high viscous product was dissolved in methylenleride or in a mixture of methylene
chloride and methanol (95:5) and subsequentlyréttever silica gel.

Purification of the ionic liquids with branched glkside chain

The raw product was dried under vacuum in the IRd@aat 120 °C until complete removal of
1-H-3-methylimidazolium chloride. The high viscous guot was dissolved in methylene
chloride or in a mixture of methylene chloride améthanol (95:5) and subsequently filtered
over silica gel.

Characterization of linear and branched ionic ligsi
The pure product was characterized'ByNMR and FT-IR spectroscopy, as well as and LDI-
TOF-MS.

1-Methyl-3-propylimidazolium chloride

Yield: 1.8 g (9.5 mmol, 95%),,7—44 °C.

'H NMR (300 MHz, DMSO, 25 °C)s (ppm) = 0.85 (3 H, tJ = 7.4 Hz, CH), 1.80 (2 H, m,
CH,), 3.86 (3 H, sN-CHs), 4.14 (2 H, tJ = 7.1 Hz,N-CH,), 7.75 (1 H, s), 7.81 (1 H, s), 9.32
(1 H, s); IR (neat): 3414 (OH), 3150 (CH ring), BOGCH alkyl ), 2970 (CH alkyl), 2880 (CH
alkyl), 1638 (C=C, C=N), 1574 (C-C, C-N), 1462 (Cilkyl deform.), 1173 (CH ring
deform.) cni; LDI-TOF-MS for GH13N,"(125.1073): m/z 125 (100), 126 (5) g/mol.

1-Butyl-3-methylimidazolium chloride

Yield: 1.7 g (9.9 mmol, 99%),,7—41 °C.

'H NMR (300 MHz, DMSO, 25 °C)s (ppm) = 0.89 (3 H, tJ = 7.4 Hz, CH), 1.25 (2 H, m,
CH,), 1.76 (2 H, m, Ch), 3.86 (3 H, sN-CHg), 4.18 (2 H, tJ=7.1 Hz,N-CH,), 7.74 (1 H, s),
7.82 (1 H, s), 9.33 (0.9(1) H, s); IR (neat): 340MH), 3148 (CH ring), 3088 (CH alkyl), 2963
(CH alkyl), 2876 (CH alkyl), 2112 (N=C), 1640 (C=CsN), 1572 (C-C, C-N), 1466(CH alkyl
deform.), 1171 (CH ring deform.) émLDI-TOF-MS for GsH1sN,"(139.1230): m/z 139 (100),
140 (10) g/mol.

1-Methyl-3-pentylimidazolium chloride

Yield: 1.8 g (9.8 mmol, 98%),,7—47 °C.

'H NMR (300 MHz, DMSO, 25 °C)$ (ppm) = 0.86 (3 H, t) = 7.1 Hz, CH), 1.14-1.38 (4 H,
m, CHy), 1.78 (2 H, m, Ch), 3.86 (3 H, SN-CHs), 4.17 (2 H, tJ = 7.2 Hz,N-CH,), 7.74 (1 H,
s), 7.81 (1 H, s), 9.31 (1 H, s); IR (neat): 34Q8Hj, 3148 (CH ring), 3086 (CH alkyl), 2959
(CH alkyl), 2864 (CH alkyl), 2108 (N=C), 1638 (C=CsN), 1572 (C-C, C-N), 1466 (CH alkyl
deform.), 1171 (CH ring deform.) émLDI-TOF-MS for GH17N,"(153.1386): m/z 153 (100),
154 (15) g/mol.
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1-Benzyl-3-methylimidazolium chloride

Yield: 2.0 g (9.9 mmol, 99%),,72 °C.

'H NMR (300 MHz, DMSO, 25 °C)5 (ppm) = 3.85 (3 H, sN-CHs), 5.42 (2 H, sN-CHy),
7.38-7.45 (5H, m, Ky, 7.72 (1 H, s), 7.79 (1 H, s), 9.24 (1 H, s);(iReat): 3406 (OH), 3146
(CH ring), 3082 (CH alkyl), 2855 (CH alkyl), 211M£C), 1634 (C=C, C=N), 1574 (C-C, C-N),
1456 (CH alkyl deform.), 1163 (CH ring deform.) ¢m.DI-TOF-MS for GioH1sN,"(187.1230):
m/z 173 (100), 174 (20) g/mol.

1-(1-Methylethyl)-3-methylimidazolium chloride

Yield: 0.4 g (2.8 mmol, 28%), ,,T7-34 °C.

'H NMR (300 MHz, DMSO, 25 °C)} (ppm) = 1.46 (6 H, d) = 6.7 Hz, CH), 3.85 (3 H, sN-
CHs), 4.64 (1 H, mN-CH), 7.75 (1 H, s), 7.92 (1 H, s), 9.39 (1 H, I&);(neat): 3416 (OH),
3148 (CH ring), 3090 (CH alkyl), 2986 (CH alkyl)3&@4 (CH alkyl), 2112 (N=C), 1638 (C=C,
C=N), 1574 (C-C, C-N), 1468 (CH alkyl deform.), BL&H ring deform.) cit; LDI-TOF-MS
for C;H1aN,"(125.1073): m/z 125 (100), 126 (25) g/mol.

1-(1-Methylpropyl)-3-methylimidazolium chloride

Yield: 0.6 g (3.1 mmol, 31%),,7-31 °C.

'H NMR (300 MHz, DMSO, 25 °C) (ppm) = 0.76 (3 H, t) = 7.3 Hz, CH), 1.45 (3 H, dJ =
6.8 Hz, CH), 1.79 (2 H, m, Ch), 3.86 (3 H, sN-CHj3), 4.43 (1 H, mN-CH), 7.78 (1 H, s), 7.92
(1 H,s),9.43 (1 H, s); IR (neat): 3404 (OH), 31&H ring), 3084 (CH alkyl), 2974 (CH alkyl),
2882 (CH alkyl), 2122 (N=C), 1640 (C=C, C=N), 15+C, C-N), 1464 (CH alkyl deform.),
1179 (CH ring deform.) cify LDI-TOF-MS for GgH1sN,"(139.1230): m/z 139 (100), 140 (15)
g/mol.

1-(1-Methylbutyl)-3-methylimidazolium chloride

Yield: 0.3 g (1.4 mmol, 14%),,7-19 °C.

'H NMR (300 MHz, DMSO, 25 °C)$ (ppm) = 0.85 (3 H, tJ = 7.3 Hz, CH)), 0.92-1.32 (2 H,
m, CH), 1.43 (3 H, dJ = 6.7 Hz, CH), 1.65-1.81 (2 H, m, Chi 3.83 (3 H, sN-CHj3), 4.48
(A H, m,N-CH), 7.72 (1 H, s), 7.87 (1 H, s), 9.26 (1 H,IB);(neat): 3424 (OH), 3144 (CH ring),
3078 (CH alkyl), 2963 (CH alkyl), 2876 (CH alkyR116 (N=C), 1636 (C=C, C=N), 1572 (C-C,
C-N), 1466 (CH alkyl deform.), 1175 (CH ring defajmcm'; LDI-TOF-MS for
CoH17N,"(153.1386): m/z 153 (100), 154 (10) g/mol.

1-(1-Methylbenzyl)-3-methylimidazolium chloride*

Yield: 0.9 g (3.9 mmol, 39%),,710 °C.

'H NMR (300 MHz, DMSO, 25 °C) (ppm) = 1.87 (3 H, dJ = 7.1 Hz, CH), 3.86 (3 H, SN-
CHs), 5.83 (1 H, mN-CH), 7.33-7.48 (5 H, m, &), 7.76 (1 H, s), 7.91 (1 H, s), 9.56 (1 H, s);
IR (neat): 3406 (OH), 3146 (CH ring), 3078 (CH d)ky990 (CH alkyl), 2118 (N=C), 1638
(C=C, C=N), 1574 (C-C, C-N), 1456 (CH alkyl defoyn1165 (CH ring deform.) cth LDI-
TOF-MS for G,H1sN,(187.1230): m/z 187 (100), 188 (10) g/mol.
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1-Ethyl-3-methylimidazolium bromide

Tm: 65 °C.

'H NMR (300 MHz, DMSO, 25 °C) (ppm) = 1.39 (3 H, t) = 7.4 Hz, CH), 3.83 (3 H, sN-
CHs), 4.18 (2 H, gJ=7.4 HzN-CH,), 7.69 (1 H, s), 7.78 (1 H, s), 9.15 (1 H, s)(ifeat): 3420
(OH), 3144 (CH ring), 3071 (CH alkyl), 2983 (CH dlk 1628 (C=C, N=C), 1570 (C-C, C-N),
1452 (CH alkyl deform.), 1336, 1167 (CH ring defoyni089, 829, 753 ct

1-Methyl-3-propylimidazolium bromide

'H NMR (300 MHz, DMSO, 25 °C)s (ppm) = 0.84 (3 H, tJ = 7.4 Hz, CH), 1.79 (3 H, m,
CH,), 3.86 (3 H, sN-CH3), 4.14 (2 H, tJ = 7.1 HzN-CH,), 7.74 (L H, s), 7.81 (1 H, s), 9.23 (1
H, s). IR (neat): 3137 (CH ring), 3058 (CH alky@p64 (CH alkyl), 2876 (CH alkyl), 1568 (C-
C, C-N), 1458 (CH alkyl deform.), 1386, 1336, 116H ring deform.), 1090, 753 cth

1-Butyl-3-methylimidazolium bromide

Yield: 12.3 g (53.1 mmol, 44%)

'H NMR: (300 MHz, DMSO, 25 °C)é (ppm) = 0.89 (3 H, tJ = 7.3 Hz, CH), 1.25 (2 H, m,
CHy), 1.76 (2 H, m, Ch), 3.86 (3 H, sN-CHg3), 4.18 (2 H, tJ=7.2 HzN-CHy), 7.74 (1 H, s),
7.82 (1 H,s),9.25 (1 H,s).

1-Methyl-3-pentylimidazolium bromide

Yield: 8.0 g (34.3 mmol, 56%)

'H NMR (300 MHz, CDC}, 25 °C):6 (ppm) = 0.74 (3 H, t) = 6.8 Hz, CH), 1.20 (4 H, m,
CH,), 1.78 (2 H, m, Ch), 4.00 (3 H, sN-CHs), 4.20 (2 H, tJ = 7.3 Hz,N-CH,), 7.47 (L H, s),
7.62 (1 H,s), 10.18 (1 H, s).

1-Hexyl-3-methylimidazolium bromide

Yield: 12.4 g (50.3 mmol, 83%)

'H NMR (300 MHz, DMSO, 25 °C)s (ppm) = 0.85 (3 H, bs, G}}{ 1.25 (6 H, s, Ch), 1.76
(2 H, s, CH), 3.85 (3 H, sN-CHy), 4.16 (2 H, sN-CHy), 7.72 (1 H, s), 7.79 (1 H, s), 9.19 (1 H,
S).

1-Heptyl-3-methylimidazolium bromide

'H NMR (300 MHz, DMSO, 25 °C)s (ppm) = 0.84 (3 H, bs, G}}{ 1.24 (8 H, s, Ch), 1.77
(2 H, s, CH), 3.85 (3 H, sN-CHs), 4.16 (2 H, tJ = 7.2 Hz,N-CH,), 7.73 (1 H, s), 7.80 (1 H, s),
9.20 (1 H, s).

1-Methyl-3-octylimidazolium bromide

Tm: 2 °C.

'H NMR (300 MHz, DMSO, 25 °C)é (ppm) = 0.84 (3 H, t) = 6.7 Hz, CH), 1.24 (10 H, s,
CHy), 1.76 (2 H, s, Ch), 3.84 (3 H, sN-CHg), 4.15 (2 H, tJ = 7.2 Hz,N-CHy), 7.72 (1 H, s),
7.78 (LH, s), 9.17 (1L H, s).
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1-Methyl-3-nonylimidazolium bromide

Tm: 1 °C.

'H NMR (300 MHz, DMSO, 25 °C)é (ppm) = 0.84 (3 H, t) = 6.7 Hz, CH), 1.23 (12 H, s,
CH,), 1.76 (2 H, s, Ch), 3.84 (3 H, sN-CH3), 4.15 (2 H, tJ = 7.2 Hz,N-CHy), 7.72 (1 H, s),
779 (1H,s),9.19 (1 H,s).

1-Decyl-3-methylimidazolium bromide

Tm: 10 °C.

'H NMR (300 MHz, DMSO, 25 °C)s (ppm) = 0.83 (3 H, s, C#){ 1.23 (14 H, s, C}), 1.76
(2 H, s, CH), 3.85 (3 H, SN-CHj), 4.15 (2 H, SN-CH,), 7.72 (1 H, s), 7.79 (1 H, s), 9.20 (1 H,
S).

1-Allyl-3-methylimidazolium bromide

T4 =59 °C.

'H NMR (300 MHz, CDCY, 25 °C):d (ppm) = 4.08 (3 H, \-CHs), 4.98 (2 Hd, J = 6.3 Hz,N-
CH), 5.43 (2 Ht,J=13.0 Hz, = CH), 5.99 (1 Hd,J=6.5 Hz, =CH), 7.48 (1 H, s), 7.67 (1 H,
s), 10.19 (1 H, s). IR (neat)na/cmi - 3050 (CH ring), 2959 (CH alkyl), 2934, 2874, 1568C,
C-N), 1465 (CH alkyl deform.), 1382, 1253, 1170 (€hyy deform.), 742, 657 crth

1,3-Dimethylimidazolium iodide
'H NMR (400 MHz, DMSO, 25 °C)5 (ppm) = 3.84 (6 H, 9\-CHs), 7.66 (2 H, s), 9.02 (1 H, s).

1-Butyl-3-methylimidazolium iodide

T4 =59 °C.

'H NMR (300 MHz, CDC}, 25 °C):6 (ppm) = 0.91 (3 Ht, J = 8.2 Hz, CH)), 1.43-1.27 (2 H,
m, CH), 1.83-1.93 (2 H, m, Ch\, 4.05 (3 H, sN-CHs), 4.30 (2 Ht, J=7.4 Hz,N-CH,), 7.51
(L H,s), 759 (1 H, s), 9.92 (1 H, s). IR (neat): 3468}, 3140 (CH ring), 3077 (CH alkyl),
2958 (CH alkyl), 2933, 2872 (CH alkyl), 1568 (C-C;N), 1462 (CH alkyl deform.), 1382,
1337, 1165 (CH ring deform.), 820, 749¢m

1,3-Dimethylimidazolium dimethyl phosphate

'H NMR (400 MHz, CDC}, 25 °C):5 (ppm) = 3.24 (3 H, £Hs), 3.26 (3 H, sCH3), 3.83 (6 H,
s,N-CHjy), 7.70 (2 H, dJ = 1.6 Hz), 9.31 (1 H, s). IR (neat): 3153 (CH }ing068 (CH alkyl),
2945 (CH alkyl), 2838 (CH alkyl), 1575 (C-C, C-N462 (CH alkyl deform.), 1241, 1179 (CH
ring deform.), 1091, 1036, 850, 770, 731°tm

1-Ethyl-3-methylimidazolium diethyl phosphate

Yield: 99 g (360 mmol, 48%)

'H NMR (400 MHz, DMSO, 25 °C)$ (ppm) = 1.04 (6 H, t) = 7.1 Hz, CH), 1.39 (3 H, tJ =
7.3 Hz, CH), 3.59 (4 H, pJ = 7.0 Hz, CH), 3.84 (3 H, sN-CHj3), 4.18 (2 H, qJ = 7.3 Hz,N-
CHy), 7.71 (1 H, s), 7.80 (1 H, s), 9.38 (1 H, s).(lRat): 3375 (OH), 3073 (CH alkyl), 2974
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(CH alkyl), 2934, 2893 (CH alkyl), 1572 (C-C, C-N)232, 1173, 1107 (CH ring deform.),
1082, 1043, 935, 779, 733 cn

1-Butyl-3-methylimidazolium dibutyl phosphate

Tg: =71 °C.

'H NMR (400 MHz, DMSO, 25 °C) (ppm) = 0.85 (9 H, m, C§), 1.18-1.50 (10 H, m, G
1.69-1.82 (2 H, m, CH, 3.54-3.67 (4 H, m, Chi, 3.84 (3 H, SN-CHs), 4.15 (2 H, tJ = 7.2,
N-CHy), 7.71 (1 H, s), 7.78 (1 H, s), 9.36 (1 H, s).(ffeat): 3387 (OH), 3078 (CH alkyl), 2959
(CH alkyl), 2936, 2874 (CH alkyl), 1570 (C-C, C-N}64 (CH alkyl deform.), 1236, 1173 (CH
ring deform.), 1067, 1026, 1005, 974, 889, 820, 738 cm.

Synthesis of 1-(1-ethylpropyl)-3-methylimidazoliumodide*
1-(1-Ethylpropyl)-3-methylimidazolium iodide wasrdfiesized according to a similar procedure
described in literaturg.

1-(1-Ethylpropyl)imidazole

A solution of imidazole (6 g, 88.2 mmol) in THF (8lL) was slowly added into a solution of
sodium hydride (2.46 g, 102.6 mmol) in THF (60 nalt)0 °C. The mixture was stirred for 1 h at
room temperature and subsequently 3-bromopenta®8 ¢ 11 mL, 88.2 mmol) was added
slowly into this solution. The mixture was stirrtat 5 d at 60 °C to obtain nearly quantitative
conversion. This can be also achieved by heatiegsdime mixture for 30 min at 120 °C in
closed reaction vessels using microwave irradiatWater was added to the mixture (100 mL)
and the water phase was extracted three timesaeiliyl acetate (40 mL). The collected ethyl
acetate phases were washed with a saturated sohitisodium chloride. The remaining ethyl
acetate solution was dried over MgSénd subsequently filtered. Ethyl acetate was re&adov
under reduced pressure and the reaction mixtureseparated by column chromatography on
silica gel (methylene chloride: methanol = 95:5heTpure product was obtained as a slightly
yellow liquid (5.9 g, 42.3 mmol, 48%).

'H NMR (400 MHz, DMSO, 25 °C)5 (ppm) = 0.66 (6 H, tJ = 7.4 Hz, CH)), 1.57-1.79 (4 H,
m, CH), 3.82 (1 H, mN-CH), 6.88 (1L H, s), 7.14 (L H, s), 7.60 (1 H, s).

1-(1-Ethylpropyl)-3-methylimidazolium iodide

lodomethane (6.4 g, 44.7 mmol, 2.8 mL) was slovdgiead to 1-(1-ethylpropyl)imidazole (5.9 g,
42.3 mmol) in a pressure reaction tube at 0 °C. fHaetion mixture was stirred until room
temperature was reached. Subsequently water wasl addd the aqueous phase was extracted
three times with methylene chloride. The producs wecovered by evaporation of the aqueous
phase followed by freeze drying (6.59 g, 23.3 mrabbo). Tn: 124 °C, T: 45 °C.

'H NMR (400 MHz, DMSO, 25 °C)$ (ppm) = 0.73 (6 H, t) = 7.4 Hz, CH), 1.67-1.90 (4 H,

m, CH), 3.85 (3 H, sN-CHs), 4.15 (1 H, mN-CH), 7.75 (1L H, s), 7.84 (1 H, s), 9.16 (1 H, s);
IR (neat): 3474 (OH), 3134 (CH ring), 3077 (CH &)kg967 (CH alkyl), 2878 (CH alkyl), 1624
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(C=C, C=N), 1572 (C-C, C-N), 1462 (CH alkyl defoym1171 (CH ring deform.) cih
MALDI-TOF-MS for CoH17N,"(153.1386): m/z 153 (100), 154 (15) g/mol.

Anion exchange

The anions could be exchanged by various sodiumaamtionium salts to yield different 1-
alkyl-3-methylimidazolium based ionic liquids. Wieass for some exchange reactions water
was found to be the best solvéhtpther exchange reactions must be carried out in
dichloromethane or acetonitrité® The completeness was checked by adding a silver
nitrate solution to a solution of the ionic liquild water'® An Amberlite IRA-400 exchange
resin® could be used for the preparation of 1-ethyl-3figkmidazolium acetate and 1-
butyl-3-methylimidazolium acetate. Silver fluorided silver tetrafluoroborate were used to
synthesize fluoride and tetrafluoroborate contagnionic liquids, when the common
approach of utilizing an anion exchange salt based sodium or ammonium was
unsuccesful.

1-Ethyl-3-methylimidazolium bromide
'H NMR (300 MHz, DMSO, 25 °Cy (ppm) = 1.37 (3 H, tJ = 7.2 Hz, CH), 3.81 (3 H, s,
N-CHs), 4.14 (2 H, qJ = 7.2 Hz,N-CH,), 7.65 (2 H, bs), 10.14 (1 H, s).

1-Ethyl-3-methylimidazolium acetate

'H NMR (400 MHz, DMSO, 25 °Cy (ppm) = 1.39 (5 H, tJ = 7.3 Hz, CH), 3.84 (3 H, s,
CHs), 4.19 (3 H, qJ = 7.3 Hz,N-CHs), 7.72 (1 H, dJ = 1.6 Hz), 7.81 (1 H, s), 9.73-9.81
(1 H, m). FT-IR (neat): 3362 (OH), 3073 (CH alkyR981 (CH alkyl), 1562 (C-C, C-N),
1451 (CH alkyl deform.), 1427, 1384, 1331, 1172 (@Hg deform.), 907, 759, 701,
667 cni.

1-Butyl-3-methylimidazolium acetate

Tq: =70 °C.

'H NMR (400 MHz, DMSO, 25 °Cy (ppm) = 0.87 (3 H, tJ = 8.4 Hz, CH), 1.23 (2 Hdq,
J=7.4Hz, 14.6 Hz, Ch, 1.56 (3 H, s, CH), 1.74 (2 H, dtJ = 7.4 Hz, 14.6 HzN-CH,),
3.85 (4 H, s), 4.11-4.23 (2 H, m), 7.73 (L H, sY97(1 H, s), 9.72 (1 H, s).

1-Butyl-3-methylimidazolium nitrate

Tg: =70 °C.

'H NMR (300 MHz, DMSO, 25 °Cy (ppm) = 0.90 (3H, tJ = 7.3 Hz, CH), 1.26 (2 H, dq,
J=7.3, 14.6 Hz, Ch), 1.66-1.84 (2 H, m), 3.85 (3 H, s), 4.16 (2 HJ& 7.2 Hz), 7.71
(L H, pt,J=1.7Hz), 7.78 (1 H, pt] = 1.8 Hz), 9.13 (1 H, s).

1-Butyl-3-methylimidazolium bis(trifluoro-methylsdibnyl)imide
Ty =77 °C.
'H NMR (400 MHz, DMSO, 25 °CJ (ppm) = 0.78-0.96 (3 H, m), 1.23 (2 H, m), 1.753H2
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m), 3.82 (3 H, s),4.14 (2H, 4,=3.6 Hz), 7.68 (L H, s), 7.75 (1 H, s), 9.08 (L1si FT-IR
(neat): 3457 (OH), 3017, 2971 (CH alkyl), 2946, 873729, 1456 (CH alkyl deform.),
1435, 1365, 1353, 1229, 1217, 1204, 1183 (CH riefipiein.), 1132, 1053, 741, 654 tm

1-Methyl-3-propylimidazolium tetrafluoroborate

Yield: 0.5 g (27%), T: —84 °C.

'H NMR (400 MHz, DMSO, 25 °C)5 (ppm) = 0.84 (3 H, t) = 7.4 Hz, CH), 1.78 (2 H, m,
CH,), 3.83 (3 H, sN-CHs), 4.10 (2 H, tJ = 7.1 Hz,N-CHy), 7.68 (1 H, s), 7.74 (1 H, s), 9.06
(1 H, s); IR (neat): 3642 (OH), 3563 (OH), 3161 (@hy), 3125 (CH ring), 2972 (CH alkyl),
2943 (CH alkyl), 2884 (CH alkyl), 2116 (N=C), 1686=C, C=N), 1576 (C-C, C-N), 1468 (CH
deform. alkyl), 1175 (CH deform. ring), 1076 (B-Frm™; LDI-TOF-MS for
C7H1aN,"(125.1073): m/z 125 (100), 126 (10) g/mol.

1-(1-Methylethyl)-3-methylimidazolium tetrafluorolvate

Yield: 0.1 g (19%), &: 67 °C, Ty =74 °C.

'H NMR (400 MHz, DMSO, 25 °C)$ (ppm) = 1.45 (6 H, dJ = 6.7 Hz, CH), 3.82 (3 H, sN-
CHj3), 4.60 (1 H, mN-CH), 7.69 (1 H, s), 7.85 (1 H, s), 9.14 (1 H, I§);(neat): 3632 (OH),
3167 (OH), 3115 (CH ring), 2990 (CH alkyl), 2945H@lkyl), 1626 (C=C, C=N), 1572 (C-C,
C-N), 1470 (CH deform. alkyl), 1188 (CH deform.g)n 1059 (B-F) crit; LDI-TOF-MS for
C7H1aN,"(125.1073): m/z 125 (100), 126 (20) g/mol.

1-Butyl-3-methylimidazolium tetrafluoroborate

Yield: 1.0 g (62%), §: —80 °C.

'H NMR (400 MHz, DMSO, 25 °C)s (ppm) = 0.88 (3 H, tJ = 7.4 Hz, CH), 1.24 (2 H, m,
CHy), 1.74 (2 H, m, Ch), 3.83 (3 H, sN-CHg), 4.14 (2 H, tJ = 7.2 Hz,N-CH,), 7.67 (1 H, s),
7.74 (1 H, s), 9.06 (1 H, s); IR (neat): 3644 (OBH59 (OH), 3165 (CH ring), 3125 (CH ring),
2967 (CH alkyl), 2940 (CH alkyl), 2880 (CH alkyl)630 (C=C, C=N), 1576 (C-C, C-N), 1470
(CH deform. alkyl), 1173 (CH deform. ring), 1069 -B3 cm’; LDI-TOF-MS for
CgH1sN2"(139.1230): m/z 139 (100), 140 (15) g/mol.

1-(1-Methylpropyl)-3-methylimidazolium tetrafluorairate

Yield: 0.2 g (30%), §: —68 °C.

'H NMR (400 MHz, DMSO, 25 °C) (ppm) = 0.75 (3 H, t) = 7.4 Hz, CH), 1.44 (3 H, dJ =
6.8 Hz, CH), 1.72-1.82 (2 H, m, Chl 3.83 (3 H, sN-CHs), 4.38 (1 H, mN-CH), 7.70 (1 H,
s), 7.83 (1 H, s), 9.13 (1 H, s); IR (neat): 368H], 3561(OH), 3159 (CH ring), 3117 (CH
ring), 2976 (CH alkyl), 2945 (CH alkyl), 2886 (CHkgl), 2118 (N=C), 1630 (C=C, C=N), 1576
(C-C, C-N), 1466 (CH deform. alkyl), 1179 (CH deforring), 1069 (B-F) cf; LDI-TOF-MS
for CgH1sN,"(139.1230): m/z 139 (100), 140 (10) g/mol.
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1-Methyl-3-pentylimidazolium tetrafluoroborate

Yield: 1.5 g (83%), §: —77 °C.

'H NMR (400 MHz, DMSO, 25 °C)é (ppm) = 0.86 (3 H, t) = 7.2 Hz, CH), 1.16-1.35 (4 H,
m, CH,), 1.77 (2 H, m, Ch), 3.83 (3 H, sN-CHjg), 4.13 (2 H, tJ = 7.2 Hz,N-CH,), 7.67 (1 H,
S), 7.74 (1 H, s), 9.06 (1 H, s); IR (neat): 36@H]J, 3563 (OH), 3163 (CH ring), 3123 (CH
ring), 2963 (CH alkyl), 2936 (CH alkyl), 2874 (Chkg), 1631 (C=C, C=N), 1576 (C-C, C-N),
1468 (CH deform. alkyl), 1175 (CH deform. ring), 720 (B-F) cm; LDI-TOF-MS for
CoH17N,"(153.1386): m/z 153 (100), 154 (15) g/mol.

1-(1-Methylbutyl)-3-methylimidazolium tetrafluorobate

Yield: 0.2 g (71%), §: —66 °C.

'H NMR (400 MHz, DMSO, 25 °C)5 (ppm) = 0.85 (3 H, tJ = 7.4 Hz, CH)), 0.99-1.29 (2 H,
m, CH), 1.44 (3 H, dJ = 6.7 Hz, CH), 1.65-1.81 (2 H, m, Chi 3.82 (3 H, sN-CH3), 4.47
(2 H, m,N-CH), 7.69 (1 H, s), 7.84 (1 H, s), 9.13 (1 H, I§);(neat): 3638 (OH), 3565 (OH),
3161 (CH ring), 3117 (CH ring), 2967 (CH alkyl),&® (CH alkyl), 2878 (CH alkyl), 2120
(N=C), 1628 (C=C, C=N), 1576 (C-C, C-N), 1468 (Céfam. alkyl), 1175 (CH deform. ring),
1065 (B-F) crit; LDI-TOF-MS for GH17N,"(153.1386): m/z 153 (100), 154 (10) g/mol.

1-(1-Ethylpropyl)-3-methylimidazolium tetrafluorobate*

Yield: 3.3 g (50%), : 68 °C, Ty: —56 °C.

'H NMR (400 MHz, DMSO, 25 °C)s (ppm) = 0.73 (6 H, t) = 7.4 Hz, CH), 1.78 (4 H, m,
CH,), 3.84 (3 H, sN-CHs), 4.14 (1 H, mN-CH), 7.74 (1 H, s), 7.83 (L H, s), 9.14 (1 H, I&);
(neat): 3634 (OH), 3570 (OH), 3161 (CH ring), 31TCH ring), 2974 (CH alkyl), 2943 (CH
alkyl), 2884 (CH alkyl), 1632 (C=C, C=N), 1576 (G-C-N), 1466 (CH deform. alkyl), 1173
(CH deform. ring), 1065 (B-F) ¢ LDI-TOF-MS for GH1/N,*(153.1386): m/z 153 (100), 154
(5) g/mol.

1-Benzyl-3-methylimidazolium tetrafluoroborate

Yield: 1.4 g (72%), §: —33 °C.

'H NMR (400 MHz, DMSO, 25 °C)5 (ppm) = 3.84 (3 H, sN-CHs), 5.39 (2 H, sN-CHy),
7.37-7.43 (G H, m, K, 769 (1 H, s), 7.76 (1 H, s), 9.17 (1 H, s);(iRRat): 3642 (OH), 3559
(OH), 3159 (CH ring), 3111 (CH ring), 3040 (CH dky2963 (CH alkyl), 1626 (C=C, C=N),
1576 (C-C, C-N), 1458 (CH deform. alkyl), 1167 (@dform. ring), 1072 (B-F) cth LDI-
TOF-MS for G2H1sN,"(187.1230): m/z 173 (100), 174 (15) g/mol.

1-(1-Methylbenzyl)-3-methylimidazolium tetrafluorolpate*

Yield: 0.6 g (73%), %: 73 °C, Ty: —22 °C.

'H NMR (400 MHz, DMSO, 25 °C) (ppm) = 1.85 (3 H, d) = 7.1 Hz, CH), 3.83 (3 H, sN-
CHs), 5.75 (1 H, mN-CH), 7.33-7.44 (5 H, m, &), 7.70 (1 H, s), 7.82 (1 H, s), 9.26 (1 H, s);
IR (neat): 3644 (OH), 3561 (OH)*, 3161 (CH ringl,25 (CH ring), 3038 (CH alkyl), 2965 (CH
alkyl), 2110 (N=C), 1628 (C=C, C=N), 1578 (C-C, ¢;N454 (CH deform. alkyl), 1167 (CH
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deform. ring), 1051 (B-F) cth LDI-TOF-MS for CioHisN,"(187.1230): m/z 187 (100), 188
(20) g/mol.

Up-scaling the synthesis of 1-butyl-3-methylimidazaum chloride

A mixture of 1-methylimidazole and butyl chlorideé a ratio of 1:1.3 was used for all
experiments. The reaction mixture was heated to°’C7&nd maintained at this temperature for 7
to 16 min. Non-reacted butyl chloride was decaritech the reaction mixture. An additional
extraction step was required when the conversiosn ed quantitative. The ionic liquid was in
this case extracted three times with ethyl acetatedried in a vacuum oven at 40 °C to remove
the remaining ethyl acetate. The highly viscousdpod was characterized b{H NMR
spectroscopy before extraction to determine the@mions. In order to initiate crystallization of
the highly viscous olil, the ionic liquid was frozah—-25 °C.
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Properties of ionic liquids

Abstract

In order to elucidate structure—property relatiopsh several ionic liquids, both linear and
branched, were investigated in detail. In particuthe influence of the branching on the
thermophysical properties was of interest. Therraeignetric analysis was utilized to

investigate the decomposition behavior and diffeatiscanning calorimetry was used to study
the influence of the branching on the thermal bedrag.g.the melting point, the glass transition
temperature, the freezing point and the cold chyzition temperature. Moreover, the water
uptake of selected ionic liquids was analyzed.

Parts of this chapter have been published: T. Engjere J. Vitz, F. Wiesbrock, U. S. Schubert,
J. Mater. Chem?2008 18, 5267-5276; T. Erdmenger, C. Haensch, R. Hoogenbad. S.
Schubert,Macromol. Biosci.2007, 7, 440-445; J. Vitz, T. Erdmenger, C. Haensch, U. S.
SchubertGreen Chem2009 11, 417-424.
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3.1 Introduction

The properties of ionic liquids, such as meltingnpodensity, viscosity, and hydrophobicity,
can be adjusted by varying the composition of catie. anion>? Therefore, this chapter
describes the influence of different cations antbmas on the properties of the investigated
ionic liquids. In particular, the influence of thength and the branching of the alkyl side
chain of imidazolium based ionic liquids were intrgated. In general, a better
understanding of the structure-property relatiopshis a crucial aspect for designing ionic
liquids with tailor-made properties for a specifapplication. It is already known from
alkanes that the length and the degree of branchawg an influence on the chemical and
physical properties, such as heat of combustioilinigopoint and melting point.Moreover,

it was already reported that compact, highly brauclhains decrease the viscosity when
introduced into ionic liquids, which might improweg. extraction processésin order to
understand the effect of branched alkyl chainshengroperties of ionic liquids, new ionic
liquids based on 1-(1-ethylpropyl)-3-methylimidazoh and 1-(1-methylbenzyl)-3-
methylimidazolium cations were synthesized as deedrin Chapter 2 and, compared for a
systematical investigation with known ionic liqujdboth branched and linear ones. In
particular the thermophysical properties, such &stodposition and glass transition
temperatures, and selected additional propertiesh as the water uptake, are discussed as
an attempt to elucidate first structure-propertyatienships. Furthermore, some of the
described branched ionic liquids contain a chieiter: these ionic liquids could be used as
chiral ligands in asymmetric reactions or as stary phases for chromatography
applications, as addressed elsewHere.

3.2 Decomposition temperature

3.2.1 Influence of the cations

The influence of the alkyl chain length on the deposition temperature of 1l-alkyl-3-
methylimidazolium bromide was investigated. It wé&sund, that the decomposition
temperature is decreasing with increasing alkylich@ngth. A minimum in decomposition
temperature is reached for octyl as side chain aobdsequently the decomposition
temperature is increasing with the alkyl chain ngs depicted in Figure 3.1. This behavior
was also described by Seddenal. for the melting points of 1-alkyl-3-methylimidazain
hexafluorophosphateThe increase in melting point for alkyl side chaionger than octyl
was explained by the increasing van der Waals acteons (hydrophobic region,
Figure 3.2). The heat of combustion is one of thengical properties that is influenced by
branching. Branched alkanes have a slightly lowssttof combustion and therefore they are
more stable than their linear analogli€Ehe interactions between the attractive forces are
increasing in comparison to the repulsive forcelsemvthe structure becomes more complex
leading to a higher stability of the branched ab@nTherefore it is expected that the
decomposition temperatures, which are related ¢csthbility of the ionic liquids, are higher
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for branched ionic liquids than for their linearadmgues. On the other hand, Awad al.
proposed a @l reaction as the decomposition mechanism for imodam-based ionic
liquids with aniso-butyl group and tetrafluoroborate as counter itegding to lower
decomposition temperatures in comparison to thealimnalogue$.
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Figure 3.1 Decomposition temperatures of 1-alkyl-3-methylimaam bromide.
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Figure 3.2 Structure of the [GMIM] cation showing the structural regions that carfluence
the properties.

The results of the thermogravimetric analysis (TGdgpicted in Figure 3.3, revealed that the
degree of branching has a small, but no significaihtence on the decomposition temperature
of the chloride containing ionic liquids, althoutite branched ionic liquids were found to be on
average 10 °C more stable than their linear ana®gin literature, the decomposition of
chloride containing ionic liquids has been ascribe@ dealkylation of th&l-alkyl substituents
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of the cationvia a Si2 mechanisf(also see the LDI-TOF MS/MS spectra in ChapterTRe
findings described in this thesis support this degosition pathway. The lower decomposition
temperatures for linear ionic liquids might be expéd by the more readily attack either of the
N-alkyl substituents of the catiomia the chloride anion in comparison to the branched
analogues, where the dealkylation most likely os@itrthe methyl group. As a result, the ionic
liquids with linear alkyl chains degrade at lowemiperatures. An exception to this finding were
the aromatic ionic liquids, which displayed an irses behavior, for instance the ionic liquid
with the non-branched aromatic group was around@@nore stable than with the branched
aromatic side group. The benzyl analogues seemsg@adevia a dissociative mechanismy®
leading to a more easily degradation of the brath@malogues, which would also explain the
lower decomposition temperatures in comparisomécalkyl chains.
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Figure 3.3Decomposition temperatures of the different bradctéued linear imidazolium-based
ionic liquids, bearing chloride and tetrafluorobdeaas counter ions.

Regarding tetrafluoroborate containing ionic liggjithese ionic liquids are more stable than the
corresponding halide containing ionic liquids aedsl hygroscopic as well. For instance, the
ionic liquid bearing chloride as counter ion losbund 20 wt.-% of water during heating,
whereas only a weight loss of around 3% was obdeiaethe analogues with tetrafluoroborate
as counter ion as displayed in Figure 3.4. Some ikouids show a hygroscopic character and
they absorb water during their handling under aprhesc conditions. The minus values of the
the mass of the chloride containing ionic liquidasbed by TGA is coming from the absorbed
water. The ionic liquids are more or less dry whieey are weight in and absorb water while
standing in the auto-sampler. Therefore the miralges obtained are more or less in the same
range like the water loss up to 150 °C.
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Figure 3.4 Characteristic decomposition behavior (TGA) fordazolium-based ionic liquids,
bearing chloride and tetrafluoroborate as counten.i

3.2.2 Influence of the anions

The average decomposition temperature is mainlyrobed by the anions. For instance, the
average decomposition temperature for ionic liquedstaining chloride and iodide was
found to be around 270 °C, whereas an average vafu870 °C was observed for
tetrafluoroborate containing ionic liquids. In adlbses the linear ionic liquids bearing
tetrafluoroborate as counter ion were more statda their branched analogues, on average
30 °C for alkyl groups and 100 °C for aromatic sgteups. This result is contrary to the
behavior reported for alkanes and contrary to theeoved behavior of ionic liquids with
chloride as counter ion. On the other hand, thasd#irfgs are similar to those reported by
Awad et al.where the ionic liquids witliso-butyl alkyl side chains showed an around 50 °C
lower decomposition temperature than their linesalagues. The differences between the
chloride and tetrafluoroborate containing ioniculids might be caused by a different
decomposition mechanism. The degradation of tetoaflborate containing ionic liquids
most probably leads to the formation of alkylimidbeg alkyl fluoride and BEas described
in literature. In addition, the formation of alcdteamd HF is possible when water is present.
Nevertheless, the degradation mechanism is less tbe tetrafluoroborate containing ionic
liguids and more understanding would be requiredrtréhtly, we have no explanation for
this different behavior. In general, more hydropieoionic liquids show a higher stability
than hydrophilic ionic liquids. In Figure 3.5 thea@bmposition temperatures of 1-butyl-3-
methylimidazolium and 1-ethyl-3-methylimidazoliunaged ionic liquids are plotted against
the increasing hydrophobicity of their counter iprshowing that the decomposition
temperature is mainly controlled by the anion, wtilie cation only has a small influence on
the decomposition temperature.
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Table 3.1 Decomposition temperatures (onset) for imidazoliesed ionic liquids with
branched and non-branched alkyl (or aryl) side gveu

, . Tac . Tac
Cation Anion o Anion o
[°C] [°C]
[CsMIM] ™ [Cl] 269 [BR] 393
[CMIM] ™ [Cl) 268 [BR] 380
[CsMIM] ™ [Cl) 262 [BR] 408
[BnMIM] * [Cl) 278 [BR] 384
[2-CsMIM] ¥ [Cl) 277 [BR] 370
[2-C,MIM] ™ [Cl) 278 [BR] 362
[2-CsMIM] ¥ [Cl) 273 [BR] 366
[3-CsMIM] * [ 284 [BR] 363
[MBnMIM] * [Cl] 248 [BR] 288
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9 ]
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Figure 3.5 Decomposition temperature (onset) for imidazoliuasda ionic liquids with
different counter ions.

3.3 Thermal behavior

3.3.1 Influence of the cations

The boiling points of alkanes is another physicabperty affected by the degree of
branching and increases with increasing lengthhefrholecules. Branched alkanes with the
same number of carbon atoms as their linear anakghbow in general lower boiling points.
The same trend is visible for the melting points theé alkane$. The intermolecular
interactions, in this case induced-dipole/inducgubkk attractions, increase for longer
chains and decrease for branched alkanes as @ oésubmaller surface area, which causes
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less contact for intermolecular associations. Basedhis conclusion, a similar behavior is
also expected for the melting points of dialkyl-dazolium-based ionic liquids. Another
property, related to the melting point, is the glasnsition temperature of a molecule. From
literature it is known, that the glass transiti@mperature is approximately two third of the
value of the melting poirl® The range of values forgTm was found to vary from 0.58 to
0.78 for different molecules and polyméfsThe same ratio is also expected for the melting
points and glass transition temperatures of th@amed ionic liquids. Fredlaket al'? have
described three different types of thermal behavimr imidazolium-based ionic liquids.
These different types were also observed while mm&ag the synthesized ionic liquids using
a differential scanning calorimetry (DSC). As showrfFigure 3.6, ionic liquids with visible
melting and freezing points (Figure 3.6 a) or withly a glass transition temperature
(Figure 3.6 b) could be found. However, Figure 8.@lisplays a case of more complex
thermal behavior; this ionic liquid revealed a ghadransition at a subcooled liquid state
upon heating, followed by a cold crystallizatiordaa melting point. Nevertheless, for most
of the investigated ionic liquids only a glass siion temperature @) could be detected.

a) [3-C_MIMI[I]

b) [2-C_MIM][BF ]

¢) [2-C MIMI[BF ] J\

I T T T T T T 1
-100 -50 0 50 100 150
Temperature [°C]

Figure 3.6 Three different kinds of thermal behavior of imiolazn-based ionic liquids as
determined by DSC.

In general, the glass transition temperature wasdoto be higher for ionic liquids with
branched alkyl side chains, which is an inverseal@r to the melting and boiling points of
alkanes (Figure 3.7). The drop iny night be explained by the loss of the alkyl chain
elasticity (as a result of the branching) and teduced alkyl chain length for the same
amount of carbon atoms in the alkyl side chain. Thdor the tetrafluoroborate containing
ionic liquids was in average 35 °C lower than fbe tchloride containing analogues. For
both counter ions, thegyTof branched ionic liquids was around 15 °C highwan for the
linear alkyl side chain cases, and around 10 °@dridgor the aromatic side groups.
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Figure 3.7 Glass transition temperatures of the different lmtaed and linear imidazolium-
based ionic liquids, bearing chloride and tetraflaborate as counter ion.

It was also found that the ionic liquids with ammatic side group revealed highey Values
(around 40 to 45 °C) than the investigated iorgailils with an alkyl side chain. In this thesis,
the Ty to Ty, ratio was determined for the three cases whergotiie liquids revealed a melting
point and a glass transition temperature. The gafoend were 0.59, 0.64 and 0.73 for [2-
CsMIM][BF 4], [3-CsMIM][BF 4] and [MBnMIM][BF 4], respectively and they are fitting well to
the values found for other molecules (inorganic arganic) and polymers in literature (from
0.58 to 0.78}! All results of the differential scanning calorimebefore and after the anion
exchange are summarized in Table 3.2. In gendémaltetrafluoroborate containing ionic liquids
revealed a lower glass transition temperature thain chloride analogues (on average 38 °C).
For the branched ionic liquids thg Values found were 10 to 15 °C higher than forlthear
analogues for both anions. The ionic liquids withaaomatic group showed the highegiv&lue

of all the investigated ionic liquids.

3.3.2 Influence of the anions

The thermal behavior was investigated for seledtdamlityl-3-methylimidazolium based ionic
liquids with different counter ions. It was founithat the counter ion does not have a strong
influence on the thermal behavior of the ionic idgs The glass transition temperature was
found to be between —50 and —80 °C, independetiehydrophilicity of the counter ion. The
results obtained are summarized in Table 3.3.
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Table 3.2 Melting (Ty), freezing (), cold crystallization (§), and glass transition @)
temperatures for imidazolium-based ionic liquiddhwbranched and non-branched alkyl (or
aryl) side groups.

. . Tm T¢ Tec Ty
Cation Anion C] C] C] ]
[CsMIM] ™ [CI] —44
[CMIM] ™ [CI] -41
[CsMIM] ™ [CI] -47
[BNMIM] * [Cl 2
[2-CMIM] ™ [CI] -34
[2-CMIM] ™ [Cl =31
[2-CsMIM] ™ [Cl -19
[3-CsMIM] ™ [ 124 45
[MBnMIM] * [Cl 10
[CsMIM] ™ [BF,] -84
[CMIM] ™ [BF,] -80
[CsMIM] ™ [BF,] =77
[BNMIM] * [BF,] -33
[2-CMIM] ™ [BF,] 67 =30 —74
[2-C,MIM] ™ [BF,] —68
[2-CsMIM] ™ [BF,] —66
[3-CsMIM] ™ [BF,] 68 —6 -56
[MBnMIM] * [BF,] 73 35 —22

Table 3.3Melting (Tw), cold crystallization (§), and glass transition ) temperatures for 1-
butyl-3-methylimidazolium based ionic liquids wdiifferent counter ions.

lonic liquid Ty Te T
[°C] [°C] [°C]
[C.MIM][OH] 54
[C,MIM][Oac] ~70
[CaMIM][F]
[C4MIM][Bu ,POy 71
[CMIM][CI] —41
[CMIM][I] 59
[C.MIM][NO 4] -70
[C.MIM][DCA] ~34 2
[C.MIM][BF J] -80
[CMIM][NTF ] 77
[C.MIM][PF ] —20 -9

63



Chapter 3

3.4 Water uptake

Another important property of ionic liquids is thaibility to absorb water. The water uptake of
the ionic liquids was investigated with a “Dynami\tapor Sorption (DVS)” technique
(Figure 3.8).

Figure 3.8 Photo of the TGA Q5008A thermo gravimetric analyzer used to study theewa
uptake (left). Sample and reference pan for theemaptake measurements (right).

Applying this measurement technique, a sample ligested to varying conditions of humidity
and temperature and the response of the sampleeasured gravimetrically. In general, the
weight of the sample decreases slightly duringdiyéeng step. The resulting weight (when the
weight change is smaller than 0.05% for a periofiminutes) is used to set the weight change
to zero at this point. After the saturation the penature was adjusted to 25 °C and the relative
humidity was subsequently increased stepwise to, Z¥%o0 and 80% relative humidity (RH,
Figure 3.9). In the same manner, the humidity waehsed and an additional drying step was
included to compare the initial and final samplaghts. A typical water uptake plot for 1-ethyl-
3-methylimidazolium chloride ([@MIM][CI]) is depicted in Figure 3.9.
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Figure 3.9Representation for the water uptake measuremef@ HfIM][CI] at 25 °C.

For an initial measurement, the standard heatediwracoven was used to dry the ionic
liquid. Subsequently, [$MIM][CI] was dried for 3 days in a freeze dryer. Figure 3.9 it is
visible for [GMIM][CI] that at the “drying-step” this freeze ddeionic liquid is very
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hygroscopic and able to absorb 6 wt.-% of wate6@t°C in a 0% humidity atmosphere
(dried N\; flow). In contrast, the weight decreased in casie vacuum oven dried IL. From
these results we can assume that the normal vaowem is not sufficient to dry especially
highly hygroscopic ionic liquids.

3.4.1 Different alkyl chain length & branching

Alkanes are known to be hydrophobic compounds;etfoee, an influence on the ability to
absorb water is expected for hydrophilic imidazolibased ionic liquids bearing different
alkyl chains as side groups. In case of water-delutnic liquids an increase in the alkyl
chain length of their cations should lead to a lowater uptaké? From alkanes it is known,
that branching results in a more compact strucame therefore a smaller surface afea.
Thus, we expected the branched ionic liquids toodibsmore water than their linear
analogues, because the branching allows the watdecmes to penetrate the ionic liquid
more easily. Furthermore, the hydrogen bonds ofwatolecules are less locally ordered
around the branched alkyl chaihsnd therefore it is thought that alkyl branchedido
liguids might become more hydrophilic than theingar analogues. In addition, for
ammonium based ionic liquids the water contentbi@nched ionic liquids was reported to
be ~ 0.4% higher than for their linear analogudsictvis in line with our expectatiof.

As mentioned before, the cation of the ionic liqudly has a slight influence on the
hydrophobicity, while the anion mainly dictates twater miscibility. The water uptake is
expected to be larger for ionic liquids containirag chloride counter ion than for
tetrafluoroborate containing ionic liquids, becatise van der Waals volume for a chloride
anion is 28 R whereas for tetrafluoroborate it is 48 As determined elsewhefeThis
results in a higher charge density for the chloaden and it is believed that smaller anions
will absorb more watel> For these reasons, the chloride containing ioitaids were
chosen to investigate the influence of the catibncsure on the water uptake due to their
well-known hydrophilic nature. Thus, the water gaf the ionic liquids was investigated
at three different relative humidities (20, 50 &@#0) at 25 °C. The measurement procedure
used is similar to that one described in literatdré The results of the water uptake
measurements of the investigated chloride contginionic liquids are depicted in
Figure 3.10. As observed for the investigated iotigquids in Figure 3.10 the water
absorption decreases as the length of the alkg skdhin for both linear and branched side
chains increases, which is in agreement with previobservation§®*° Figure 3.10 shows
that [GMIM][CI] had the highest water uptake values of #le investigated ionic liquids
(up to 106 wt.-%). In addition, it was found, ththte introduction of a branching point
increases the water uptake. According to Figurd 3tie branching seems to improve the
penetration of water, which might be a result otréased hydrocarbon-water interactions
resulting in less amphiphilic self-assembly in hra@d ionic liquids due to their lower
surface tension as reported for ammonium based ikmiiids’’ Thus, the amount of water
uptake for branched alkyl side chains is more Eimib the amount for the shorter linear
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alkyl chains than compared to the linear alkyl clsawvith the same amount of carbon atoms.
This effect is more pronounced in case of [2MOM][CI], which water uptake behavior is
more similar to [GMIM][CI] than to [C4sMIM][CI]. As expected, ionic liquids with aromatic
groups absorbed less water than ionic liquids vétkyl side chains due to the higher
hydrophibicity of aromatic substituents. The intuotlon of a methyl group to the benzyl
group did not significantly change the absorptiénvater and only a marginal decrease was
measured.
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Figure 3.10Water uptake of different linear and branched inzidém-based ionic liquids
containing chloride as counter ion (at 25 °C).

The water uptake was plotted against the numbeadion atoms in the alkyl and aryl side
groups (Figure 3.11) to investigate if the diffezenn the water uptake between the alkyl
and the aryl group is due their nature (alkyl of)arA linear trend was found, which shows,
that the water uptake is mainly depending on thelmer of carbon atoms in the side group
and not on the nature of the group (alkyl or aryh). addition, the water uptake of
[CsMIM][CI] was measured, which is fitting perfectlp tthe observed linear trend and the
values obtained are lower compared to the branoted liquid with the same number of
carbon atoms in the side chain ((MBnMIM][CI]). Frothe plot in Figure 3.11 we can
conclude, that the water uptake within the serfdear or branched ionic liquids is mainly
controlled by the hydrophobicity of the alkyl sideains, whereas the higher water uptake of
branched ionic liquids is a result of the decreasaitity to self-assembly.
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Figure 3.11 Dependence of the number of C atoms in the sidan drathe water uptake of
different linear imidazolium-based ionic liquidsntaining chloride as counter ion.

3.4.2 Different anions

Finally, the water uptake was measured for seleeit liquids with different anions. From
literature it is known that hydrophobic ionic ligisi are able to absorb water to a certain
extend. Examples from literature show that afterh2dxposure to air the water content of
[CsMIM][BF 4] is 0.32 M (~5 wt.-%):® Even more hydrophobic ionic liquidse.g.
[C4MIM][PF¢] and [GMIM][Tf 2N], were reported to have a water content of 0.08°M
1.8% (v/v)® and 0.10 M 1.4 wt.-%?° respectively. These values are depending on the
impurities and the humidity in the air. Most valueported in literature are given without
the present humidity and therefore differencedhengaturated water content are possible. As
depicted in Figure 3.12, the ionic liquids bearmghloride anion approximately absorb ten
times more water than ionic liquids with a tetrafloborate anion. It is worth to note that the
amount of absorbed water can be up to 10 wt.-%afbydrophobic ionic liquid under high
humidity (80% RH). In addition, remarkable abilgidor the absorption of water were
observed for ionic liquids with [OAc], [EPO,] and [CI] anions. From the data obtained, a
sorption isotherm was contracted revealing thatabhsorption and desorption of water is
completely reversible.
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Figure 3.12 Water uptake of 1-alkyl-3-methylimidazolium basedid liquids containing
various anions (acetate, chloride, diethyl phosphédicyanide)amide and tetrafluoroborate) at
25 °C.

3.5 Viscosity

IL’'s have a very high viscosity, which makes itrexnely difficult to measure the viscosity of a
pure IL. For the first trials methylene chloride smased to dilute the ionic liquids, because all
synthesized IL's were soluble in this solvent mgkia comparison possible. For the
determination of the kinematic viscosity a Mikro4ébohde viscometer was used. Five different
concentrations and the pure solvent were measurg2l &C + 0.01 °C. The first results for 1-
propyl-3-methylimidazolium chloride (MIM][CI]), 1-butyl-3-methylimidazolium chloride
([CsMIM][CI]) and 1-pentyl-3-methylimidazolium chloride([CsMIM][CI]) are shown in
Figure 3.13. For low ionic liquid concentration® tkinematic viscosities of the three IL’'s are
similar. At higher concentrations (>1 mol/L) antease in viscosity for longer alkyl side chains
is obtained as a result of the increasing van dealgVinteractions. Furthermore, the dynamic
viscosity behavior of [eMIM][Et,PQy] was investigated. The viscosity was measured ron a
automated microviscometer by Anton Paar (AMVn) base the approved and acknowledged
rolling/falling ball principle according to DIN 53® and ISO 12058, respectively. Figure 3.14
shows the plots of the dynamic viscosity againsttédmperature for different measuring angles.
Assuming that the viscosity is independent fromrtteasuring angle, it can be deduced that the
ionic liquid used behaves like a Newtonian liquithis result is similar to the already described
behavior of imidazolium dialkylphosphat&sThe viscosity is reduced to approximately the half
of its earlier value only by heating up for 10 °Eigure 3.14). Since water can influence the
viscosity of ionic liquids dramatically, it is esg&l that the ionic liquids are severely dried
before their use. In addition, only a closed visetan should be used because ionic liquids can
absorb a high amount of water as visible from thi@te discussed water uptake measurements.
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Figure 3.13 Determination of the kinematic viscosities ofsNOM][CI], [C sMIM][CI] and
[CsMIM][CI] in methylene chloride with a Mikro-Ubbehmle viscometer at 25 °C.
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Figure 3.14 Dynamicviscosity measurement of J&IM][Et.PO,] at 30°, 40°, 50°, 60°, and
70°, respectively.

3.6 Conclusions

A series of linear and branched ionic liquids weyathesized under microwave irradiation
to elucidate first structure-property relationships this regard, new ionic liquids were
synthesizedg.g. 1-(1-ethylpropyl)-3-methylimidazolium iodide and(1-methylbenzyl)-3-

methylimidazolium chloride and their tetrafluorobte containing analogues. Apart from
these new ionic liquids, a series of known linead @&ranched ionic liquids were also
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synthesized to allow a first systematical studytloé thermophysical properties of these
substances.

It was found that branched ionic liquids containiogloride were slightly more stable
(10 °C) than their linear analogues supportingyd 8ecomposition pathway. However, the
tetrafluoroborate containing ionic liquids reveal@dB0 °C higher thermal stability for the
cases with linear alkyl chains, which might be doe different decomposition mechanism
initiated by the anion. For both investigated asiahe ionic liquid with the non-branched
aromatic group was more stable assuming a moredasve decomposition mechanism
(SnD).

The tetrafluoroborate containing ionic liquids raled a lower glass transition temperature
than the chloride analogues. For the branched ibgisds the T, values found were 10 to
15 °C higher than for the linear analogues for bathions. The ionic liquids with an
aromatic group showed the highegtvilues of all the investigated ionic liquids.

Moreover, the water uptake of the ionic liquids wasasured and revealed a systematic
dependency on the length of the alkyl side chauh@mthe branching. It was found, that the
water absorption decreases when the alkyl chaigthefor linear and branched alkyl groups
increases, due to the increasing hydrophobicityhef alkyl/aryl group. The ionic liquids
with branched alkyl chains showed a higher watetakg than their linear analogues as a
result of their decreased ability for amphiphilielfsassembly. In general, the water uptake
for branched ionic liquids was lower than for iodiguids with a shorter alkyl side chain
(Cr<<2-Gi<Cn-1)-

The described results allow a better insight ifte structure-property relationship of ionic
liquids. The introduction of branches to the sideio of ionic liquids will allow the
synthesis of tailor-made ionic liquids and the fineing of the chemical and physical
properties, such as stability, water uptake, glessssition temperature and other.

3.7 Experimental details

Materials

The synthesis of the ionic liquids and the origintlee comercial available ionic liquids is
described in Chapter 2.

Melting points (onset of an endothermic peak ontingg freezing points (onset of an
exothermic peak on cooling), cold crystallizati@miperatures (onset of an exothermic peak
on heating) and glass transition temperatures (oirdpf a small endothermic heat capacity
change) were determined on a DSC 204 F1 Phoenitebysch under a nitrogen atmosphere
from —100 to 150 °C with a heating rate of 20 K mifa first heating cycle to 150 °C was
not considered for the calculations). Thermogravimeanalyses were performed in a
TG 209 F1 Iris by Netzsch under a nitrogen atmosplre the range from 25 to 600 °C with
a heating rate of 20 K/min. The water uptake meamgnts of the ionic liquids were
performed on a Q5000 SA thermo gravimetric analyfzem TA Instruments containing a
microbalance in which the sample and reference pesie enclosed in a humidity and
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temperature controlled chamber. The temperatutherQ5000 SA was controlled by Peltier
elements. A dried Ngas flow (200 mL/min) was split into two parts,which one part was
humidified by passing it through a water-saturatbdmber. The desired relative humidity
(RH) for the measurements could subsequently baimdd by mixing proper proportions
(regulated by mass flow controllers) of dry and wsteam. The standard isotherm
measurement consisted of a number of subsequgt. $test, the sample was dried at 60 °C
and 0% RH for a specific time until the weight cgarnvas stabilized to be less than 0.05%
for a time period of 60 minutes. In the second stbp temperature was decreased to 25 °C
and the relative humidity increased to 20%. The igitynwas then increased step-wise (with
steps of 30% RH) to a maximum of 80% RH. The weighange of the sample was
stabilized after each step until it was smallemtlBa05% for a time period of 60 minutes. In
addition, the reverse isotherm was also measurethis case the humidity was decreased
down to 0% (in steps of 30% RH) and the sampleevediowed to stabilize after each step.
In order to finalize the isotherm and to compare thsults with the initial weight of the
sample, an additional drying step was included @®0at 0% RH). The differences between
absorption and desorption was less than 0.4% f&6 Bmidity and less than 0.15% for
20% humidity. The accuracy of the measurement vaaslked by a second run. It was found,
that the variation of the two runs was within tlamge of the variation between absorption
and desorption. Dynamic and Kkinetic viscosities avemeasured on a AMVn
microviscometer by Anton Paar which is based on #pproved and acknowledged
rolling/falling ball principle according to DIN 53® and ISO 12058. The system allows a
variable inclination angle of the measurement d¢apiland, therefore, both the variation of
shear stress and shear rate and the easy repeatitnrasurements on a wide viscosity range
(0.3-2500 mPa). A Peltier thermostat allowed to measure ovéarge temperature range
(+5to 135 °C).
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Chapter 4

Applications of ionic liquids in cellulose chemisty

Abstract

Several 1-alkyl-3-methylimidazolium based ionicuiilds were screened in order to investigate
their ability to dissolve cellulose. In particulahe influence of different alkyl chain lengths,
branched alkyl side chains and the anion on theotlison of cellulose was investigated. The
alkyl chain length was varied from ethyl to dec¢gtluding both even and odd numbered chains,
to elucidate structure-dissolution properties rémgea remarkable odd-even effect. In addition,
ionic liquids with branched alkyl side chains vdrfeom propyl to pentyl were tested, showing a
reverse odd-even effect with overall lower dissolutability in comparison to their linear
analogues. The tritylation of cellulose was perfednin selected ionic liquids using pyridine as
base in order to compare their performance. THaante of the reaction time and the ratio of
trityl chloride per cellulose monomer unit on thegdee of substitution were investigated in
detail for 1-butyl-3-methylimidazolium chloride arttie optimized reaction conditions were
applied for the other ionic liquids as well.

Parts of this chapter have been published: T. Engiere C. Haensch, R. Hoogenboom, U. S.
Schubert,Macromol. Biosci.2007, 7, 440-445, J. Vitz, T. Erdmenger, C. Haensch, U. S.
SchubertGreen Chem2009 11, 417-424.

Parts of this chapter will be published: J. Vitz,Erdmenger, U. S. SchubeACS Symp. Ser.
accepted.
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Chapter 4

4.1 Introduction

Cellulose is the most abundant natural polymerature and its derivative products have many
important applications in fiber, paper, membranelymer and paint industri¢s: However,
cellulose is insoluble in water and most commoranig solvents, because of its fibril structure
and the pronounced presence of inter- and intewutde hydrogen bonding as depicted in
Scheme 4.%°
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Scheme 4.1Schematic representation of the structure of cedlel(with hydrogen bonds).

The most commonly applied industrial process t@iobtegenerated, processible cellulose is the
xanthogenate process during which cellulose is Iswalith aqueous sodium hydroxide and
subsequently treated with carbon disulfide {C%ading to a highly viscous sodium-
xanthogenate solution. This solution is later gdatith acidic solution to reform the cellulose
and CS. The main drawbacks of this process are the dagoadof the cellulose backbone and
the formation of toxic S as byproduct® Other derivatizing solvents like trifluoro aceticid,
formic acid, or N,N-dimethylformamide/nitrogen peroxide could also &pplied for the
functionalization of cellulose with or without istion of the intermediate. Newer examples for
non-derivatizing solvents with aqueous inorganimptexes areg.g, cuprammonium hydroxide
(Cuoxam, Cuam), cupriethylene diamine (Cuen) andimiamd oxide/ethylenediamine
(Cadoxen), or non-aqueous solvents together witlorgemic salts or gasese.g.
dimethylacetamide/lithium  chloride  (DMA/LICI), dintleylsulfoxide/sulphur  dioxide
(DMSO/SQ), or dimethylacetamide/tetrabutylammonium fluori@MSO/TBAF)>%? More
environmentally friendly solvents for the derivation of cellulose continue to be developed.

4.2 Dissolution studies

Recently, ionic liquids were found to dissolve okike and they are considered to be ‘green’
solvents on account of their non-volatility and fftammability, which is a result of their
negligible vapor pressure at ambient temperdftit®On the basis of ecological and economic
concerns ionic liquids seem to be an attractiveriadttive to conventional volatile organic
solvents->**'*The most studied ionic liquids are highly solvatingn-coordinating and possess
a high compatibility with various organic compour8sThey are recyclable and reusable
because of their immiscibility with a range of angasolvents-***?*|onic liquids consist of an
organic cation and an inorganic anion; their propsrsuch as melting point, density, viscosity
and hydrophobicity can be adjusted by varying tleimposition:>?4?%In 1934 Graenacher
discovered that cellulose can be dissolved in molsalts, such as allyl-, ethyl- and
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benzylpyridinium chloridé* However, this finding was thought to be of litdeactical value at
the time. In 2002, the idea of using ionic liquids the dissolution of cellulose was revived by
Rogeret al'®*"In their work different ionic liquids containing Hutyl-3-methylimidazolium
cations were tested, with the most efficient sditypbeing obtained when chloride was used as
the anion. The chloride ions are nonhydrated amd diarupt and break the intramolecular

hydrogen bonds of the cellulose network withouf\dgizing it.2>2’

4.2.1 Screening

In order to extend the potential application ofdllfor cellulose processing, we screened other
ionic liquids for their ability to dissolve cellde. Although there are already some ionic liquids
described in literature (Scheme 4.2) which are &bldissolve cellulose in high amounts, they

all show some disadvantages.

NRNESNN \NJ\ﬁ/e\/\ \N/\ﬁ/e\
\ —_— ’ Cle \ — ’ Cl \ —_— ’ Cl
18 wt.-% 9 wt.-% 12 wt.-%
| N
J\ ﬁ/
\N/\g/e\/ NNEANF o

\—/ @ \—/ w

18 wt.-% 12 wt.-%

39 wt.-%
but degradation

Scheme 4.2Schematic representation obramonly known ionic liquids with the ability to
dissolve cellulos&®*

For example the ionic liquid 1-butyl-3-methylimiddzim chloride can dissolve up to 25 wt.-%
of cellulose (as reported by Rogasal).'® However, a melting point above 70 °C, the high
viscosity of the [GQMIM][CI] solution and the high hygroscopicity — igeneral valid for all
imidazolium based ionic liquids with a chloride oter anion — makes the handling difficult.
New ionic liquids might be better suitable for tdessolution and processing of cellulose
possibly circumventing the mentioned drawbacks. r@toee, the newly synthesized ionic
liquids as well as commercially available ionicdids were subsequently used in this chapter for
the dissolution studies of cellulose. In this cahtalso a correlation between the water content
and the solubility was found. When using non-dradc liquids, the solubility of cellulose was
reduced. Therefore, it was necessary to dry aitibguids carefully before use. It is noteworthy
that the vacuum oven (at 40 °C) was not suffictendiry the ionic liquids; only a freeze dryer
was able to remove the last percentages of waterthié dissolution studies we used either 0.5
to 2 mL microwave vials (Figure 4.1 left side) onadl 2 mL vials (Figure 4.1 right side). After
the ionic liquid was filled in, the cellulose waddad and the vial was heated to about 100 °C
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utilizing an oil bath or a metal holder. After appimately 15 min to 1 h, the dissolution of
cellulose was checked visually. During these sarggtests, a different behavior of the cellulose
in the dissolution experiments was observed. Wisetlea solutions of cellulose in compatible
ionic liquids like [GMIM][CI] and [CeMIM][CI] became clear and stayed dissolved at room
temperature (whereby, in particular, the pure ctiem are solids; see Figure 4.2 A), other
solutions tend to crystallize back at room tempemste.g. [CsMIM][CI] (Figure 4.2 B). If no
dissolution can be observed, the cellulose is eithéy “suspended” in the ionic liquid as shown
in Figure 4.2 C, or is rapidly degraded as eviddrimga deep coloration of the solution seen in
Figure 4.2 D. This effect was observed very oftemparticular when using higher amounts of
cellulose.

Figure 4.1 Dissolution of cellulose: a) microwave vial; b) pédlel setup.
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Figure 4.2 Cellulose dissolved in [§MIM][CI] (A), [C -MIM][CI] (B), [C :MIM][EtSO,4] (C),
and [GMIM][Br] (D), respectively.
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Figure 4.3'%C NMR spectrum of cellulose (10wt.-%) in 1-butyh8thylimidazolium chloride
(100 MHz, ¢-DMSO (25 wt.-%), 100 °C).
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13C NMR spectroscopy was used to prove the structirethe dissolved cellulose.
Specifically, 10 wt.-% of cellulose was dissolved li-butyl-3-methylimidazolium chloride,
and 25 wt.-% DMSO-gwas added. The addition of DMSO decreased theosigcof the
solution without precipitating the dissolved cetis€?® The *C NMR spectrum was
recorded at 100 °C (Figure 4.3). For the ionic iligunamely 1-butyl-3-methylimidazolium
chloride, three signals were found at 136.8 (1)3.32(2) and 122.2 ppm (3) for the
imidazolium ring. The chemical shift at 35.3 ppmndae assigned for the methyl group (4)
and the signals for the butyl group were obtainedi8a3 (5), 31.2 (6), 18.5 (7) and 12.8 ppm
(8). The signals for the dissolved cellulose areated in the region between 120 and 60
ppm. Six signals for cellulose were found at 10&21), 79.2 (C-4), 75.2 (C-5), 74.8 (C-3),
73.6 (C-2) and 60.1 ppm (C-6) in tHeC NMR spectrum. These chemical shifts are
comparable to the values reported in literafdré.For the degradation experiments, we used
the ILs [GMIM][CI], [C :MIM][CI] and [C.MIM][Et,POs] to dissolve cellulose. As a
general procedure the solution contained 8 wt.-%edlulose and the mixture was heated up
to 100 °C and left at this temperature for 2 houfbse automated ChemSpeed A100
AutoPlant robot with its internal anchor stirrerasvused to ensure an efficient heating,
stirring and cooling. Then, the DP values of bdtih starting cellulose and the regenerated
samples were determined by capillary viscometr@iren utilizing Equations 4.1-4%4.

t
[77,a1] T Equation 4.1
0
(”rel _l)
(7] = c Equation 4.2
l+ Kn (,7rel _1)
7 s Equation 4.3
M. = 0.83 q .
W (0.0118
M .
DP =—W Equation 4.4
162

[7] intrinsic (limit) viscosity (mL - Q)

t flow rate of the solution(s)

to flow rate of the solvent(s)

c concentration of the solution (g - ML
Kn instrument constant £0.29

The obtained values for the degree of polymeriratiefore and after dissolution of cellulose in
ionic liquid are depicted in Table 4.1.
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Table 4.1 Comparison of the degree of polymerization of deHa before and after
dissolution in selected ionic liquids.

Temperature Time Yield
. [°C] [min] [%] PP
Avicel PH-101 - — - 398
[CMIM][CI] 100 120 79 31}
[C.MIM][CI] 100 120 86 358
[C.MIM][Et ,POy] 100 120 96 378

2 Before processind,after regeneration.

These values indicate that the highest degradatiarellulose appears in [@IM][CI] and a
slightly lower degradation in [fMIM][CI]. The lowest degradation after 2 hours adating at
100 °C was found in [MIM][Et.PQy. The high yield of cellulose with 96% after the
regeneration shows a significant benefit for the asthis ionic liquid. Furthermore, the low
melting point at about 25 °C supports the handtifithat ionic liquid. It must be noted that the
melting point can only be observed visually sinceould not be determined by DSC because
this ionic liquid — like many others — behaves liksupercooled meit.

iy [C,MIM][OAc] with 2 wt.-% cellulose Ty [C,MIM][Et,PO,] with 2 wt.-% cellulose
1000 & 1000
E ’\ E
P P
K7} \ [C,MIM][OAC] * £
= €
g —m— ggo’ :‘:480‘ A ;\’\ g —m—30°, 40°, —A— 50°, ‘\
° 70° ® > 60°, —6— 70° A
() A ’ T~
20 30 40 50 60 20 40 60 80
Temperature [°C] Temperature [°C]

Figure 4.4 Dynamic viscosity for [eMIM][OAC] (left) and [C:MIM][Et ;POq] (right) with and
without 2 wt.-% cellulose at different angles (3097and temperatures (20-90 °C).

In order to show the stability of cellulose in ionliquid solutions, the ionic liquids
[C.MIM][OACc] and [Co.MIM][Et .POy] were selected and the viscosities of the pureibaguids
and the 2 wt.-% cellulose solutions were measur#d an automated microviscometer based on
the rolling/falling ball principle. Figure 4.4 shewthe plots of the dynamic viscositgrsusthe
temperature for different measuring angles. As la of thumb, the viscosity is reduced to
approximately the half of its starting value only increasing the temperature by 10 °C. Since
water can influence the viscosity of ionic liquilgnificantly, it is essential that the ionic ligisi
are severely dried before their use. In additibe, tiscosity is independent from the measuring
angle and the ionic liquids used behave like Neiatotiquids®* On the other hand, the use of
ILs as cellulose solvents requires advanced equipuhge to their high dynamic viscosity. For
example, only adding 2 wt.-% of cellulose to,MIM][OAc] leads to an increase from
200 mPa-s to 1100 mPa:s, in case gMM][Et ;POy] from 480 mPa-s to 6900 mPa:-s at room
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temperature as determind by rheometry. In gent#italyiscosity can be significantly decreased
by diluting a cellulose/IL solution with an orgarsolvent, like for instance pyridine. However, a
possible precipitation of cellulose must be avoideBurthermore, a solution of
[CoMIM][Et .POy)/cellulose/pyridine was stored and the dynamicessty was measured after 3
months again. The viscosities did not change sgamfly and it can be concluded that the
cellulose is stable in these solvent mixtures evieng period of time at room temperature.

4.2.1.1Influence of the alkyl chain length and branching

Lately, the solubility of cellulose in various i@nliquids has been reported and it was found that
ionic liquids with chloride as their anion are themost effective for dissolving
cellulose!®”?7283%54 far, 1-butyl-3-methylimidazolium chloride gaveetbest results, with a
yield of 18 to 25 wt.-% dissolved cellulose. Howevenly 1-alkyl-3-methylimidazolium
chlorides with even-numbered alkyl chains (butgxyl and octyl) have been reportéd/?%In

our work we investigated the influence of the alkihin length from €to Gy of 1-alkyl-3-
methylimidazolium chlorides on the solubility oflicdose. All experiments were carried out at
100 °C, and the results are presented in Figure 4.5
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Figure 4.5 Dependency of the alkyl chain length of 1-alkyl-&mlimidazolium chloride on the
solubility of cellulose at 100 °C.

Surprisingly, the solubility of cellulose in 1-alk$-methylimidazolium based ionic liquids does
not regularly decrease with increasing length efdlkyl chain. In fact, a strong odd-even effect
was observed for the small alkyl chains; pentyl ahdrter. Cellulose was more soluble in 1-
alkyl-3-methylimidazolium based ionic liquids wittven-numbered alkyl chains compared to
odd-numbered alkyl chains, below six carbon urditButyl-3-methylimidazolium chloride gave

the best performance of the even-numbered alkyinshalissolving 20 wt.-% of cellulose,

whereas 1-heptyl-3-methylimidazolium chloride wée tmost efficient odd-numbered ionic
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liquid dissolving up to 5 wt.-% of cellulose. Inrggral, the first odd-even effect was discovered
for the melting temperature ofalkanes and thereafter it was found that mosesearontaining
alkyl chains show odd-even effects fa.g, transition temperature, volume changes, chiral
properties, dielectric properties, and dipole motm&hThe reason for this odd-even effect and
the large difference in optimal chain length foe ttellulose dissolution is not fully understood
at this moment. A possible explanation might bdedénces in the range of conformation for
odd and even alkyl chairfi3 As described in literature, the mesogenic unitshefalkyl chains
are oriented differently for odd and even alkyliasan the all trans-conformation. In case of an
even number of ClHrepeating units, the mesogenic units are patallehch other, while in case
of an odd number of CHepeating units they are oriented inclined to eattier, as depicted in
Figure 4.6.

Figure 4.6 Schematic representation of the orientation ofrtiessogenic units of odd/even alkyl
chains in all trans-conformation. Left: odd n ofH&, units (inclined mesogenic units). Right:
even n of (CH), units (parallel mesogenic units).

This difference in orientation leads to signifidgntifferent packing of the alkyl chains
(Figure 4.7). Alkyl chains with inclined mesogemmups are packed less efficient (disordered
structure with two alternating conformations), lieadto a bent alkyl chaiff>* In case of
parallel mesogenic groups, the packing is moreiefit and the molecules closely align in pairs
resulting in a linear chain (well-ordered strucjure

Figure 4.7 Schematic representation of the packing of odd/ead&gl chains in all trans-
conformation. Left: odd n of (Ghi units. Right: even n of (Gh units.

Therefore, alkyl chains with inclined mesogenictsiiiave a greater propensity to distort from
the all trans-configuration with little disruptioof the intermolecular packing resulting in a
greater range of conformations in comparison tglakains with parallel mesogenic unitsin
general, the range of conformation affects meltpwnt, hydrogen bonds, enthalpies and
entropies of aliphatic hydrocarboris.

In case of ionic liquids, the mesogenic units aesimidazolium ring and the methyl group. The
ionic liquids with even alkyl chains showing gooellalose dissolving properties have inclined
mesogenic groups (disordered alkyl chain), whike @dd alkyl side chains showing no or only
bad cellulose dissolving properties have parallesogenic groups (ordered alkyl chains). Based
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on this knowledge, we have tried to predict thditgbof branched ionic liquids to dissolve
cellulose. In general, the alkyl chains in the loteed ionic liquids are one GHinit shorter than

in their linear analogues. Therefore better celalsolubility is expected for [2381IM][CI] and
[2-CsMIM][CI], while [2-C 4sMIM][CI] should show no or only bad cellulose soilitly. In order

to predict if the branched ionic liquids will belalio dissolve more/less cellulose than the ionic
liquids with linear alkyl side chains, the confoimaal energy was calculated by ChemBio3D
Ultra 11.0 for the C-N bond at different anglegu¥e 4.8 shows that the conformational energy
increases with longer side chains. Furthermoregage of [2-GMIM][CI] (n > 3), the overall
conformational energy is much higher than for RAOM][CI] or [C \MIM][CI] (n > 1), thus for
[2-C,MIM][CI] (n > 3) the distortion from the trans-cagtiration is greater compared to [2-
CsMIM][CI] or [C \MIM][CI] (n > 1) limiting the range of conformationTherefore, lower
cellulose solubility is expected for ionic liquidgth branched alkyl side chains compared to
linear alkyl side chains, as well as for [2MIM][CI] compared to [2-GMIM][CI].

—[2-C,MIM]
N /\@,é\/ BRGNS
117_ N7 SN ——[2-C,MIM]
\___/ D ;, ~k‘ —-—[C4MIM]
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105

Energy [kJ/mol]

96

92 +
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Figure 4.8 Dihedral angle distribution of the C-N bond) in the ionic liquids with linear and
branched alkyl side chains calculated by ChemBi&Bia 11.0 with minimized energy.

The dissolution experiments of cellulose (1 wt.{i%0)he ionic liquids with branched alkyl side
chains ([2-GMIM][CI] (n = 3 to 5) revealed that cellulose wastrsoluble in [2-GMIM][CI],
while [2-GMIM][CI] and [2-CsMIM][CI] in general were able to dissolve cellulosas it was
predicted from the results obtained with the lin@aalogues. A strong degradation of cellulose
in [2-C;MIM][CI] was observed, since the ionic liquid tucheark brown in relative short time,
while the cellulose solution in [2s81IM][CI] and [2-CsMIM][CI] did not show any change in
color (Figure 4.9). However, the dissolution oflgklse in the ionic liquid with branched alkyl
side chains needed longer dissolution times (sonestimore than 1 h) in comparison to the
linear analogues. It was found that [2MIM][CI] was able to dissolve up to 6 wt.% celluks
but also a slight degradation was observed, siheecblor of the solution became slightly
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brownish. In case of [2-MIM][CI], up to 9 wt.% of cellulose could be diss@d and no color
change was observed. The observed results areynitéhg to the above described

expectations.
» - & ¥
.= . =

Figure 4.9 Dissolution of 1 wt.-% cellulose in ionic liquidstivbranched alkyl side chains: [2-
CsMIM][CI] (left), [2-C 4MIM][CI] (middle) and [2-CsMIM][CI] (right).

In addition, the synthesis of 1-alkyl-3-methylimmdium based ionic liquids with bromide
anions was envisioned to support the above descatld-even effect. Unfortunately, the earlier
recognized effect for the chlorides was not obs#ifee the bromides. Maybe due to the overall
lower solubility of cellulose (1-3 wt.-%) in thesmic liquids containing bromide as the counter
anion, a response to different side chain lengthsiat clearly visible. The results of the
dissolution experiments are summarized in Table 4.2

Table 4.20verview — dissolution studies of imidazolium basedc liquids with different alkyl
chain lengths and branching.

Alkyl side chain of MIM Anion

cation [Cl” [Br]
C, 10-14% 1-2%
GCs not soluble 1-2%
C4 20% 2-3%
Cs 1% 1-2%
Cs 6% 1-2%
C, 5% 1%
Cs 4% 1%
Gy 2% 1%
Cuoo not soluble not soluble
2-G; 9%

2-C, not soluble

2-Cs 6%

In addition, the synthesis of 1-alkyl-3-methylimmdium based ionic liquids with bromide
anions was envisioned to support the above destdtid-even effect. Unfortunately, the earlier
recognized effect for the chlorides was not obs#ifee the bromides. Maybe due to the overall
lower solubility of cellulose (1-3 wt.-%) in thesmic liquids containing bromide as the counter
anion, a response to different side chain lengghsiat clearly visible. The results of the
dissolution experiments are summarized in Table 4.2
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4.2.1.2Influence of the anion

In order to investigate the influence of differamions on their ability to dissolve cellulose, the
bromide or chloride anions could be exchanged &bdyl-butyl-3-methylimidazolium and 1-
ethyl-3-methylimidazolium based ionic liquids witlifferent anions. The procedures used for
the anion exchange are described in Chapter 1lehergl, the chlorides showed very good
dissolving properties, mostly all other ionic ligaishow less or no dissolution of cellulose ([F]
[Br],, [1],, [BF4], [PF]’, [NOs],, [NTfy],, [FsCSQy], [EtSQY], [(CN).N]). From literature it is
known that ionic liquids with non-hydrated aniongls as chloride and high hydrogen bonding
basicity interact with the hydroxyl protons of ciétise and thereby breaking the hydrogen
bonding network. lonic liquids with weaker hydrogéond acceptors or non-coordinating
groups are poor cellulose solvefitsAdditionally to the ionic liquids with chloride aunter
ion, only the ILs with thiocyanate, acetate and gpi@te counter anions revealed good
dissolving properties for cellulose. For instanBewt.-% of cellulose could be dissolved in
[C:MIM][OAC] and 12 wt.-% in [GMIM][OAc], whereby the solutions became colored,
indicating degradation of cellulose. Surprisingty.MIM][Et ,PQy] has the ability to dissolve up
to 14 wt.-% of cellulose and [DIMIM][M&Qy] up to 10 wt.-%, whereas [®IIM][Bu 2POy]
could not dissolve cellulose at all. The resulsssymmarized in Table 4.3.

Table 4.3 Overview — dissolution studies of imidazolium bagsuc liquids with different
anions.

Anion Cation
[DIMIM] ™ [C.MIM] ™ [CMIM] T [AllyIMIM] ¥
[FI 2%
[CI) 10-14% 20% 15%
[Br]” 1-2% 2-3% not soluble
[n- not soluble 1-2%
[SCNT 5-79%8
[BF,] not solubl&
[PRs] not solublé
[NOg] not soluble
[NTf,] not soluble
[F:CSQ not soluble
[EtSQOy] not soluble
[(CN).NT not soluble
[TsOT 1%
[OAc] 8% 12%
[R.PO, 109" 12-14% not solublé

3 25% under microwave irradiation according to Reger al.® ® Results of Rogerst al.®
° Results of Weet al.””**?R = Me,°R = Et,' R = Bu.

4.2.2 Microwave-assisted dissolution of cellulose

A selection of ionic liquids was studied for thessblution of cellulose under microwave
irradiation in the Biotage “Emrys Liberator” anchifiator” microwave synthesizers. First tests
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were less successful and showed mostly brownisltisok after heating. This suggests a strong
degradation of the cellulose under these conditibtmsvever, with the “Initiator” or “Swave”
microwave it is possible to set the maximum powdroduced into the solvent. By using
different power/temperature settings, we found latienship between the colorization of the
cellulose solution and the maximum power introducBgpical heating and power profiles for
the dissolution of cellulose under microwave irediin are depicted in Figure 4.10. This figure
shows similar temperature and power profiles fdifedent concentrations of cellulose in
[CoMIM][CI]. Although a reduced maximum power was chnsa thermal overshoot could not
be avoided when using concentrations above 4 wtir%addition, the maximum power of 60
Watt was reduced automatically after the final terapure was reached. Since the dissolution
was performed in the absence of additional solemd the ionic liquid used shows no
significant vapor pressure, the pressure is ndajégi
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Figure 4.10 Heating (left) and power (right) profiles for theisdolution of cellulose in
[C.MIM][CI] at different concentrations under microwanrradiation.

-
“MET \( Ghdne L-_-(_ “-—.ll—’-}
== eeae b b 4o
= I |
;;“;';; c /
PR T T TR R TE & | = w W
P—— g v - . - '} \g i "
6 wt.-% cellulose 2-10 wt.-% cellulose 2-10 wt.-etldose
100 °C 140 °C 160 °C
60-140 W 80 W 80w

Figure 4.11Dissolution of cellulose in [@IM]Cl under microwave irradiation.

For example by dissolving 6 wt.-% of cellulose @MIM][CI], the power could be varied
between 60 and 140 Watt without any color chang&0at °C (Figure 4.11, A). By using a
higher concentration of cellulose (up to 10 wt.-%)color change was clearly visible at
140 and 160 °C (constant temperature/power). Intiaad between both test series, a deeper
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color was visible for the higher temperature (Fegu4.11, B and C). Not only the
power/temperature/concentration settings are ingmbytout also the ionic liquid used has an
influence. In addition, the degradation was invgsted for the microwave-assisted
dissolution of cellulose. The results are shownTable 4.4. Four samples were heated
between 30 and 120 min at 100 °C. The degradatimierumicrowave irradiation seems to
be higher than under classical heating conditiddswever, there is no real correlation
between the DP values and the heating time. Thexefawe assumed that a “stirring
problem” caused the higher degradation of cellulagethis case. In the “Initiator”
microwave only magnetic stirring bars can be used.

Table 4.4 Comparison of the degree of polymerization of deHla before and after
dissolution in selected ionic liquids under microxgdrradiation.

Temperature Time
IL ] [min] DP
Avicel PH-101 - - 398
[C.MIM][CI] 100 30 172
100 60 255
100 90 300
100 120 23D

3 Before processind,after regeneration.

4.3 Tritylation of cellulose in ionic liquid

lonic liquids have been used for the homogenousvat@n, like etherificatio® and
esterification of cellulosee.g. acetylatio®*° and carboxymethylatioff. The acetylation of
cellulose in ionic liquids can be performed catafyse, in a short time with a controllable
degree of substitution (DS). Furthermore, the idifjaid can be recycled. Another important
reaction for the derivatization of cellulose is thigylation, which is a well-known and common
method for the regioselective protection of th® @osition of the cellulose backbone. Trityl
cellulose was first synthesized in 1924 by Helteramd Koster from generated cellulose under
heterogeneous reaction conditicAsThe free hydroxyl groups at 2- and 3-position ¢sn
subsequently substituted and afterwards the piotegroup can be removed easily under mild
conditions. The @-protected trityl cellulose can be functionalized. with methyl groups at
the 2- and 3-positions to prepare uniform 2,3-sttiet! methoxy cellulose derivativdsThe
2,3-substituted methoxy cellulose synthesized unu@mogenous conditions has different
properties in comparison to statistical functioredi derivatives® Trityl cellulose was also used
as the starting material to synthesize a heterstguted cellulose with carbamate substitutes at
the 2- and 3-position and a benzoate substitutieea6-position. This regioselective substituted
cellulose was used as a chiral stationary phasehimmatographs? Finally, 4-methoxy trityl
chlorides have also been used for different symhiesthe field of nucleotide and nucleoside
chemistry’” The selectivity regarding the primary hydroxyl goocan be adjusted by varying
reaction time and ratio of trityl chloride per e#tise monomer unf® To overcome the
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problems concerning the synthesis under heterogsnegaction conditions Camacho Gomez
et al. demonstrated the synthesis of trityl and 4-metheupstituted trityl cellulose under
homogenous conditions in a DMA/LICI solvent systemhere cellulose is completely
soluble®”***?The homogenous dissolution of cellulose in iongmiél can be used to introduce
functionalities to the cellulose backbone. Therefdhe tritylation reaction was chosen as a
model reaction, since the more reactive primaryréiygl group can be protected selectively.
The general reaction scheme of the tritylatiorhisven in Scheme 4.3.

) ® )
. + HB . lo)
Ho > Ow... T a RO o-.
- HCI

OH OR

R = H, (Ph);C

Scheme 4.35chematic representation of the general synthdgrstyl cellulose.

4.3.1 Optimization of the tritylation of cellulose in iar liquid

The homogenous tritylation of cellulose was perfednutilizing ionic liquids as solvents and
pyridine as base. To obtain a degree of substitubibl the reaction time, the ratio of trityl
chloride and pyridine per cellulose monomer uniswaried. In addition, the recycling of the
ionic liquid used for the tritylation of cellulosgas investigated. However, the use of a base
during the reaction complicates the recycling sitieeionic liquid and the base are completely
miscible.

Initial attempts to perform the tritylation in purenic liquid and in an ionic liquid/DMSO
mixture were carried out at 100 °C for 24 hoursfddimnately, only a black mixture was
obtained and no product precipitated in methartblrel, 2-propanol, acetone or diethyl ether,
which indicates a decomposition of the cellulosés Bssumed that the black color is caused by
a combination of the released hydrogen chloridetaecdecomposition products of celluld§e.
Therefore, the tritylation was repeated with pyralias a base for capturing the released
hydrogen chloride. Unfortunately, again black remacmixtures containing only small amounts
of cellulose were obtained after 24 hours at 100H@wvever, after reducing the reaction time to
14 hours, the expected brown color was obtaffieBubsequently, the trityl cellulose was
precipitated in methanol to isolate the product aad washed three times with methanol. For
the resulting trityl cellulose a carbon content68t98% and a hydrogen content of 6.41% was
found using elemental analysis, which correspomdsa tdegree of substitution of 0.71. The
degree of substitution was also determinedtyNMR spectroscopy after perpropionylatith,
giving a DS of 0.88. These values are comparablieopreviously reported DS which was
obtained when a DMA/LICI mixture was us&dThe elemental analysis also revealed that up to
0.5% of ionic liquid were still present. Figure 2.4hows the IR spectrum of the trityl cellulose
where the valence vibration for the OH group isiblés at 3345 crf. The asymmetric and
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symmetric vibrations for the =CH and CH groups between 3100 to 2800 ¢hand above
1000 cm'. The peaks for the aromatic system are locatetb26, 1448 and 1490 ¢mThe
strong absorption peak for the C-O-C can be fourtDa8 cni. The structure was also proven
by *C NMR spectroscopy (Figure 4.13). The peaks forcglkilose backbone are between 62.9
ppm and 101.5 ppm. Between 125.5 to 130.6 ppm @42 Ippm the signals for the aromatic
carbon atoms are found. The quarternary C-7 atorasssgned at 86.5 ppm. The obtained
spectrum matches literature data®
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Figure 4.12IR spectrum of trityl cellulose.
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Figure 4.13"C NMR spectrum of trityl cellulose (100 MHz;@MSO, 80 °C).
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In order to increase the degree of substitutiogdaramounts of trityl chloride were used
(Table 4.5). In general, it is expected that thgrele of substitution will increase with increasing
ratios of trityl chloride to cellulose monomer unihis trend was also observed for the synthesis
of trityl cellulose using 1-butyl-3-methylimidazaln chloride as solvent. For a four and five
fold excess of trityl chloride a DS of nearly 1 watstained. Higher amounts of trityl chloride
resulted in a DS of 1.22 and 1.30 for a six foldess and a DS of 1.26 and 1.37 for a nine fold
excess.

Table 4.5Tritylation of cellulose in 1-butyl-3-methylimiddizon chloride for 14 h at 100 °C.

Molar equivalents DS
Cellulose : trityl chloride Pyridine EA NMR"
1:3 5 0.71 0.88
1:4 6.7 1.14 0.96
1:5 8.3 0.98 1.17
1:6 10 1.22 1.30
1:9 15 1.26 1.37

2Determined by elemental analysistetermined byH NMR spectroscopy.

Further investigation on the influence of the amoohpyridine was carried out keeping the
ratio of trityl chloride to cellulose at six molaquivalents. With 6.8 molar equivalents pyridine,
trityl cellulose with a DS of ~0.8 was obtained Iflea 4.6). In comparison with the results
presented in Table 4.5 the lower excess of basétmesult in a slower reaction. When the
molar equivalents of pyridine were increased to @.40, the resulting DS was higher than 1
after 14 hours reaction time. When the reactiore tmas reduced from 14 to 5 hours, the degree
of substitution was surprisingly roughly unchangedien using 10 molar equivalents of
pyridine. A DS of 1.22 and 1.30 (determined by alatal analysis antH NMR spectroscopy,
respectively) was obtained for 14 h and for 5 hSadd 1.24 and 1.11 was found, indicating that
it is not necessary to use such long reaction tiAéisr 3 hours reaction time a DS of 1.09 and
0.97 was obtained. The reaction time was decreagen further to 1 hour and a DS of 0.91 and
0.96 was found. For the solvent system DMA/LICI Bdurs are required to obtain trityl
cellulose with a comparable degree of substitution.

Table 4.6Tritylation of cellulose with 6 fold excess ofyrichloride per cellulose monomer unit
in 1-butyl-3-methylimidazolium chloride at 100 °C.

Molar equivalents Time

pyridine [h] DS’ DS’
6.8 14 0.76 0.83
8.4 14 1.49 1.32
10 14 1.22 1.30
10 5 1.24 1.11
10 3 1.09 0.97
10 1 0.91 0.96

3 Determined by elemental analysisietermined byH NMR spectroscopy.
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4.3.2 Tritylation of cellulose in ionic liquid — recyclig issues

As stated earlier, one of the benefits of ionicuids is that they can be recycled and
subsequently reused. Therefore, the methanol ealutinat contains the ionic liquid was
collected after filtration of the cellulose and theethanol was evaporated. The NMR
spectrum of the crude mixture is shown in Figude4.

e [C,MIM][CI] o

B Pyridinium hydrochloride

A Trityl chloride
d,-DMSO

el BT

%'6'5'4'3210
[ppm]

Figure 4.16*H NMR spectrum of the crude ionic liquid afterytittion containing remaining
trityl chloride and the side product pyridinium hgdhloride (400 MHz, § DMSO, 25 °C).

The peaks in théH NMR spectrum are separated and can be assignex tonic liquid, the
remaining tritylchloride and the pyridinium hydrdehde, produced as a result of the reaction
of pyridine with the arising hydrogen chloride dwgithe tritylation. In general, two ways are
possible to remove the remaining trityl chlorideh&d the mixture is treated with water, trityl
chloride is converted to triphenyl methanol, whislwater insoluble and can easily be removed
by filtration. The obtained triphenyl methanol whasownish and the water solution was
yellowish after filtration, indicating that the nmaimpurities were removed. A second possibility
is the use of acetonitrile, where trityl chlorideriot soluble. After the acetonitrile purification,
dichloromethane was used in a second step to rerfustreer insoluble impurities. After this
procedure the dichloromethane solution was brownistlicating the presence of remaining
impurities. Therefore, the treatment with waternsgdo be the better alternative. Additionally,
water is also preferable in contrast to volatilgamic compounds, because it does not harm the
environment. ThéH NMR spectrum in Figure 4.17 clearly shows (ritiigt the multiplet signal
for trityl chloride between 7 and 7.5 ppm disappéagnfter applying the purification step
described above. Just the signals for pyridiniumdrbghloride and 1-butyl-3-
methylimidazolium chloride were still visible. In frst attempt we tried to remove the
remaining pyridinium hydrochloride by extractiontiviethyl acetate using also acetonitrile and
dichloromethane as co-solvents; however, this mhoee was not efficient. After several
extraction steps 30% of the pyridinium hydrochleridias still left. Extracting pyridinium

89



Chapter 4

hydrochloride from 1-butyl-3-methylimidazolium chide is not a viable purification route
since a lot of extraction steps and associatedentdvare required. In a second step, the ionic
liquid and the remaining pyridinium hydrochlorideere heated at 120 °C under vacuum
overnight. Pyridinium hydrochloride could be remdvey decomposition, but a dark colored
ionic liquid was obtained after this treatment. ™aek color of the ionic liquid proves its partial
decomposition under these conditions. At lower terapres,e.g. 70 °C, the pyridinium
hydrochloride could not be removed. Obviously, gyrium hydrochloride is too similar to 1-
butyl-3-methylimidazolium chloride and can not leparated easily.

[ ]
[ ]
B Pyridinium chloride
- e [C MIM][CI]
[ |
|
_ h——
f T T T T Y Z T 1
10 9 8 7 6
[ppm]

Figure 4.17'H NMR spectrum of the crude ionic liquid afterytichloride removal via water
(ring: no aromatic signals detected anymore for thtyl chloride) containing the remaining
side product pyridinium hydrochloride (400 MHz;[0MSO, 25 °C).

To circumvent this problem, we performed the tatidn using triethylamine instead of pyridine
as a base. Triethylamine was reported to be legs than pyridine, easy to remove from the
product mixtures and lead to trityl cellulose inogoyield** Triethylamine is not completely
miscible with the ionic liquid and the reaction wobn turned black after 1.5 hours.
Nevertheless, trityl cellulose was precipitatingmethanol and the degree of substitution of the
white product was 0.98. Trityl chloride was removezim the ionic liquid by adding water and
filtration as described before. Again, the main umipes were removed together with triphenyl
methanol resulting in a yellow aqueous solutionteAfremoval of the remaining water and
triethylamine by evaporation, ethyl acetate was edddo the mixture of 1-butyl-3-
methylimidazolium chloride and triethylammonium atfitle. Both are not soluble in the solvent,
but the addition of ethyl acetate led to a mixtaaomtaining triethylammonium chloride as a
solid, while 1-butyl-3-methylimidazolium chlorideas present as a high viscous oil. The system
was separated by filtration and washed with etlogt@e. This procedure was repeated two
times and resulted in nearly pure 1-butyl-3-methidiazolium chloride containing only
0.5 wt.-% of triethylammonium chloride (determinbg *H NMR spectroscopy, Figure 4.18).
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The color of the recycled ionic liquid was onlygsitly yellow after this purification procedure,
similar to the starting ionic liquid.

° °
B Triethylammonium chloride
e [C,MIM][CI] d-DMSO
o
°
o
°
°
‘l H,0 .L
[ |
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Figure 4.18'H NMR spectrum of the recycled ionic liquid aftetytation with triethylamine
(400 MHz, ¢-DMSO, 25 °C).

4.3.3 Tritylation of cellulose in ionic liquid — comparisn with other ionic liquids

As a result of the dissolution studies, it was fdahat [GMIM][CI], [C .MIM][Et .PO;] and
[AllyIMIM][CI] are also promising candidates for éhdissolution of cellulose. To show their
applicability as a reaction medium in a homogenedwsctionalization reaction, the
tritylation of cellulose was performed by using ioyne as base according to the method
described above. From elemental analysis a degreesubstitution of 1.17 for
[Co:MIM][Et .POy] was obtained for the product after 2.5 h reactimme using a six fold
excess of trityl chloride. This result was checkeg 'H NMR measurements of the
acetylated and propionylated trityl cellulose sa@spshowing DS values of 1.10 and 1.12,
respectively. The completeness of the esterificatizvere proven by IR measurement. The
elemental analysis also revealed that small amoafisnic liquid (~0.4%) were still present
after the purification procedure. In comparisorf@MIM][CI], [C :MIM][Et ,PO4] showed a
higher DS after a shorter reaction time additionéd a lower degradation of the cellulose,
while the tritylation in [GMIM][CI] resulted in tritylcellulose with lower DShan for the
tritylation in [C4MIM][CI]. In addition, the ionic liquid [AllyIMIM][ CI] showed comparable
results to [GMIM][Et.PQy. The values obtained for [®IM][CI], [C . MIM][CI],
[Co.MIM][EL .POy] and [AllyIMIM][CI] are summarized in Table 4.7. e obtained trityl
cellulose samples were also characterized by skmugion chromathography utilizing
DMA/LICI as eluent and polystyrene as standard. $C’s of [GMIM][CI], [C -MIM][CI]

and [GMIM][Et,POy] are depicted in Figure 4.19. The curves fory,NOM][CI] and
[Co.MIM][Et .POy] are shifted to higher molar masses, since theoD8ese samples were
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~1, whereas the sample of J@IM][CI] only showed a DS of ~ 0.5. In general, the
degradation of cellulose is lower in J@IM][Et .POy] than in [GMIM][CI], which might be

an explanation for the shift to higher molar massas [C,MIM][Et,PO,]. Overall, the
samples showed low molar mass shoulders resultirgiroad molar mass distribution (PDI
> 2), except for [@MIM][CI] where the PDI was found to be 1.63 resngiin a higher
calculated molar mass. In order to evaluate ifgtygene calibration is suitable for the trityl
cellulose samples, a viscosity dector was appleedhtain absolute molar mass values.
Table 4.8 schows the measured values and it carobeluded, that in this case the values

obtained by the RI dector and a polystyrene stahdae comparable to the results obtained
with the viscosity detector.

Table 4.7DS values after tritylation of cellulose in diffatdaonic liquids.

lonic liquid DS DS . .DS .
(EA) (Acetylation) (Propionylation)
[C:MIM][CI] 1.09 0.92 1.06
[C.MIM][CI] 0.51 0.63 0.83
[C:MIM][EL ,PO] 1.17 1.10 1.12
[AllyIMIM][CI] 1.18 -2 -

2 DS only determined by elemental analysis.

— [C,MIM][CI]
- - - [C,MIM][CI]
[C,MIM][Et,PO,]

RI signal (normalized)

N

T T L 1

0.0 frwemmogmmepez-? 0
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Elution volume [mL]

Figure 4.19SEC curves (DMA/LICI) of trityl cellulose synthesizn different ionic liquids
for 2.5 h at 100 °C.
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Table 4.8 Molar masses of trityl cellulose synthesized irfedént ionic liquids for 2.5 h at
100 °C determined by SEC (DMAJLICI) utilizing a &dtector with PS calibration and a
viscosity detector.

RI detector Viscosity detector
lonic liquid M, My
[g/mol] PDI [g/mol] PDI
[CMIM][CI] 44,800 2.26 45,700 2.3
[C.MIM][CI] 52,800 1.63 60,300 1.61
[C.MIM][EL ,POy] 44,000 2.95 47,300 3.97
[AllyIMIM][CI] 29,400 2.02 30,400 2.24

4.4 Conclusions

Since ionic liquids became advantageous solventghi® dissolution of cellulose, they were
used for a number of different reactions to proaedkilose. To extend the range of suitable
ionic liquids, we screened known but also new tai@de ionic liquids. Savagely dried ionic
liquids are indispensable for the dissolution oflutese. 1-Alkyl-3-methylimidazolium based
ionic liquids with alkyl chains from ethyl to decwylere investigated for their ability to dissolve
cellulose. A strong odd-even effect of the alkyhicis on the solubility of cellulose in the ionic
liquid was observed for chain lengths up to heXyle optimal even-numbered chain length was
butyl (20 wt.-% cellulose) and the optimal odd-nwrdd chain length was heptyl (5 wt.-%
cellulose). On the other hand, such an odd-eveectfivas not observed for the bromide
containing ionic liquids, which might be due to tbreerall low solubility of cellulose in these
ionic liquids. In case of branched alkyl side clsaatso the above described odd-even effect was
found. The ionic liquids with 1-methylethyl and lethylbutyl side chain showed good cellulose
dissolution, while the imidazolium based ionic lidwith 1-methylpropyl side chain did not
dissolve cellulose at all. A possible explanationtltese results is the different range of
conformations for odd and even alkyl chains. Théiexafound odd-even effect for the 1-alky-3-
methylimidazolium chlorides was not observed fa@ bnomides. Whereas all the even chlorides
with shorter side chains showed good dissolvingperiies, mostly all other ionic liquids
revealed less or no dissolution of cellulose. Qhly ILs with chloride, acetate and phosphate
counter anions showed good dissolving propertiesdétulose. [GMIM][Et .PO,] was found to

be a suitable candidate for the dissolution ofuteie because almost no color change and
therefore a very low degradation of cellulose whaseoved. These visual results were supported
by DP measurements from dissolved and precipita¢idlose showing a DP value of 378 after
2 h of heating when starting with a DS of 398 fbe tAvicel PH-101. In addition, the
[C.MIM][Et .POy] melts at low temperatures just above room tentpeggamelting point could
not be determined by DSC) which makes the handasjer. When using microwave irradiation
for the dissolution of cellulose, a correlation méwer, temperature, and concentration was
found. By using low amounts of cellulose, the ieflge of the power introduced into the
solution as well as the temperature is relatively.|With higher amounts of cellulose, a color
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change indicating a degradation of the polymer baok was clearly visible in the direction to
higher concentrations.

For the homogeneous tritylation of cellulose ini@as imidazolium based ionic liquids,
pyridine is required as a base to capture hydrepésride. The reaction time was reduced from
48 h to 3 h to obtain trityl cellulose with the ded DS of nearly 1.0 using a six fold excess of
trityl chloride. When utilizing [GMIM][Et ,PQy], higher DS values could be reached in shorter
reaction times in comparison with @IM][CI]. Recycling of [C4MIM][CI] was not achieved
for the reaction with pyridine as base, since pgndn hydrochloride and 1-butyl-3-
methylimidazolium chloride seem to be too similahich prevented separation by extraction.
Pyridinium hydrochloride can be removed by decontfmos which resulted in a dark colored
ionic liquid. As an alternative base, triethylamimas used instead of pyridine for the tritylation
reaction. First experiments were carried out olmaitrityl cellulose with a DS of 0.98 after 1.5
hours. Furthermore, 1-butyl-3-methylimidazolium afide could be successfully recycled
(although 0.5 wt.-% triethylammonium chloride remed). After this promising preliminary
result, future work will be done to improve theigfncy of the recycling procedure, for
example by increasing the temperature during ttration process to reduce the viscosity of the
ionic liquid. We will also test different bases, ialin might allow an easier purification due to
different solubilities to simplify the recycling geess.

4.5 Experimental details

Materials

Avicel PH-101 cellulose (Fluka) and pyridine (Bibs®) were purchased commercially. The
ionic liquids 1-ethyl-3-ethylimidazolium chloridel-hexyl-3-methylimidazolium chloride, 1-
octyl-3-methylimidazolium chloride, 1-decyl-3-metimyidazolium chloride, trihexyl(tetradecyl)
phosphonium chloride and 1-ethyl-3-methylimidazaiiethylsulfate were donated by Merck.
The ionic liquids 1-butyl-3-methylimidazolium chide, 1-ethyl-3-methylimidazolium tosylate,
1-butyl-3-methylimidazolium tetrafluoroborate, 1tp3-methylimidazolium hexafluoro-
phosphate, 1-ethyl-3-methylimidazolium (dicyan)aenicand 1-butyl-3-methylimidazolium
trifluoromethanesulfonate were donated by SolvemioVation. All other ionic liquids were
synthesized according to Chapter 2 using microwaaetors (Emrys Liberator and Initiator,
Biotage, Sweden, and Swave, Chemspeed, Switzerland)anion exchange reactidns’
Triphenylchloromethane (Fluka), Avicel® PH-101 oédlse (Fluka), pyridine (Biosolve) and
triethylamine (Merck) were purchased commercialljhe ionic liquids 1-ethyl-3-methyl-
imidazolium chloride, 1-hexyl-3-methylimidazoliumhloride, 1-octyl-3-methylimidazolium
chloride and 1-decyl-3-methylimidazolium chlorideene donated by Merck. The Avicel
cellulose was dried for 12 h at 100 °C under redyressure (10 mbar) before use.

'H NMR and**C NMR spectroscopy were recorded on a Varian Mgrspectrometer using a
frequency of 400 MHz at 80 °C or on a Varian Gersppectrometer at a frequency of 300 MHz
at 100 °C. Chemical shifts are given in ppm dowdffeom TMS. IR spectra were recorded on a

94



Cellulose

Perkin EImer 1600 FT-IR spectrometer. Elementalyses were carried out on a EuroVector
EuroEA3000 elemental analyzer for CHNS-O.

Dissolving of cellulose in ionic liquids

The ionic liquid was preheated at 100 °C and thencellulose was added. This mixture was
stirred with a magnetic stirrer at 100 °C for a maxm of 2 hours. The solubility of cellulose in
the ionic liquid was checked visually.

Dissolving of cellulose in ionic liquids under micowave irradiation
The ionic liquid and cellulose was filled into aamwave vials (0.5-2 mL and 2-5 mL vials)
and heated under microwave irradiation.

Degradation experiments

The examination for the degradation of cellulose warformed in an automated Chemspeed
AutoPlant 100 robot (Augst, Switzerland) equippeith internal anchor stirrers to ensure
efficient heating, stirring and cooling. Again, tbellulose was filled into the preheated ionic
liquid and heated for 2.5 hours. Then dimethylsxide was added (approximately 15 mL)
and the dissolved cellulose was precipitated inhaesdl (500 mL).

The intrinsic viscosities of the cellulose samplesre determined by capillary viscosimetry
according to DIN 54270 applying copper(ll)-ethyldigmine (Cuen) as solvefitFrom the
intrinsic viscosities, the DP can be calculated LAUDA PVS 1/4 with four measuring
stands and an automatic cleaning set-up was usad/i@sosimeter. It has an automatic flow
time measurement and online cleaning. A maximumpernature stability (variation <
0.01 °C) over a large temperature range (—20 °@oup00 °C) is possible. The system was
fitted with a micro-Ubbelohde capillary with a filg volume of 2-3 mL and a total length of
290 mm (accuracy of = 0.5%, calibrated for absolabtel automatic measurements). The
measurements were performed at 20 °C.

Representative synthesis of trityl cellulose

A mixture of cellulose (1 g, 6.15 mmol), 1-butylR3ethylimidazolium chloride (9 g,
51.53 mmol), trityl chloride (5.14 to 15.4 g, 18%55.5 mmol) and 2.5 to 7 mL pyridine was
heated in an oil bath to 100 °C and kept at threperature. The reaction mixture was
precipitated in 200 mL methanol. The trityl cellsédowas filtered and washed several times with
methanol. The polymer was dissolved in 200 mL THHE ee-precipitated in 700 mL methanol.
After filtration and washing several times with m&tol the product was dried at 40 °C in
vacuum.

Yield: 70%

13%C NMR (100 MHz, g¢-DMSO, 80 °C):6 = 62.9 (C-6), 72.0-76.3 (C-2,3,5), 77.7 (C-4),586.
(7) 101.5 (C-1), 125.5-130.6 (9-11), 144.2 (8)(hRat): 3345 (OH), 3056 (=C-H), 2886 (CH),
1625, 1490, 1448 (Cen), 1156 (C-O-C), 1028 (C-0), 698 (=C-H)em(CzsH240s), (404.5);
Calcd. C 74.24, H 5.98, O 19.78, DS=1; Found C&%P6.41, DS=0.71.
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Determination of DS by'H NMR spectroscopy

Propionylation

The propionylation of trityl cellulose was perforchaccording to literature (263 mg, RS
=1.12)%

'H NMR (400 MHz, CRCly, 25 °C)d = 0.20-1.42 (Ch), 1.92-2.74 (Ch), 2.76-5.10
(Hcellulosd, 6.35—8.69 (Hhity1). FT-IR(neat): 3059 (=CH), 3034, 2978 (CH), 292882 (CH),
1757, 1724 (C@&yep, 1651, 1599, 1493, 1449 (Csen), 1323, 1275, 1155 (C-O-C), 1078
(C-0), 1040, 764, 748, 706 (CH), 633 ¢m

Acetylation

For the acetylation, a modified procedure of theppwnylation was used: A mixture of
pyridine (6 mL, 74.2 mmol), acetic acid anhydridé (L, 63.5 mmol) and 4-
(dimethylamino)pyridine (50 mg) was added to thiylicellulose (225 mg, 0.56 mmol). The
reaction mixture was heated for 24 h at 80 °C. Afmoling to room temperature the product
was precipitated in a ethanol/hexane mixture (lfered-off, washed with ethanol and
dried in a vacuum oven at 45 °C (307 mg,rRp= 1.10).

'H NMR: (400 MHz, CDCly, 25 °C)d = 0.38-1.37 (Ch), 2.52-5.10 (Heiuiosd, 6.18-8.33
(Hrity1). FT-IR: 3059 (=CH), 3032, 2938, 2882 (CH), 17&10¢ste), 1665, 1491, 1449 (C-
Carom), 1370, 1221 (C-O-C), 1109 (C-0), 1063, 764, 7485 (CH), 635 c.
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Chapter 5

Synthesis, characterization, and properties of 4,#nidazolium
jonenes

Abstract

New 4,4-imidazolium ionenes were synthesized undeicrowave irradiation. The
polymerization times could be decreased from 24 to as a result of the applied elevated
temperatures above the boiling points of the apptielvents. Moreover, higher molar masses
were found for the polymers synthesized under maieke irradiation. Furthermore, the
properties of the synthesized 4,4-imidazolium ig@sensuch as thermal behavior, solubility
behavior, water uptake and conductivity were ingaséd as well. The 4,4-imidazolium ionenes
revealed a high water uptake and can be classiiddumidity absorber.

Parts of this chapter will be published: T. Erdmamg. Vitz, U. S. Schubert, in preparation.
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5.1 Introduction

Polyionenes, or ionenes, are ion-containing polgntleat contain quaternary nitrogen atoms in
the macromolecular main chain. In 1933, Gibbs amvorkers were the first to report the
synthesis of ionenes from dimethylaminalkyl halidesvia a step-growth polymerization
process. In general, step-growth polymerization is a precémt involves a chemical reaction
between multifunctional monomers. In case of ioseriee polymerization between an alkyl
dihalide and a ditertiary amine according to thenstdautkin reaction takes place, as depicted in
Scheme 5.%.

Scheme 5.1Schematic representation of the synthesis of xjy@mum ionenes.

In a step-growth reaction, the growing chains nmeact with each other to form longer chains.
This applies to chains of all lengths. Thus, a nmeoor dimer may react in just the same way
as a chain hundreds of monomer units long. A washgye of ionenes can be synthesized due to a
large variety of ditertiary amines and dihalid@sThe polymer is commonly named from the
number of methylene units, which correspond toditertiary amine and dihalide monomers,
respectively (x,y-ionene).

lonenes are known to possess excellent mechamapémies and typically exhibit moduli and
glass transition temperaturesg(Twhich are significantly higher than for their momc
counterpart$® An ion-containing polymer has a higher apparentamemass and possesses
similar mechanical properties and thermal transgti@s nonionic polymers of higher molar
mass. Reversible cross-links, formed from ionicraggtes, allow an easier melt processability,
higher melt stability, and lower melt viscosity thaonionic polymers.

In addition, ionenes offer many potential applioa in emerging biomedical fields,g. DNA
delivery or antimicrobial applicatiort8™ The concentration, charge density, hydrophobicity,
and molar mass dictate whether an ionene is saitédol DNA delivery or antimicrobial
applications*** Recently, imidazolium ionenes were utilized as sipsalid electrolytes for
solar celld* and as solid support for peptide synthésis.

5.2 Synthesis and characterization of 4,4-imidazoliumanenes

5.2.1 Monomer synthesis

In order to obtain 1,4-difd-imidazol-1-yl)butane as a monomedt-imidazole was activated by
sodium hydride and reacted with 1,4-dibromobutacealing to Scheme 5.2 (top). Nearly full
conversion was obtained after 2 days at 60 °C fated by'H NMR spectroscopy). The
crude reaction mixture was filtered and purified gngcipitation into water. The monomer is
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4 ,4—Imidazolium ionenes

hygroscopic and was freeze dried in order to remaeeenaining water for further
characterizatione.g. elemental analysis. MALDI-TOF-MS was measured wuthusing any
matrix (LDI-TOF-MS), since the imidazole ring islalkio absorb the laser energy, avoiding
possible interferences with the matrix. The LDI-F®IS spectrum in Figure 5.1 only showed
the desired mass peak of the monomer (190 g/malgek by a proton (191 g/mol). In addition,
the isotopic patterning is in good agreement wite talculated values (less than 0.1 g/mol
difference). Furthermore, thtH NMR spectrum and the elemental analysis valuese we
consistent with the desired product.

a N
2 HN/\N + Br/\/\/Br L N/\N/\/\/N\/
\—/ \—/
HN/\N + Br/\/\CI ﬂ» Né\N/\/\CI

Scheme 5.5 chematic representation of the general synthdsisdedi(1H-imidazol-1-yl)butane
(AA monomer, top) and of 1-(3-chloropropyl)-1H-ieedle (AB monomer, bottom).
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Figure 5.1LDI-TOF-MS spectrum of 1,4-di(1H-imidazol-1-yl)boéa

The same approach can be used to synthesize AB meyaog€.g. 1-(3-chloropropyl)-H-
imidazole) utilizing bifunctional alkyl halide®(g. 1-bromo-3-chloropropane) with a bromo and
a chloro end group (Scheme 5.2, bottom). In thiecthe more reactive bromo end group reacts
with the imidazole, resulting in an alkylated imzaée with a chloro end group in the alkyl side
chain. Unfortunately, the number of commercial alde hetero dihalide compounds is limited.
Therefore, this second route was not further exaolor
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5.2.2 Step growth polymerization

The synthesized 1,4-diftimidazol-1-yl)butane was polymerized with an eqolan amount of
1,4-dibromobutane for 15 h at 60 °C to obtain thesitd polymer poly(4,4-imidazolium
bromide) as depicted in Scheme 5.3.

Scheme 5.3Schematic representation of the polymerization ai¥/(d,4-midazolium bromide)
with equimolar amount of monomers.

The resulting polymer was only soluble in methaenudl water at room temperature. In order to
measure size exclusion chromatography (SEC) oravhéable systems, polymer solubility in
dimethylformamide, dimethylacetamide or chloroforas required. From literature it is known
that the anion of poly(ionic liquid)s (synthesized free radical polymerization) strongly
influences the solubility of the polymer and it waported that hexafluorophosphate containing
poly(ionic liquid)s were soluble in dimethylformanei’® Therefore, the anions of poly(4,4-
imidazolium bromide) were exchanged to hexafluoospihate by adding sodium
hexafluorophosphate to an aqueous solution of pahifnidazolium bromide). The polymers
were precipitating from aqueous solution, sincey@p#i-imidazolium hexafluorophosphate)s
are insoluble in water, while being soluble in acet and dimethylformamide. The measured
SEC trace is shown in Figure 5.2.

109 pwmr
|- - - pC,ImPF_, 15 h, 60 °C
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Figure 5.2 SEC curves of the eluent and poly(4,4-imidazoliuexaHuorophosphate)
polymerized for 15 h at 60 °C.
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The obtained SEC curves were very noisy, maybeechby the relative similar refractive
indices of dimethylformamide and the ionenes. Thakpat higher molar mass belongs to the
polymer and different calibrations (PEG, PMMA anfl)Rvere applied to calculate the molar
mass and molar mass distribution (Table 5.1). Aseeted, all three calibrations resulted in
different molar masses, since SEC is a relativeriieie. In order to find out which calibration
is most suitable for the poly(4,4-imidazolium hduafophosphate), the molar mass was
estimated byH NMR spectroscopy. Therefore, both possible ewdgs, namely imidazole and
the bromo end group, were functionalized using Perromide and 1-methylimidazole,
respectively as depicted in Scheme 5.4.

Table 5.1Molar mass values for poly(4,4-imidazolium hexafbphosphate) obtained utilizing
different calibrations for SEC analysis.

. , M, M,
Calibration [g/mol] [g/mol] PDI
PEG 700 800 1.11
PMMA 1,900 2,200 1.12
PS 8,000 8,400 1.04
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Scheme 5.4 Schematic representation of the end group functivagon of poly(4,4-
imidazolium bromide) polymerized with equimolar amis of monomers.
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Figure 5.3'H NMR spectrum of poly(4,4-imidazolium bromide)lypwerized for 15 h at 60 °C
in MeOH/DMF) functionalized with 1-methylimidazeled benzylbromide in .

The ratio of the methyl group and benzyl group vi@ed to be 1 to 1 as expected for an
equimolar ratio of 1,4-di-imidazol-1-yl)butane and 1,4-dibromobutane. Thenhar average
molar mass calculated from thel NMR spectrum in Figure 5.3 was 3,000 g/mol befanel
3,900 g/mol after the anion exchange, which is etpuan average of 15 imidazolium rings per
polymer chain. Thus, no SEC calibration was matghm the number average molar masses
obtained by'H NMR spectroscopy. The values obtained were latigan those with PEG or
PMMA calibration and lower than the PS calibratiomgeneral, the molar masses obtained by
SEC are overestimated compared to neutral polytaadards, because the ionenes should be in
a stretched conformation in a polar solvent assalref their charge?s“. In addition, the M
values obtained byH NMR spectroscopy might be overestimated becadsthen possible
presence of cycles. When the reaction time of tignperization was increased from 15 to 24 h,
only macrocycles were obtained, since no endgroopsld be detected byH NMR
spectroscopy after end group functionalization.sTermation of macrocycles is typical for a
step growth polymerization at high conversidhsRing formation was also obtained by
performing the polymerization at 120 °C for 1 h endhicrowave irradiation. From literature it
is known that the molar mass can be controlleditheea nonstoichiometric imbalance of the
bifunctional monomers or the utilization of monoftional reagents as chain stopp&rs.Both
approaches were explored in order to avoid the d&ion of macrocycles and to control the
molar masses.

5.2.2.1Application of monomer imbalance

In the first case, an excess of 1,4-#i{imidazol-1-yl)butane (1.03, 1.05 and 1.10 mol
equivalent, respectively) was used during the pelymation of poly(4,4-imidazolium bromide).
In general, ionenes with two imidazole end groupsusd be obtained, and higher ratios of 1,4-
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di(1H-imidazol-1-yl)butane should result in ionenes witwer molar mass as depicted in
Table 5.2. The expected molar mass was calculaied the Equations 5.1 to 5.3.

r=Na Equation 5.1
B
X = 1+r Equation 5.2
"1t

Mn =M xXn Equation 5.2
Na moles of functional group A

Ng moles of functional group B

r<i

Mo molar mass (monomer A + monomer B)

Table 5.2 Expected molar mass for the polymerization of gofif(midazolium bromide)
utilizing monomer imbalance.

[Dibromide]/[Diimidazole] M, (calcd.)
[g/mol]
1/1.03 27,600
1/1.05 16,500
1/1.10 8.500

The polymerizations were conducted for 1 h at I2uAder microwave irradiation. In all cases,
no end groups could be detected'HyNMR spectroscopy. Therefore, the polymers wezatéd
with benzyl bromide in order to functionalize thidazole endgroups. But also in this case,
neither benzyl groups could be detectedtdyNMR spectroscopy, nor the methyl group when
treated with 1-methylimidazole. It seems like tbaty macrocycles were formed in all cases,
since no end groups could be detected. Similadteesiere obtained for the polymerization in
an oilbath (1 d, 80 °C). A possible explanation foe ring formation might be a too low
monomer concentration (1 M) favoring ring formatiohherefore, the polymerization was
conducted at a concentration of 4 M, but also is tlase only macrocycles were formed. Up to
know we do not have an explanation, why obviouslly @ycles are formed.

5.2.2.2Application of monofunctional reagents

In the second case, different monofunctional retsgjemamely benzyl bromide, 1-
methylimidazole and 9-(chloromethyl)anthracene, envetilized in different concentrations in
order to control the molar mass as depicted in ®ehB.5. For the first trials, 10 mol% of the
above mentioned monofunctional reagents were usadngl the microwave-assisted
polymerizations (conducted for 1 h at 120 °C). Ihcases a molar mass of 8,100 g/mol is
expected assuming that no cycles are formed duhegoolymerization. The molar mass was
estimated byH NMR spectroscopy utilizing either the signalstioé benzyl or of the methyl
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group attached to the imidazolium ring. These dgyaae shifted to lower magnetic fields in
comparison to the uncharged reagents. In gendralnolar masses obtained By NMR
spectroscopy might be overestimated due to theilpesformation of cycles during the
polymerization. The number average molar masseairsat by'H NMR spectroscopy are
depicted in Table 5.3, showing that rather différaolar masses were obtained for the different
chain stoppers, which might be related to theifed#nt reactivity in comparison to the
monomers, or to a limited solubility in the appliealvent (anthracene is insoluble in MeOH at
room temperature). In this regard, the molar mdsthe 4,4-imidazolium ionene obtained by
utilizing benzyl bromide as chain stopper was ineagent with the expected molar mass. In
addition, the 4,4-imidazolium ionenes were charaate by IR spectroscopy showing similar
spectra as compared the synthesized ionic liqui@hiapter 2. Moreover the values obtained for
elemental analysis were fitting rather well to é&xpected values.

—

é\ /\/\/N/;\N /\/\/B R /\G‘) R
N N . . e N N
- ; o
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Monofunctional reagents: End group R:
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N%\N/ —NT X
\ - / J— Br
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©
Scheme 5.5Schematic representation of the utilized monofoneli reagents during the
polymerization of 4,4-imidazolium ionenes and thegulting end groups.

Table 5.3Expected and obtained molar masses for the polyatsn of poly(4,4-imidazolium
bromide) utilizing different chain stoppers.

. M, (calcd.) M, (‘*H NMR)
Chain stopper [g/mol] [g/mol]
1-Methylimidazole 9,700 4 700
Benzyl bromide 9,800 6 400
9-(Chloromethyl)anthracene 9,900 14 200
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In case of 9-(chloromethyl)anthracene as chain p&igpdifferent concentrations of the
monofunctional reagent were applied during the meyzation of 1,4-di(H-imidazol-1-
yl)butane. In general, lower concentrations of stsdopper should lead to polymers with higher
molar mass. As expected, the molar masses fountHHyMR spectroscopy were increasing
with decreasing the chain stopper concentratiorblérd.4). As already described above, the
molar masses found were much higher than the eaédilmolar masses, which is most likely
due to the limited solubility of 9-(chloromethylamacene in the reaction mixture. The
polymers obtained were purified by precipitatiotoidiethyl ether and the yields obtained were
rather high (71 to 92%).

Table 5.4Expected and obtained molar masses for the polyat#sn of poly(4,4-imidazolium
bromide) utilizing 9-(chloromethyl)anthracene asicthstopper.

9-(Chloromethyl)anthracene M, (calcd.) M, (‘*H NMR) Yield
[mol%] [g/mol] [g/mol] [%6]

3 28,000 51,700 71

5 16,900 31,500 87

10 9,900 14,200 92

The polymers were also characterized by SEC afteangon exchange to BFIn this case, the
PDA detector of the SEC system could be used, 9n@hloromethyl)anthracene has a strong
absorption at 376 nm. Figure 5.4 shows that theorghsn peak for the 9-
(chloromethyl)anthracene is shifting towards lowatention times after polymerization
demonstrating that the rather bulky chain stoppeatiached to the polymer chain, which was
also supported by the above described signal shifie 'H NMR spectrum. Unfortunately, no
separation of the different molar masses was aelidy the SEC system. Furthermore, the
polymerizations were conducted under microwaveliatéon for 1 h at 120 °C and in an oil bath
for 24 h at 80 °C utilizing different benzyl bromeidoncentrations (Table 5.5). In both cases, the
molar masses increased with a decreasing benzmgiitheoconcentration. In general, the molar
masses obtained under microwave irradiation werendoto be higher than for the
polymerizations performed in the oil bath. For godymerizations performed in the oil bath, the
values for the molar mass were in a better agreewiémthe theoretical values compared to the
experiments performed under microwave irradiatibreeems that at higher temperatures the
ring formation is more favored resulting in higherlar masses as found By NMR
spectroscopy. Additionally, the viscosity of theémes was investigated by capillary viscometry
utilizing 0.2 M sodium bromide to suppress the playgtrolyte effect (increasing viscosity with
decreasing concentration). The viscosity valuesiobtl (Table 5.5) were slightly decreasing
with higher amounts of benzyl bromide, but thesangfes were not in the same order of
magnitude as compared to the calculated and obtaimslar masses (estimated By NMR
spectroscopy). Therefore, the samples were alsesiigated by analytical ultracentrifugation
(AUC), which is an absolute method for determimatal molar masses, since no calibration
standards are needed (Table 5.5). However, thefispeartial volume of the compound has to
be known. Significant differences in the molar nesssbetween AUC andH NMR
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spectroscospy were found, which can only be exethiby ring formation at a large scale. It
seems that for the applied monomers the formationyoles is favored. The use of chain
stoppers leads to ionenes existing as a mixturengs and linear chains (both with similar
molar mass). For these cases, the amount of Ictesns could be estimated to be in the range
of 7 to 18% (content of linear chains increaseshwite amount of benzyl bromide)
corresponding to a ring formation between 82 arfh,9@spectively.
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Figure 5.4 SEC measurements of anthracene (top) and poly@idazolium

hexafluorophosphate) with 5 mol% -(chloromethylh@atene stopper (bottom) utilizing a PDA
detector.

Table 5.5Expected and obtained molar masses for the polyawson of poly(4,4-imidazolium
bromide) under microwave irradiation (1 h, 120 °&)d in an oil bath (24 h, 80 °C) utilizing
benzyl bromide as chain stopper.

. M M, (*HNMR) M, (*H NMR) n Mss (AUC)
Be”[zrﬁ'oﬁ;gm'de (calcd)  (microwave)  (oil bath) (ol bath)  (oil bath)
[g/mol] [g/mol] [g/mol] [cm¥/q] [g/mol]

2 40,200 60,600 45,200 11.1 3,100

4 21,000 24,400 22,500 10.2 2,500

6 13,800 24,000 18,700 12.7 2,100

8 10,600 18,700 13,500 9.9 1,800

10 9,500 16,500 11,100 6.5 2,000
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Moreover, poly(4,4-imidazolium chloride) was syrglzed under microwave irradiation
utilizing 1,4-dichlorobutane and benzyl bromide (@®I%) as chain stopper. In this case a
longer reaction time was required, since 1,4-didtlatane is less reactive than 1,4-
dibromobutane. The GC measurements revealed thatlynall 1,4-dichlorobutane was
consumed after 2 h at 120 °C. After an additiormlrhat 120 °C, no peak could be detected by
GC anymore. The number average molar mass founitHlyMR spectroscopy (5,700 g/mol)
was corresponding well to the calculated molar n{&s300 g/mol). The same approach was
used for the polymerization of 1-(3-chloropropyb-imidazole. In this case, 5 mol% benzyl
bromide were used as chain stopper and a polynterami, of 2,300 g/mol (determined BiA
NMR spectroscopy) was obtained, which is closdéodalculated molar mass of 2,900 g/mol.

5.3 Properties

The properties of the synthesized 4,4-imidazoliomenes, such as thermal behavior, solubility
behavior, water uptake and conductivity were ingaséd in order to investigate possible
applications. A thermogravimetric analysis was @eried with the 4,4-imidazolium ionenes
with an anthracene endgroup. The decomposition ¢estyres were varying between 316 to
322 °C depending on the different molar massess& kalues are similar to the values reported
in literature for ammonium ionen&SFigure 5.5 shows that the mass loss already otmicse
the decomposition of the polymer starts, which estilikely due to the loss of water indicating
its hygroscopic nature.

—— 3 mol% anthracene

100 + —— 5 mol% anthracene

10 mol% anthracene

80 -

60 -

40

Mass loss [%]

20 +

T T T T T T T T T T T T 1
100 200 300 400 500 600 700
Temperature [°C]

Figure 5.5 Characteristic decomposition behavior (TGA) of #dazolium ionenes with an
anthracene end group.

The thermal behavior of the synthesized 4,4-imitdamo ionenes was investigated by
differential scanning calorimetry (DSC), showingatthithe 4,4-imidazolium ionenes with a
benzyl end group have a glass transition temperatius8.1 + 1 °C (no significant differences in
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molar mass as found by analytical ultracentrifugatil,800 to 3,000 g/mol). In literature, values
in the range of 61 to 88 °C were reported for amomonbased ionenes with different molar
massed® In case of 4,4-imidazolium ionenes with an antarec end group, lower glass
transition temperatures were found, 45.1 °C for 8% and 35.3 °C for 5 mol% of 9-
(chloromethyl)anthracene (Figure 5.6). The decreasglass transition temperature might be
explained by a plasticizing effect of the bulky egrdups creating more free volume between
the polymer chains. As already described above stheability of ionenes can be changed by
varying the anions. Therefore, the anions were a&xgbd from bromide to the more
hydrophobic anions such as tetrafluoroborate axafherophosphate (hydrophobicity: [Bg
[BF4]” < [PFR]). The solubility was checked mainly for polar saits, both protic and aprotic, as
well as for the solvents used as eluent for thelahla SEC systems (Table 5.6). When the
anion is exchanged from bromide to tetrafluorobmraéite ionenes are now soluble in
dimethylsulfoxide, dimethylformamide and dimethytamide instead of water and methanol.
In case of hexafluorophosphate, the polymers ardublo in dimethylsulfoxide,
dimethylformamide and acetone.

Anthracene as chain stopper
3 mol%
5 mol%

Tg= 45.1°C

-50 0 50 100 150 200
Temperature [°C]

Figure 5.6 Characteristic thermal behavior (DSC) of 4,4-imidhzm ionenes with an
anthracene end group.

In case of 4,4-imidazolium ionenes with bromidecaanter ion it was found that the polymers

are soluble in warm ethanol and that they predipit lower temperatures. Thus, the polymers
showed an upper critical solution temperature (UC®Mhich was investigated in more detail by

transmission measurements at different temperaaségpicted in Figure 5.7.
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Table 5.6Solubility of 4,4-imidazolium ionenes with differepunter ions

Solvent [Br] [BF4] [PRs]
H,0 v X X
DMSO X v 4
DMA X v X
DMF X v v
MeOH v X X
Acetone X X v
CHCl; X X X
THF X X X

pC,ImBr with benzyl bromide as chain stopper
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Figure 5.7 UCST-behavior of 4,4-imidazolium ionenes (5 mg/mith bromide as counter ion
and benzyl as end group in ethanol.

At the beginning of the measurement, the transonisss at 0% as a consequence of the
insolubility of the polymer in ethanol. Subsequgnthe mixture is heated and the polymer
becomes soluble in ethanol, as a result of theedsed ionic interactions between the polymer
chains at elevated temperatures, resulting in @esudhcrease in transmission (up to 100%).
When the solution is cooling down, the polymer i®qgpitating and the transmission is
decreasing again. From the heating and coolingesythe UCST temperatures were determined
at 50% transmission. A significant difference in §Ctemperature between heating (~ 34.8 °C)
and cooling (~-12.1 °C) was found, which mightdxplained by a slow precipitation of the
polymer (precipitation took also place overnightrabm temperature). In general, the molar
mass did not show any influence on the UCST tentpera

The water uptake represents an important propdrpolymers and was measured for the 4,4-
imidazolium ionenes. As already described in Chaptehe “Dynamic Vapor Sorption” (DSV)
technique was used in order to determine the waptake of these polymers. The TGA
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measurements gave already a sign that these payanerhygroscopic. The first trials of 4,4-
imidazolium ionenes with bromide as counter ionvebd a moderate water uptake (up to
59 wt.-% at 90% relative humidity, Figure 5.8), wlhiis above the values reported for silica
particles (26 wt.-%), poly(acrylic acid) (33 wt.-%oly(vinylimidazole) (40 wt.-%) and poly(2-
ethyl-2-oxazoline) at 90% relative humidity, butldielow the values for poly(ethylene glycol)
(73 wt.-%) and poly(acrylic acid) sodium salt (88.-%6)° A significant difference between
absorption and desorption was found at low relativenidities (below 50% relative humidity).
In general, lower values were obtained for the watesorption compared to the values for the
water desorption, which might be explained by thenge in morphology after water absorption
or by hydrogen bonding (in this case most probdidyween the acidic hydrogen of the
imidazolium ring and the oxygen of the water moles}i* making it more difficult to release
the absorbed water. In general, the molar masstenend groups did not have any influence on
the water uptake.

60 [pC,ImBr

1 | Benzyl bromide
50 4 ] 2 mol%
® 6 mol%
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Figure 5.8 Water uptake for 4,4-imidazolium ionenes with bideras counter ion and different
end groups.

In order to improve the water uptake, 4,4-imidaaolionenes with chloride as counter ion were
synthesized as described above. Chlorides are ktmla more hydrophilic than bromides as a
result of their smaller ionic radius. In generdi|acide ions are able to form a hydrogen bond
network with water (four hydrogen bonds with almtettahedral arrangement), while bromide
ions are only able to build hydrogen bond chaims (hydrogen bonds per ioff).Therefore,
higher water uptake values (up to two times) weqgeeted for the ionenes with chloride as
anion. The values obtained for the water uptakemdnes with chloride and bromide anion are
depicted in Figure 5.9. Higher water uptake valwese observed for the polymers with chloride
counter ions (up to 97 wt.-% at 90% relative huty)dicompared to their analogues with
bromide as counter ion. In particular, large dégfezes were obtained at high relative humidities
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(up to 38 wt.-% difference for a relative humidal90%). The obtained values were above the
values reported for poly(ethylene glycol) (73 wi)-%nd poly(acrylic acid) sodium salt
(88 wt.-%)?° In the case of ionenes with chloride as counter mw difference in water
absorption and desorption compared to bromide wasd. This might be explained by the hard
basic nature of the chloride anion resulting irtrargyer hydrogen bond between the cation and
chloride compared to bromide, being able to disamd break the above mentioned hydrogen
bonds between the cation and water
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Figure 5.9 Water uptake for 4,4-imidazolium ionenes with bienand chloride as counter
ions.

5.4 Conclusions

New 4,4-imidazolium ionenes were synthesized umdierowave irradiation and conventional
heating in an oil bath. The polymerization timesilddoe decreased from 24 to 1 h as a result of
elevated temperatures above the boiling pointshefapplied solvents. Different approaches,
such as monomer imbalance and monofunctional résagerre applied in order to control the
molar mass of the polymers. Moreover, different anohasses were found for various chain
stoppers. In this regard, the best agreement \mghetxpected molar mass was achieved by
utilizing benzyl bromide as a chain stopper. Ineyah higher number average molar masses
were found byH NMR spectroscopy for the polymers synthesizecenmdicrowave irradiation.
Additionally, the ionenes were investigated by ghehl ultracentrifugation, showing a
significant differences in the determined molar seascompared t&H NMR spectroscopy,
which is a strong evidence for the formation of ragcles. The content of linear chains was
estimated to be in the range of 7 to 18% dependimthe amount of the utilized chain stopper.
Furthermore, the properties of the synthesizediMidazolium ionenes, such as thermal
behavior, solubility behavior and water uptake wiergestigated as well. It was found that the
decomposition temperatures were comparable todhes reported in literature for ammonium
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ionenes. The obtained glass transition temperatwees lower compared to ammonium ionenes.
In addition, the 4,4-imidazolium ionenes showedhigater uptake values and can be classified
as humidity absorber. The ability to absorb watemiainly depending on the counter ions
(chloride showed higher water uptake than bromide).

5.5 Experimental details

Materials

1-Methylimidazole and 1,4-dibromobutane were deddilunder reduced pressure prior to use
and stored at room temperature. Imidazole, benzgmile, sodium hydride and sodium
hexafluorophosphate were used as received. THFdwed and deoxygenated using a solvent
purification system (PURE SOLV 400-4-MD, InnovatiVechnology). All other solventg,.g.
methanol, dimethylformamide, acetone, diethyl etvat ethylacetate were used as received. All
substances used are commercially available.

The synthesis of the polymers was performed innglsimode microwave reactor (Emrys
Liberator, Biotage, Sweden) or in an oil bath. Taactions in the microwave (120 °C) and in
the oil bath (60 to 80 °C) were performed in ghlasssels (2 to 5 mL) sealed with a septum. The
pressure of the system was controlled by a loddcoaehected to the vessel and the temperature
of the reaction mixture was monitored using a catdd infrared sensor, which is located at the
side of the reaction vessel. All experiments weeeiqggmed using a TeflShcoated magnetic
stirring bar. A maximum microwave power of 80 W waesed. A maximum pressure of 20 bar
was set as a safety threshold.

To remove water of the products either a vacuunm@atet5 °C or a freeze dryer Alpha 1-2 LD
from Christ was used. The dried samples were stoneér dry conditions in an exsiccator.

'H NMR spectra were recorded on a Varian Mercurycspeeter using a frequency of
400 MHz at 25 °C. Chemical shifts are given in pgownfield from tetramethylsilane (TMS).
All LDI-TOF-MS experiments were performed on a VggaDE PRO Biospectrometry
Workstation (Applied Biosystems, Foster City, CAmne-of-flight mass spectrometer in
reflector mode. All spectra were obtained in thsifpiee ion mode. lonization was performed
with a 337 nm pulsed nitrogen laser. Samples wasotved in methanol and spotted on the
target without using any matrix. All spectra arem@ged over 500 laser shots over the complete
sample area. All data were processed using the Bapdorer software package (Applied
Biosystems). Elemental analyses were carried out dburoVector EuroEA3000 elemental
analyzer for CHNS-O.

Melting points (onset of an endothermic peak orntihgawere determined on a DSC 204 F1
Phoenix by Netzsch under a nitrogen atmosphere #6090 to 150 °C with a heating rate of
20 K/min (a first heating cycle to 150 °C was nabnsidered for the calculations).
Thermogravimetric analyses were performed in a DG B1 Iris by Netzsch under a nitrogen
atmosphere in the range from 25 to 600 °C withatihg rate of 20 K/min.
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Synthesis of 1,4-di(H-imidazol-1-yl)butane

In a 500 mL round-bottomed flask sodium hydridéd83g, 126 mmol) was added to dry THF
(220 mL) to give a white suspensiorH-imidazole (7.15 g, 105 mmol) in THF (30 mL) was
added slowly at 0 °C. The mixture was stirred fdr &t room temperature. 1,4-Dibromobutane
(6.61 mL, 52.6 mmol) was added dropwise. The reaatiixture was heated to 60 °C for 2 days
and subsequently diluted with diethyl ether (100)milhe reaction mixture was filtered through
a paper filter and the residue was washed withhgie¢ther (20 mL). All solvents were
evaporated to give yellow crystals. Further puafion was achieved by dissolving the crude
product in warm ethanol and precipitation in walgre white product was filtered and washed
three times with water (~ 20 mL). The purified pnotl(4.24 g, 42%) was freeze-dried in order
to remove remaining water.

'H NMR (400 MHz; CROD, 25 °C):5 (ppm) = 1.75 (4 H, m, Ch), 4.03 (4 H, m, Ch), 6.95
(AH,s), 7.09 (L H,s), 7.63 (1 H, s); IR (ned&306 (OH), 2971 (CH alkyl), 2858 (CH alkyl),
2122 (N=C), 1638 (C=C, C=N), 1516 (C-C, C-N), 142d(alkyl deform.), 1383, 1283, 1030
(CH ring deform.) cnt; LDI-TOF-MS for CigH14N4 + H'(191.12): m/z 191 (100%), 192 (25%)
g/mol; EA GgHi4N4 (190.12): Calcd. C 63.13, H 7.42, N 29.45, Foun®297, H 7.64, N
29.62.

Synthesis of 1-(3-chloropropyl)-H-imidazole

The same approach as described for the synthedighafi(1H-imidazol-1-yl)butane was used.
In this case, an equimolar amount éf-imidazole and 1-bromo-3-chloropropane was applied.
In order to avoid polymerization of the monomerg teolvents were removed by cold
distillation.

'H NMR (400 MHz; ¢-DMSO, 25 °C):6 (ppm) = 2.16 (2 H, m, CH, 3.55 (2 H, tJ = 6.4 Hz,
CH,), 4.09 (2 H,tJ=6.9 Hz, CH), 6.90 (1 H, s), 7.18 (1 H, s), 7.63 (1 H, s);(feat): 3343
(OH), 3173 (CH ring), 3135 (CH alkyl), 2984 (CH gk 2864 (CH alkyl), 2096 (N=C), 1647
(C=C, C=N), 1566 (C-C, C-N), 1453(CH alkyl deformlB83, 1327, 1163 (CH ring deform.),
1113, 1037 cif; EA CsHoCIN; (144.60): Calcd. C 49.84, H 6.27, Cl 24.52, N T9Bound C
49.36, H 6.65, N 19.38.

Representative synthesis of poly(4,4-imidazolium lmmide) — monomer balance
1,4-di(1H-imidazol-1-yl)butane (200 mg, 1.051 mmol) was diged in either a mixture of
MeOH (0.526 mL) and DMF (0.526 mL) or pure MeOHO& mL). The reaction mixture was
filled in a 0.5-2 mL Biotage pressure vial. 1,4-fpitmobutane (0.127 mL, 1.051 mmol) was
added under stirring and the vessel was closedrddation mixture was stirred with a magnetic
stirring bar for 15 h at 60 °C. The conversion gf-@ibromobutane was checked by GC and was
found to be 99.7%.

'H NMR (400 MHz; C3OD, 25° C): polymer backbong(ppm) = 2.06 (4 H, m, C}), 4.40
(4H, m CH), 7.78 (2 H, s), 9.31 (1 H, s); imidazole end gréyppm) = 7.14 (1 H, s), 7.34 (1
H, s), 8.04 (1 H, s).
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End group functionalization

Functionalization of the imidazole end groups

To a solution of poly(4,4-imidazolium bromide) (3&@g) in MeOH (0.526 mL) and DMF
(0.526 mL) in a 0.5-2 mL Biotage pressure vial lyedmomide (0.75 mL, 6.31 mmol) was
added under stirring. The reaction mixture wagediwith a magnetic stirring bar for 15 h at
60 °C and subsequently poured into a large excésdiethyl ether. The ether phase was
decanted and the polymer was dissolved in methamdlre-precipitated in diethyl ether. The
procedure was repeated once more to separate lymagydrom the remaining benzyl bromide.
The benzylated polymer was found to yield 320 nk§48

'H NMR (400 MHz; C3OD, 25 °C): polymer backbong(ppm) = 2.05 (4 H, m, C}), 4.39
(4H, m, CH), 7.78 (2 H, s), 9.30 (1 H, s); benzyl end grouppm) = 5.50 (2 H, s), 7.41-7.53
(5 H, m, Hirom).

Functionalization of the bromo end groups

Poly(4,4-imidazolium bromide) (320 mg) was dissdvia MeOH (1.5 mL) and the reaction
mixture was filled in a 0.5-2 mL Biotage pressuia.\1-Methylimidazole (0.5 mL, 6.27 mmol)
was added under stirring and the vessel was clodeel.reaction mixture was stirred with a
magnetic stirring bar for 20 h at 60 °C and aubsatjy precipitated in diethyl ether. The crude
product was dissolved in water and washed threestimith ethyl acetate. The water was
evaporated to yield 272 mg (90%) of the funcioredipolymer.

'H NMR (400 MHz; C3OD, 25 °C): polymer backbong(ppm) = 2.05 (4 H, m, C}), 4.38
(4H, m, CH), 7.77 (2 H, s), 9.29 (1 H, s); benzyl end group052 H, s), 7.43-7.55 (5 H, m,
Harom); methyl end group (ppm) = 3.98 (3 H, s, CHj

Representative synthesis of poly(4,4-imidazolium lmmide) — monomer imbalance
1,4-Di(1H-imidazol-1-yl)butane (105 mg, 0.55 mmol) was digsed in either a mixture of
MeOH (0.25 mL) and DMF (0.25 mL) or pure MeOH (0yR). The reaction mixture was filled
in a 0.5-2 mL Biotage pressure vial. 1,4-Dibromalpet (0.06 mL, 0.5 mmol) was added under
stirring and the vessel was closed. The reactioturg was stirred with a magnetic stirring bar
for 1 h at 120 °C and subsequently poured intohglieether to precipitate the polymer
(83% vyield).

'H NMR (400 MHz; CROD, 25° C): polymer backbon& (ppm) = 2.06 (4 H, m, CH, 4.40
(4H, m, CH), 7.78 (2 H, s), 9.31 (1 H, s); IR (neat): 33903148 (CH ring), 3097 (CH
alkyl), 2946 (CH alkyl), 2871 (CH alkyl), 2058 (N3C1629 (C=C, C=N), 1564 (C-C, C-N),
1453 (CH alkyl deform.), 1333, 1159 (CH ring defoyml107, 1031, 835, 753 ¢ EA
(C14H22BroNg), (406.16): Caled. C 41.40, H 5.46, Br 39.35, N @3Found C 41.57, H 5.71, N
13.97.
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Representative synthesis of poly(4,4-imidazolium lmmide) — chain stopper
1,4-Di(1H-imidazol-1-yl)butane (400 mg, 2.1 mmol) was dissdl in either a mixture of MeOH
(2.05 mL) and DMF (1.05 mL) or pure MeOH (2.1 mIje reaction mixture was filled in a 0.5
to 2 mL Biotage pressure vial. A mixture of 1,4+imobutane (0.06 mL, 0.5 mmol) and benzyl
bromide (0.025 mL, 0.21 mmol) was added underisgriand the vessel was closed. The
reaction mixture was heated for 1 h at 120 °C umdgerowave irradiation or for 24 h at 80 °C.
The polymer solutions were subsequently precipitateeither diethyl ether, ethylacetate or a
mixture with acetone.

'H NMR (400 MHz; CROD, 25° C): polymer backbong (ppm) = 2.06 (4 H, m, CH, 4.40
(4H, m, CH), 7.78 (2 H, s), 9.31 (1 H, s); benzyl end greufppm) = 5.50 (2 H, I\N-CH,),
7.41-7.53 (5 H, m, km); IR (neat): 3391 (OH), 3148 (CH ring), 3103 (Chyd), 2952 (CH
alkyl), 2864 (CH alkyl), 2068 (N=C), 1623 (C=C, CkNL564 (C-C, C-N), 1446 (CH alkyl
deform.), 1339, 1159 (CH ring deform.), 1106, 1@3%"; EA (Ci4H2Br,Na), (406.16): Calcd.

C 41.40, H 5.46, Br 39.35, N 13.79, Found C 41H6,62, N 13.49.

1-Methylimidazole as stopper

'H NMR (400 MHz; CROD, 25° C): polymer backbong (ppm) = 2.06 (4 H, m, CH, 4.40
(4H, m CH), 7.78 (2 H, s), 9.31 (1 H, s); methyl end graufppm) = 3.98 (3 H, s, Cit IR
(neat): 3377 (OH), 3145 (CH ring), 3103 (CH alkyB47 (CH alkyl), 2868 (CH alkyl), 2065
(N=C), 1634 (C=C, C=N), 1564 (C-C, C-N), 1454 (CHyadeform.), 1339, 1161 (CH ring
deform.), 1018, 833, 748 MEA (Ci4H2:BroNs), (406.16): Calcd. C 41.40, H 5.46, Br 39.35,
N 13.79, Found C 41.80, H 5.76, N 14.05.

9-(Chloromethyl)anthracene as stopper

'H NMR (400 MHz; CROD, 25° C): polymer backbong (ppm) = 2.06 (4 H, m, CH, 4.40
(4H, m, CH), 7.78 (2 H, s), 9.31 (1 H, s); anthracene endigdo(ppm) = 6.56 (2 H, \-CH,),
the signals of the anthracene rings overlap withdignals of the imidazolium ring; IR (neat):
3393 (OH), 3148 (CH ring), 3135 (CH alkyl), 3104HG&lkyl), 2946 (CH alkyl), 2877 (CH
alkyl), 2058 (N=C), 1629 (C=C, C=N), 1564 (C-C, §:N446 (CH alkyl deform.), 1333, 1161
(CH ring deform.), 1107, 1018 éMEA (CiH2BraN,), (406.16): Calcd. C 41.40, H 5.46, Br
39.35, N 13.79, Found C 41.04, H 5.82, N 14.23.

Representative synthesis of poly(3-imidazolium chiae) — chain stopper
1-(3-Chloropropyl)-H-imidazole (144.6 mg, 1 mmol) was dissolved EtOH nil). The
reaction mixture was filled in a 0.5-2 mL Biotageegsure vial. Benzyl bromide (6L,
0.05 mmol) was added under stirring and the vegasliclosed. The reaction mixture was heated
for 3 h at 120 °C under microwave irradiation. Tdatymer solution was precipitated into cold
ethanol or diethyl ether.

'H NMR (400 MHz; C3OD, 25° C): polymer backbong(ppm) = 2.06 (4 H, m, C}), 4.40
(4H, m, CH), 7.78 (2 H, s), 9.31 (1 H, s); benzyl end greufppm) = 5.50 (2 H, I\N-CH,),
7.41-7.53 (5 H, m, kKm); IR (neat): 3369 (OH), 3167 (CH ring), 3129 (CHyd), 2971 (CH
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alkyl), 2102 (N=C), 1636 (C=C, C=N), 1566 (C-C, §:N459 (CH alkyl deform.), 1333, 1163
(CH ring deform.), 1113, 1012 ¢mEA (CsHCINy), (144.60): Calcd. C 49.84, H 6.27, ClI
24.52, N 19.37, Found C 49.78, H 6.43, N 19.13.

Anion exchange

Poly(4,4-imidazolium bromide) (50 mg) was dissolved water (1 mL) and sodium
hexafluorophosphate (300 mg, 1.79 mmol) or sodiatraiuoroborate (196 mg, 1.79 mmol)
were added to the solution. The reaction mixture stared for 15 min with a magnetic stirring
bar at room temperature. Subsequently, the polymasr precipitated, filtered off and washed
three times with water. In order to remove remanivater, the polymer was dried either in a
vacuum oven or in a freeze dryer overnight.
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Chapter 6

New routes for ‘old’ polymers

Abstract

The combination of the thermal auto-initiated fraglical polymerization of styrene and the
precipitation polymerization were investigated iter to develop a fast and environmentally
friendly approach to produce polystyrene. To aahikigh reaction temperatures in short time,
microwave irradiation was utilized as heating seufgtyrene was used without any purification,
e.g. without distillation or column filtration. Due tthe auto-initiation of styrene at high
temperatures no radical initiator was requiredfddé@nt solvent (water and ethanol) to styrene
ratios were heated far beyond their boiling pomsulting in relatively high pressures for the
auto-initiated polymerization of styrene. The ob&ml molar masses could be controlled by the
ethanol-to-styrene ratio in the case of ethandhassolvent although the monomer conversions
were rather low under the applied conditions. Meegpthe effect of a commercially available
stable free nitroxide on the polymerization proocess investigated. It has been observed that a
control of the molar mass of the polymer could beieved by changing the ratio of styrene to
free nitroxide (varied from 10:1 to 400:1) and thedderate polydispersity indices (PDI = 1.3 to
1.9) could be obtained. Finally, the developed pasization processes only require a simple
purification step due to the precipitation of thaystyrene in the reaction solvent. In addition,
preliminary experiments were conducted to pre-pelyre polyamide 12 under microwave
irradiation utilizing the hydrolytic ring-openingofymerization. The obtained pre-polymer was
characterized by SEC, TGA, DSC and end group itimat

Parts of this chapter have been published: T. Endime C. R. Becer, R. Hoogenboom, U. S.
SchubertAustr. J. Chem2009 62, 58—63.
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6.1 Trials to simplify the free-radical polymerization of styrene

Polystyrene is a commercially important amorphdusrmoplastic and used in a variety of
applicationsg.g.packaging of food, household goods, construceoeygy and communications
technology as well as thermal insulation for redrajor liners. The popularity of polystyrene
derives from the fact that it possesses many isti@ige properties, such as good processability,
rigidity, transparency, low water absorption, ahdttit can be produced at low costs. Another
key property is the excellent electrical insulatabraracteristi¢:®

The main production of polystyrene is conducted toyk and suspension free-radical
polymerization process&%. A polymerization at low temperatures (<100 °C) uiegs the
presence of chemical initiators, but at higher terajures (>100 °C) styrene auto-polymerizes
and no initiator is required’ The thermally initiated polymerization can be cohed by
temperature (0.1%/h at 60 °C, 2%/h at 100 °C ar¥d/h6at 130 °C, respectivel§)However,
some of the disadvantages of the thermally inidigielymerization are the formation of low-
molar-mass oligomers and the difficulty to conttbe polymerization temperatut®.lt is
possible to remove the undesired oligomers by Hissa and precipitation of the
polymerization solution.

An alternative approach to produce polystyrene insimple way is by precipitation
polymerization**™*® The advantage of this method is the absence adreskge and difficult to
remove stabilizers in comparison to other heteregas polymerization techniques, such as
emulsion and suspension polymerizations. The pitatigpn polymerization starts as a
homogenous solution and the desired polymer isigagtattng during the polymerization, while
unreacted monomer and possible oligomers staylirtieo. In the recent years, research was
intensified using supercritical carbon dioxide aavironmentally friendly solverit.

6.1.1 Temperature-initiated polymerization of styrene ugrdnear-critical water conditions

At temperatures in the range from 250 to 350 °Clagt pressures, the polarity and hydrogen-
bonding ability of water are changing, as depicteBigure 6.1, which leads to different solvent
propertiese.g. near critical water (NCW) has a density and aedigic constant similar to that
of acetone and a higher ionization constant in anspn to water at ambient conditions. These
special properties allow the dissolution of orgaamd ionic species and the swelling of
polymers, which are insoluble in water at ambiemtditions, as well as performing chemical
transformations. Furthermore, the increased ioimmatconstant provides hydronium and
hydroxide ions which are able to react as acidibasic catalysts in chemical reactidfisn
addition, the purification of the reaction produmtcomes very easy since the product is
precipitating at lower temperatures-*

This approach was already successfully appliedrgaric chemistry and we investigated its
suitability for the free-radical polymerization sfyrene. Polystyrene has a high decomposition
temperature (~ 310 °C) and therefore styrene cgmobenerized at temperatures up to 300 °C.
Furthermore, styrene itself auto-initiates the pudyization at high temperatures and no
additional initiator is required The mechanism of the autopolymerization of styrems first
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proposed by Mayd’ The polymerization starts with an initial [2+4] DeAlder reaction
between two styrene molecules, resulting in theanamatic Mayo adduct, which reacts further
with another styrene molecule to form radicals!’

— Water Water
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Figure 6.1 Dependency of the Kamlet—Taft solvent paramete(polarizability, left side) and
o (hydrogen bond donating ability, right side) of terl®® on temperature in comparison to
selected organic solvent.

Although water and styrene are not miscible at ambiemperature, at higher temperatures the
solubility parameters of water are changing, whigight lead to dissolution of styrene in the
water phase. In order to achieve temperatures @8QdC, the Synthos 3000 microwave reactor
from Anton Paar, equipped with quartz reaction gklssavas used. This system allows reactions
up to 300 °C and 80 bar. A typical heating curvetf® polymerization of styrene in water is
shown in Figure 6.2.
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Figure 6.2 Temperature and pressure profiles of the tempeeanitiated polymerization of
styrene in water.
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The temperature and pressure inside a referenceselvesiere measured with a
temperature/pressure sensor equipped with a gandheeter, whereas the temperature of the
vessel outside was measured by an IR sensor. $hhdating of the reaction mixture (within 10
minutes to the preset value of 280 °C) was achiéyetthe good microwave absorption of water
(dielectric constant: 80.%) due to its polar structure. In contrast, styrenepolar (dielectric
constant: 2.4 and a poor microwave absorbing molecule and thezdfeated indirectlyia the
water in this system. While heating above the bgilpoint of water a pressure of 50 bar was
reached during the reaction. For the initial expents a ratio of water to styrene of 10 to 1 was
used and polystyrene with a,Mf 25,800 g/mol and a PDI value of 2.40 was oladim
moderate yield (31%). Before the polymerizatiogreste was phase separated as a layer on top
of the water phase, while the resulting polystyremas on the bottom of the reaction vessel after
the polymerization. In order to investigate theluefice of the temperature on the thermally
initiated polymerization of styrene, polymerizaticemperatures of 240, 200, 150, 120 and
90 °C were investigated as well. At lower tempeaedye.g. 120 and 90 °C, no polymer was
obtained after 10 min and size exclusion chromaiglgy (SEC) indicated that only very little
auto-initiation occurred. The obtained SEC traaastémperatures above 120 °C (Figure 6.3)
were shifting to lower molar masses at higher teaipees. Presumably, the radical
concentration is relatively high at higher reacti@mperatures, which increases the rate of
termination reactions more than the rate of propagaThe relative intensity of the shoulders,
which appear at higher elution volumes, is incre@swith the polymerization temperature,
leading to broader molar mass distributions. Thididates that the life time of the thermally
initiated propagating chain is much lower at highemperature because of a higher
concentration of the radicals resulting in moremieation reactions compared to propagation
reactions. Therefore, lower number average molassem were calculated with higher
polydispersity indices, as listed in Table 6.1.

Increasing temperature

1,0+ . .
H,O:styrene 10:1
10 min
0,8 . o
) —280°C
IS ——240°C
© 200 °C
E 061 150 °C
(@]
=
T 04l
Koy
w
x
0,2+ /
O‘O T T T T T T — T

12 14 16 18 20
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Figure 6.3 SEC curves of the temperature-initiated precipiatpolymerization of styrene at
different temperatures (10 min, water:styrene rativ0:1).
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Table 6.1 Data of the thermally initiated polymerization ofyrene after 10 min under
microwave irradiation at different reaction temparees (10 to 1 ratio of water to styrene).

Temperature Conversion M, PD
[°C] [%0] [g/mol]
280 31 25,800 2.40
240 31 28,900 2.27
200 32 36,700 1.93
150 31 46,000 1.82

The number average molar masses as a functioneopalymerization temperatures show a
linear dependency, as visible in Figure 6.4, intcpathat the M can be ‘controlled’ by
temperature. Surprisingly, the styrene conversias wot affected by the reaction temperature.
From these initial experiments it can not be coweth whether the styrene and water were
homogenously mixed at elevated temperatures. Tafycléhis point, different solvent to
monomer concentrations were applied under simitdyrperization conditions. If the styrene
dissolves in water at high temperatures, lower molasses are expected for lower monomer
concentrations as a result of a reduced radicatdton for more diluted reaction mixtures. In
contrast, when styrene and water do not mix, alheneer concentrations should provide similar
results since the polymerization would always tpleee in bulk styrene. Water to styrene ratios
of 10to 1, 10 to 2, 10 to 3 and 10 to 4, respebtiwere used and the reaction temperature was
set to 200 °C. All experiments revealed similar ananasses and molar mass distributions
(Table 6.2), although the monomer concentration iwasasing. Therefore it can be concluded
that styrene is not soluble in water at high terapges and that the polymerization behaves like
a bulk polymerization.

50,000
45,000
40,000

35,000

M [g/mol]

n

30,000

25,000 .

140 160 180 200 220 240 260 280 300
Temperature [°C]

Figure 6.4 Dependency of the polymerization temperature omtimber average molar masses
of the temperature-initiated polymerization of stye (10 min, 10 to 1 ratio of water to styrene).
The data was fitted using a linear curve fitting.
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Table 6.2 Data of the thermally initiated polymerization dfrene after 10 min for different
water to styrene ratios (200 °C, 10 min).

H,O:styrene Con[;//(()a]rsmn [g/'\r/lnil)l] PDI
10:1 32 37,800 1.87
10:2 50 36,300 1.96
10:3 51 37,100 1.96
10:4 49 38,900 2.03

Nevertheless, polystyrene with moderate molar nzagses synthesized in short reaction times
under microwave irradiation. The polydispersity ice$ (PDI's) for a homogeneous
conventional free-radical polymerization can apploat best 1.5 to 2.0 depending on the
termination (coupling or disproportionation, respealy).?>?> In case of emulsion
polymerization the molar mass distribution is bre@dg as a result of bimolecular termination
between radicals reaching PDI's of 2 and 4 for ¢iagpand disproportionation, respectivéfy.
The values obtained in this thesis were in the eaofg? or slightly better. The conversions are
increasing with the amount of styrene due to a dngiadical formation at higher monomer
concentrations.

6.1.2 Temperature-initiated polymerization of styrene @thanol

As described above, it was found that styrenessluble in near-critical water. Therefore, the
solvent was changed to ethanol, which is known @oab‘green solvent” as wéfi. Styrene
dissolves easily in ethanol resulting in a homogesesolution. However, the resulting
polystyrene is not soluble in ethanol and precipgarom the polymerization solution, while
styrene stays in solution, allowing separation imgpge filtration. From literature it is known
that the thermal precipitation polymerization ofrehe in ethanol at 150 °C for 5 h results in
polystyrene with a Mof 47,000 g/mol and a polydispersity value of &.@nly low conversions
(9%) were obtained, which might be explained byuret transfer reactions of the ethanol
inhibiting the polymerization. Nevertheless, wefpened comparable experiments for 1 hour in
the Biotage microwave synthesizer at 150 °C. D#iférratios of ethanol to styrene were used
(from 10:0.1 to 10:4) to investigate the influerafethe monomer concentration on the molar
mass. The results of the SEC measurements aretetepic Figure 6.5. In general, the molar
masses are shifting to higher molar masses withehnigtyrene concentrations. In particular, a
clear change in molar mass was detected for thanelistyrene ratios from 10:0.1 to 10:3. The
increase in molar mass might be explained by theid@olarity of the styrene-ethanol mixture
with higher styrene concentrations. The solubitifypolystyrene is enhanced due to the lower
polarity of the solvent mixture and higher molarssi@olystyrene is precipitating. The obtained
molar masses, molar mass distributions and corressire summarized in Table 6.3. The molar
masses of polystyrene varied between 6,000 and0@6d@mol using different styrene
concentrations. The polydispersity indices werentbto be in the range from 1.4 to 1.8 for a
reaction time of 1 h, which is relatively low forfree radical polymerization. Unfortunately, the
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conversions remained very low as described prelyionsiterature®* Also longer reaction times
did not increase the conversion resulting in cormplermolar masses.

Increasing styrene concentration

RI signal (normalized)

I T T

12 14 16 18 20

Elution volume [mL]

Figure 6.5 SEC curves of the temperature-initiated precipaatpolymerization of styrene for
different ethanol to styrene ratios (150 °C, 1 h).

Table 6.3 Data of the thermally initiated polymerization diyrene for different ethanol to
styrene ratios at 150 °C.

Ratio Time Conversion M, PDI
EtOH:styrene [h] [%] [g/mol]

10:0.1 1 8 6,000 1.40
10:0.5 1 13 9,500 1.59
10:1 1 7 16,900 1.78
10:1 3 3 19,600 1.86
10:1 5 8 16,800 1.93
10:1.5 1 5 26,900 1.79
10:2 1 9 29,800 1.79
10:2.5 1 1 37,800 1.67
10:3 1 1 44,400 1.66
10:3.5 1 3 42,600 1.72
10:4 1 9 46,100 1.67

In addition, the precipitated polymer showed noacl@hase separation, which might be
correlated to the low conversions obtained. The memaverage molar masses as a function of
the ethanol to styrene ratios are shown in FiguBe Bhe experimental data were fitted with an
exponential decay function lorder) showing a clear dependency of the molarsneesthe
styrene to ethanol concentration. In principle, tbguired ethanol to styrene ratio for a desired
molar mass for the polymerization of styrene (X %0 °C) can be estimated from the obtained
plot.
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Figure 6.6 Dependency of the number average molar masseseoethianol to styrene ratio of
the temperature-initiated polymerization of styréael h at 150 °C. The data was fitted using
an exponential curve fitting.

In order to improve the temperature-initiated podyimation of styrene in ethanol the stable free
nitroxide N,N-tert-butyl-N-[10-diethylphosphono-2,20-dimethylpropyl] nitroeid(SG-1) was
added to the polymerization system. From the liteeait is known that the addition of free
nitroxide, such as 2,2,6,6-tetramethyl-1-piperitxy (TEMPO), can improve the thermal
polymerization at low temperatures (125 °C) resgltin narrow polydispersity indices (PDI ~
1.20 to 1.30f%%° At higher temperature®.g. 145 °C, broader molar mass distributions were
obtained (PDI ~1.65). As a result of the TEMPO #&ddithe molar mass could be controlled
during the thermal polymerization in bulk. Howevem incubation period was observed
depending on the amount of TEMPO. During the irttohitime, which can be several hours, no
polymer is formed until the excess of TEMPO is eoned. It was also reported that a high
excess of TEMPO is leading to the formation di«TEMPO adduct, which is a bad initiating
system for the thermal polymerization of styremssuiting in broad molar mass distributidfis.
In this thesis, we have used SG-1 as a free ndepgince it has been reported to control the
nitroxide mediated polymerization of styrene inanig solvents rather welf*° The addition of
the free nitroxide leads to the formation of a neediating system consisting of the radicals
formed during the thermal initiation and SG-1 apidked in Scheme 6.1. Presumably, the
excess of SG-1 reacts with the auto-initiated @dienters and, thus, proceeds like a nitroxide
mediated polymerization. The radical concentratisnrelatively low in controlled radical
polymerization techniques:* Therefore, the termination reactions are minimifating to
controlled molar masses with low polydispersityioes. The introduction of SG-1 as an end
group also improved the precipitation behavior loé tpolymer and lead to a clear phase
separation.
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Scheme 6.1Schematic representation of the general initiatsiap of the thermally initiated
polymerization of styrene in the presence of SG-1.

Different concentrations of SG-1 were investigateatying from 400 to 10 (styrene to SG-1).
For all polymerizations with SG-1, an ethanol tgrane ratio of 10 to 3 was used, which is
equal to a monomer concentration of 2 M. The SECes for the polymerizations of styrene are
shown in Figure 6.7. In general, the molar massesshifting more gradually with different

SG-1 concentrations than with different styrenecemtrations in ethanol in the absence of
SG-1. In particular for high SG-1 concentration® tbhanges in molar mass are more

pronounced. The molar masses, molar mass distiisitand conversions are summarized in
Table 6.4.

Increase in SG-1 concentration

1,04
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Figure 6.7 SEC curves of the thermally initiated precipitatipolymerization of styrene for
different SG-1 concentrations (2 M, 150 °C, 1 h).
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Table 6.4 Data of the thermally initiated polymerization diyrene with different styrene to
SG-1 ratios and polymerization times at 150 °C.

Time Conversion M,

Styrene/SG-1 [min] (%] [g/mol] PDI
10 60 19 1,300 1.32
25 60 53 6,100 1.37
25 80 67 5,600 1.39
25 100 69 5,300 1.40
25 120 67 4,900 1.35
50 60 56 9,700 1.54

100 60 50 12,800 1.64
200 60 41 17,300 1.66
200 120 52 17,400 1.71
200 180 53 16,500 1.74
200 240 53 15,400 1.83
400 60 33 18,600 1.83

The molar masses of polystyrene (from 1,000 to d®,8/mol) increase with decreasing
styrene/SG-1 ratios. The PDI values varied betwie88 and 1.83. In particular for high SG-1
concentrations the PDI values are similar to thesoabtained by the alkoxyamine initiated
nitroxide mediated polymerization (PDI < 1.5). Farstyrene to SG-1 ratio of 25 and 200,
different reaction times were tested and in allesapolymers with more or less comparable
molar masses (slight decrease with increasingiceatime) were obtained, demonstrating that
this is not a controlled radical polymerizatiomca the molar mass is not increasing with time.
The relatively narrow molar mass distributions atd could be caused by the precipitation
during the polymerization. Only a slight improverhém conversion was obtained for longer
reaction times. In general, the conversions werehrhigher in comparison to the approach
where only ethanol was used. Currently we havexpbaeation for the improved conversions
when SG-1 is added to the polymerization mixturee Walues of the number average molar
masses were plotted against the styrene to SAek i@ shown in Figure 6.8. The experimental
data was fitted to an exponential decay functiofl ¢tder). The plot illustrates the clear
dependency of the molar mass on the SG-1 concemtrdnh principle, the required SG-1

concentration to obtain polystyrene with a certainlar mass can be calculated from this
equation.
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Figure 6.8 Dependency of the number average molar masseseastyttene to SG-1 ratio of the
temperature-initiated polymerization of styrene foh at 150 °C. The data was fitted using an
exponential curve fitting.

6.2 Microwave-assisted hydrolytic ring-opening polymertation of laurolactam

Besides polystyrene, also polyamide is an imporpatymer with a worldwide production of
around 3 million ton/yeat’ Polyamide is mainly used for the manufacturingyrithetic fibers
for clothing and carpets; it is also used as antloptastic for injection molding in mechanical
engineering and electronics. In industry mostlydsyb and Nylon 6,6 are produced for these
kind of applications. Other polyamides are impartm more specialized applicatiofisFor
instance, polyamide 12 is the most widely used gmoige for fuel lines* In addition,
polyamides are also employed in other fieldsy., in the automotive and sport industry, in
medical applications, in high-performance cablesd an food processing. In industry,
polyamides are produced by polycondensation of miesnwith dicarboxylic acids, or with
aminocarboxylic acids. Other possibilities for thigirmation are the utilization of nylon salts
and the ring-opening polymerization of lactamsgémneral, two different approaches, namely
the anionic ring-opening polymerization and the rojgic ring-opening polymerization, are
utilized for the polymerization of lactami®During the hydrolytic polymerization of lactams
typically 5-10% water (water has a strong accdlggaeffect on the ring cleavage) and an
initiator (nylon salt or amino caproic acid) areedsin case of polyamide 12, a higher amount of
water (~ 38%) and phosphinic acid are utilized as iaitiator during the hydrolytic
polymerization of laurolactam (Scheme 6.2). Ondtteer hand, a larger amount of water gives
rise to high steam pressures at the temperatucesred for the reaction (i.e. 280 °C). Thus,
special equipment such as a pressure reactor iedee order to perform the polymerizatitn.
First the pre-polymer is formed, then the pressisrereleased and the polymer finally
polymerizes under a nitrogen flow (removal of wdtem the polymerization system).
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Scheme 6.2Schematic representation of the hydrolytic ringstipg polymerization of
laurolactam.

Literature examples show that the utilization ofcrowaves as heating source can lead to
cleaner products with less side products due tombee even temperature profile inside the
reactor, as well as faster heating and cooling @etto conventional heatifiyIn addition,
the technical microwave systems are equipped within® temperature and pressure
measurement systems, and therefore making thetllihngreasy and safe. First trials to produce
the polyamide pre-polymer under microwave irradiatiwere performed. Since high
temperatures and pressures are required for thygpakation, the Synthos 3000 (Anton Paar)
microwave reactor was used, which can attain hrgesures (up to 80 bar) and temperatures (up
to 300 °C)* The polymerizations were carried out at 280 °@itiérent reaction times (3, 5 and

7 hours, respectively). After 5 hours reaction tim@ monomer could be detected by GC
measurements indicating full conversion. In additithe TGA in Figure 6.9 only showed the
decomposition of the pre-polymer at 452 °C, while tmonomer has a decomposition
temperature of 240 °C.
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Figure 6.9 TGA measurement of the PA 12 pre-polymer after diytlc ring-opening
polymerization for 5 h at 280 °C under microwavadiation.

The synthesized pre-polymers were characterizedsiby exclusion chromatography (SEC,
eluent: HFIP/CECOOK™) and the M values found were in the range of 1,900 g/mol (PMM
standardf® The SEC curves obtained before and after pretimitan dimethylformamide are
depicted in Figure 6.10 and the values obtained ther molar masses and molar mass
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distributions are summarized in Table 6.5. The SME€es clearly show that the monomer is
still left after 3 h reaction time and that the ysokr can be purified by dissolving the crude
product in warm dimethylformamide. In addition, tREC curves seem to indicate that less side
products (cyclodimer) are formed during the micreesassisted polymerization, when
compared to the commercial thermal process. Theda§s still need further investigation and
guantification of the side products in order todstuf the utilization of microwave irradiation
can provide advantages over thermal heating.

0.020

3 h, crude product
5 h, crude product

0.015 7 h, crude product

\I‘HHIHHI

2.5+ 2.5 h, crude product
3h

L]

0.010
—] 5h

RI signal

5h

0.005 7 h

7h

luu‘u\;‘\w\

0.000 - X
\l\I’TII\[IT|A‘|71||/|\15I]|T||If\|ll|||IJIII!ITIII|VX|’(||111|||‘||\|iIIITJI\II

20.0 225 25.0 275 130.0 1325 35.0 375
Elution volume [mL]

Figure 6.10 SEC curves (eluent: HFIP/GEOOK", standard: PMMA)of the PA 12 pre-
polymer after hydrolytic ring-opening polymerizatidor 3, 5 and 7 h at 280 °C under
microwave irradiation (before and after precipitati in dimethylformamidéy.

Table 6.5 Data of the hydrolytic ring-opening polymerizatiaf laurolactam with different
polymerization times at 280 °C (before and aftexqgpitation).

Time M, M.
[h] Product [g/mol] [g/mol] PDI
3 crude 300 3,800 14.05
precipitated 2,000 7,700 3.90
5 crude 1,800 8,600 4.64
precipitated 2,600 8,600 3.35
7 crude 1,900 9,300 491
precipitated 2,300 9,700 417

Furthermore, the concentration of the amine andctrboxyl end groups was determined by
titration (Table 6.6) and revealed that the two @mndups are present in nearly equimolar
amounts'® Unfortunately, the dimethylformamide seems torite with the amine end group,
since the concentration is significantly decreaafiéer precipitation. In addition, a melting point
of 179 °C was found for the pre-polymer by DSC measent, which is typical for
polyamide 12 (Figure 6.115.
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Table 6.6End group titration of the polyamide 12 pre-polysbefore and after precipitation.

Time [h] Product Nrel(M-cresol) [rr?r(nNoﬁ;zlzg] [?rg(r:ncgl(/)kgi
3 crude 11 340/ 339 360/ 362
precipitated 1.16 139/140 288/ 285
5 crude 1.19 336 /339 360/ 362
precipitated 1.18 166 / 166 286 / 285
7 crude 1.19 319/319 365 /362
precipitated 1.19 165/ 166 306/ 315
T =179°C

. . . . . . . . ,
0 50 100 150 200 250
Temperature [°C]

Figure 6.11 DSC measurement of the PA 12 pre-polymer after diyilr ring-opening
polymerization for 5 h at 280 °C under microwavadiation.

6.3 Conclusions

In order to develop a fast and environmental frigrapproach to polymerize styrene, we
combined two polymerization techniques: the thelynalitiated free radical polymerization and
the precipitation polymerization. The advantagesboth polymerization techniques are the
absence of a chemical initiator and the easy patibn conditions (polymerization and
precipitation in one step). Furthermore, microwavadiation was used for fast heating and
styrene was utilized without further purificatiamgimplify the polymerization conditions.

First experiments were carried out using neareaiitivater (water in the temperature range of
250 to 350 °C) as solvent, because the polarity layatogen-bonding of water are highly
depending on the temperature; therefore near-aritiater was applied as the polymerization
solvent at high temperatures. The polymerizatiostgfene in near-critical water always led to
polymers with comparable molar masses althouglerdifit styrene concentrations were applied.
Thus, we can conclude that styrene and polystyaea@ot dissolved in high temperature water.
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However, moderate Malues (~ 38,000 g/mol) were obtained within arshime (only 10 min)
with moderate yields (~ 31%).

Due to the insolubility of styrene in water, thedvemt was changed to ethanol. In this case
styrene was dissolved in the solvent and the palymas precipitating during the
polymerization. The molar mass could be varied Whanging the styrene to ethanol
concentration. Unfortunately, monomer conversiorsewery low even after longer reaction
times, because ethanol is inhibiting the polyméiora

The addition of SG-1 led to a polymerization systeith moderate yields in only one hour of
reaction time. The molar mass could be varied by #mount of SG-1 and for high
concentrations rather narrow polydispersity indit@sa free-radical polymerization could be
observed. An additional precipitation step wasrequired.

For the styrene polymerizations in ethanol with amithout SG-1 structure-property
relationships were elucidated that allow a firgtdaction of the molar mass when varying the
styrene concentration or SG-1 amount.

Polyamide 12 pre-polymer was synthesized underawave irradiation at high temperatures
and pressures, indicating the presence of lesgsuikicts compared to thermal heating. Further
investigations are required in order to study i titilization of microwave irradiation can
provide advantages over thermal heatang,in less side products.

6.4 Experimental details

Materials

Styrene (Aldrich), ethanol (Biosolve, Ltd.) aridN-tert-butyl-N-[10-diethylphosphono-2,20-
dimethylpropyl] nitroxide (SG-1 from Arkema) weresad without further purification.
Deionized water was utilized as solvent for thervezdical water experiments.

For the near-critical water experiments and polgEmsynthesis the microwave system
Synthos 3000 (Anton Paar) was uséu.this multi-mode microwave system, the microwave
power could be set in steps of 1 up to 1400 W. fEneperature inside a reference vessel was
measured by a gas thermometer and the outside tetapeof all the vessels was obtained by
an IR-sensor at the bottom of the microwave cawsafety-limit of 300 °C was set for the
inside and 280 °C for the outside temperature. Magimum allowed pressure is 120 bar and
the system was operated up to 80 bar.

For all other experiments utilizing ethanol as soly the microwave system Emrys Liberator
(Biotage) was used. In this single-mode microwaystesn, a power of either 150 or 300 W can
be chosen. The temperature was measured with aseriBor, located at the side of the
microwave cavity. The maximum temperature and pressvere 250 °C and 20 bar,
respectively.

Gas chromatography (GC) measurements were perforomedan Interscience Trace GC
instrument with a Trace Column RTX-5 connected @T& PAL autosampler. For the injection
of polymerization mixtures, a special Interscietioer with additional glass wool was used.
Size exclusion chromatography (SEC) was measured &himadzu SEC, equipped with a
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system controller SCL-10Avp, a LC-10AD pump, a RIDA refractive index detector, a
UV/VIS detector DPD-10A, a PSS ETA-2010 differehtiscometer, degasser DGU-14A and a
CTO-10A column oven and two PSS GRAM i, 8 x 300 mm, 1000/30 A columns utilizing
DMAV/LICI (2.1 g/L) as eluent (flow rate 1 mL/minptumn temperature 60 °C). PS calibration
was used as standard. For the polyamide 12 prevgosya SEC from Evonik utilizing two PFG
7 um columns (50 mm, and 3 x 300 mm, 1000/300/30 A) ldRIP/CRCOOK" as eluent was
used. In this case PMMA was utilized as standardlting points were determined on a DSC
204 F1 Phoenix by Netzsch under a nitrogen atmaspinem —100 to 150 °C with a heating
rate of 20 K/min (a first heating cycle to 150 °Gasvnot considered for the calculations).
Thermogravimetric analyses were performed in a D8 B1 Iris by Netzsch under a nitrogen
atmosphere in the range from 25 to 600 °C withatihg rate of 20 K/min.

Polymerization of styrene

In water

For the polymerization of styrene in pure wateto 8 mL styrene were added to 20 mL distilled
water in a 60 mL quartz vessel (Synthos 3000). §ystem was closed and polymerized for
10 min at 150 to 280 °C under microwave irradiatibhe obtained polymer was filtered and
dried overnight in the vacuum oven at 45 °C. Theveosions were determined gravimetrically
and the molar mass and molar mass distributions merasured by SEC.

In ethanol

For the polymerization of styrene in pure etha®dd2 to 0.8 mL styrene were added to 2 mL
ethanol in a microwave vessel (2 to 5 mL, Emryset#bor). The system was closed and purged
with argon for 10 min. The reaction mixture wasthdafor 1 h at 150 °C under microwave
irradiation. Ethanol was removed from the reactiwrture and the obtained polymer was dried
overnight in the vacuum oven at 45 °C. The convasswere determined by GC measurements
and the molar mass and molar mass distributions merasured by SEC.

In ethanol with SG-1

For the polymerization of styrene in ethanol witB-$ a stock solution of 7.33 mL of styrene in
24.67 mL ethanol was prepared. A volume of 3 mL wassferred to a microwave vessel (2 to
5 mL, Emrys Liberator). To the stock solutions 5t44.78.47 mg SG-1 were added. The system
was closed and purged with argon for 10 min. Tlaetren mixture was heated for 1 h at 150 °C
under microwave irradiation. Ethanol was removedmfrthe reaction mixture by simply
decanting and the obtained polymer was dried oghtnin the vacuum oven at 45 °C. The
conversions were determined by GC measurementstt@dmolar mass and molar mass
distributions were measured by SEC.
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Polymerization of laurolactam

For the preparation of the pre-polymer, 6.3 mListiled water and 2L were added to 10 g of
laurolactam. The mixture was purged with argonX6rmin before closing the 60 mL quartz
vessel (Synthos 3000). The polymerization was perad for 5 h at 280 °C under microwave
irradiation. The obtained polymer was dried ovenhigh the vacuum oven at 45 °C. The
conversions were determined by GC and the polynasraharacterized by SEC.
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Summary

Summary

The concept of sustainable chemistry representseaof innovation, which not only preserves
resources, but also stands for a progress in tamicial industry. The principle of sustainable
chemistry comprises important elements in areas &kvironment, economy and society,
dealing with the whole life of intrinsic safe chemls and products, including their production,
processing, use and disposal. One of the largesuii® of auxiliary wastes in industry is
produced by the usage of solvents. Therefore, natee reaction media are investigated in
order to reduce or replace organic solvents. Thetmodely used green solvents ie.g,
polymer research are ionic liquids, supercritic®,Gnd water. In addition, also alternative
energy sources, such as photochemistry, microwaeegg, electron beam and ultrasound, are
investigated in order to replace conventional hematrces fore.g, polymer processing. The
main goal of utilizing alternative energy sourcega improve the efficiency of the process by
reducing the polymerization time.

lonic liquids are considered to be ‘green’ solvemsaccount of their non-volatility and non-
flammability — which are results of their negliggbvapor pressure — as well as their reusability.
On the basis of ecological concerns, ionic liquslem to be an attractive alternative to
conventional volatile organic solvents. lonic lidsiwith a linear alkyl side chain can be
synthesized in a fast and efficient way at eleva&dperatures (170 °C) by using microwave
irradiation. In case of the ionic liquids with bcdred alkyl side chains, the synthesis could be
accelerated as well, but the equilibrium was sigftiowards undesired side products compared
to the synthesis at conventional conditions (80. i€)his regard, several new branched ionic
liquids, e.g. 1-(1-ethylpropyl)-3-methylimidazolium iodide and-(1-methylbenzyl)-3-
methylimidazolium chloride and their tetrafluorobte containing analogues, were
synthesized applying two different synthetic apphes. The direct scaling for the ionic liquids
with linear alkyl side chain was investigated fraemall scale (0.01 mol) to large scale
(2.15 moal). In this case, comparable results werkioned for the direct up-scaling utilizing
different microwave reactors under otherwise simikzaction conditions. The results of the
continuous flow experiments indicated that 1-b@yhethylimidazolium chloride can be
synthesized with short reaction times by using iooious flow microwave systems. However,
direct scaling from the batch experiments was mssfble. Even when employing a residence
time of 16 min, a complete conversion could nobb&ined. Nonetheless, for the first time, the
synthesis of ionic liquids in continuous flow rearst was achieved. In case of
[C.MIM][Et .PQy], higher conversions were achieved, since the ti@acproceeds in a
homogeneous phase, but unfortunately only strooglgred ionic liquids could be obtained
with the applied conditions, while not showing asgcomposition products in tHél NMR
spectrum. In order to elucidate first structureperty relationships, the synthesized ionic
liquids, both linear and branched, were investigidiy thermogravimetric analysis, differential
scanning calorimetry, and water uptake measuremantelected ionic liquids. The results
obtained for the decomposition temperature support§2 (alkyl) and {1 (aryl)
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decomposition pathway for branched ionic liquidsthwialkyl and aryl side chain,
respectively, containing chloride as counter ioncse of tetrafluoroborate containing ionic
liguids a decomposition mechanism initiated by #mon seems to take place. Moreover,
tetrafluoroborate containing ionic liquids and ioriquids with linear alkyl side chains
revealed lower glass transition temperatures coetpao the ionic liquids with chloride
anion or branched alkyl side chains, respectivéy.general, the ionic liquids with an
aromatic group showed the highegtvhlues of all the investigated ionic liquids. lddation,
the water uptake of the ionic liquids was measued revealed a systematic dependency on
the length of the alkyl side chain and on the bhamg. It was found that the water
absorption decreased with the length of the allyhic and that branched alkyl chains
increased the water uptake as a result of theiredsed ability to self-assembly. The
described results provide a better insight into $treicture-property relationship of ionic
liquids, allowing the fine-tuning of the chemicaldaphysical properties.

Cellulose is the most abundant natural polymerature and its derivative products have many
important applications. However, cellulose is inddé in water and most common organic
solvents, because of its fibril structure and thenpunced presence of inter- and intermolecular
hydrogen bonding. In recent years, ionic liquidsrevéound to dissolve cellulose, but the
candidates known are still limited. In order toend the range of suitable ionic liquids, we
screened known but also new tailor-made ionic dguin particular, the influence of different
alkyl chain lengths, branched alkyl side chains #redanion on the dissolution of cellulose was
investigatedA strong odd-even effect of the alkyl chain lengththe solubility of cellulose in
the ionic liquid was observed for imidazolium basaaic liquids with linear and branched alkyl
side chains bearing chloride as counter ion. Akkigle chains with an odd number of £H
repeating units showed in general good dissolvimperties, whereas an even number o, CH
repeating units was not able to dissolve celluloBee difference in solubility might be
explained by a different range of conformationsddd and even alkyl chains. In general, only
the ionic liquids with chloride, acetate and phagphcounter anions showed good dissolving
properties for cellulose. Moreover, the microwasgsisted dissolution of cellulose was
investigated and optimized. Selected ionic ligwidse used as solvent in the tritylation reaction.
It was found, that pyridine is required to capthsglrogen chloride and that the reaction time
could be reduced from 48 h (reaction in DMA/LIGY) 3 h ([GMIM][CI]) in order to reach the
desired DS of nearly 1.0. Unfortunately, recyclioigthe ionic liquid could not be achieved
when pyridine was used as a base. However, thipassible when triethylamine was used as a
base.

New 4,4-imidazolium ionenes were synthesized umderowave irradiation. The polymeri-
zation times could be decreased from 24 to 1 h @s@t of elevated temperatures above the
boiling points of the applied solvents. Differergpaoaches, such as monomer imbalance and
monofunctional reagents, were applied in order datol the molar mass of the polymers.
Analytical ultracentrifugation measurements indictte formation of macrocyclic rings to a
large extend (82 to 93%). Furthermore, the properof the synthesized 4,4-imidazolium
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ionenes, such as thermal behavior, solubility beltaand water uptake were investigated as
well. It was found that the decomposition tempeeguvere comparable to the values reported
in literature for ammonium ionenes, while the glaassition temperatures obtained were lower
compared to values reported in literature. In adiljtthe 4,4-imidazolium ionenes showed a
high water uptake. The ability to absorb water &nty depending on the counter ions (chloride
showed a higher water uptake than bromide).

The combination of the thermal auto-initiated fraglical polymerization of styrene and the
precipitation polymerization were investigated imtler to develop a fast and environmentally
friendly approach to produce polystyrene. To achieigh reaction temperatures in a short time,
microwave irradiation was utilized as heating seutyrene was used without any purification,
e.g. without distillation or column filtration. Firstx@eriments were carried out using near-
critical water (water in the temperature range 50 2o 350 °C) as solvent, because the polarity
and hydrogen-bonding of water are highly tempeeatiepending. Due to the auto-initiation of
styrene at high temperatures no radical initiatas wequired. The polymerization of styrene in
near-critical water always led to polymers with g@rable molar masses although different
styrene concentrations were applied. In case anethas solvent, the obtained molar masses
could be controlled by the ethanol-to-styrene ratithough the monomer conversions were
rather low under the applied conditions (1 to 13kb)order to achieve a better control over the
molar mass SG-1, a commercially available stalde fritroxide, was applied to mediate the
polymerization. It was found that the molar massas be controlled by different styrene:SG-1
ratios (from 10:1 to 400:1). In this case modepaikydispersity indices (PDI = 1.3 to 1.9) could
be obtained. Finally, the developed polymerizafioocesses only require a simple purification
step due to the precipitation of the polystyrenthmreaction solvent. Another example of using
near-critical water is the hydrolytic ring-openipglymerization of polyamide. In this thesis a
polyamide 12 pre-polymer was synthesized underawiave irradiation at high temperatures
and pressures, indicating that less side products farmed compared to the thermal
polymerization. Since these are preliminary restiltgher experiments are required in order to
investigate if the utilization of microwave irratian can provide advantages over thermal
heating.

In general, it was shown that microwave irradiatoa ionic liquids are interesting alternatives
to conventional energy sources and solvents. Iricpdar, a better understanding of the
structure-property relationships of branched idiqaids was achieved resulting in a superior
knowledge about the influence of the alkyl side iehaof ionic liquids on the cellulose

dissolution process. New concepts (combinationhefrhal and precipitation polymerization,
near-critical water) and polymers (imidazolium ioesg) were investigated utilizing microwave
irradiation as heating source to achieve shortti@atimes.
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Samenvatting

Het concept duurzame chemie vertegenwoordigt edmedevan innovatie, dat niet alleen
middelen bewaart, maar is ook een ontwikkelingsggsan de chemische industrie. Het principe
van duurzame chemie bestaat uit belangrijke elezneop gebieden zoals milieu en economie
en maatschappij, die het gehele leven van intknsiglige chemicalién en producten, met
inbegrip van hun productie, verwerking, gebruikvenwijdering behandelt. Eén van de grootste
hoeveelheden hulpafval in industrie wordt verooktadoor het gebruik van oplosmiddelen.
Daarom worden alternatieve reactiemedia onderzooimt de hoeveelheid organische
oplosmiddelen te verminderen of zelfs te vervan@@meest gebruikte groene oplosmiddelen
in bijv. het polymeer onderzoek zijn ionische vkieffen, superkritisch COen water.
Bovendien worden alternatieve energie bronnen aodét, zoals fotochemie, microgolf
energie, elektrostraal en ultrasoon geluid, om aeventionele hittebronnen te vervangen. Het
belangrijkste doel om alternatieve energie brontergebruiken is het verbeteren van de
effectiviteit van het proces door bijv. het redwevan de polymerisatietijd.

lonische vloeistoffen worden beschouwd als ‘groembsmiddelen doordat ze niet vliuchtig en
niet ontvlambaar zijn — welke beide het gevolg zign de lage dampspanning — evenals de
mogelijkheid om gerecycled te worden. Door ecolclgs overwegingen, blijken de ionische
vloeistoffen een aantrekkelijk alternatief ten a@bzé van de meer conventionele, viuchtige
organische oplosmiddelen. De ionische vloeistof e®st lineaire alkyl zijketen kunnen op een
snelle en efficiénte manier worden gesynthetisela het gebruik van microgolfstraling. De
ionische vloeistoffen met een vertakte alkyl zigcezouden bij verhoogde temperatuur eveneens
kunnen worden versneld, echter verschoof het evdniwiaar het ongewenste bijproduct. In dit
verband, verschillende nieuwe ionische vloeistofieiet een vertakte zijketen, bijv. [3-
CsMIM][1] en [MBnMIM][CI], werden gesynthetiseerd wahij twee verschillende synthetische
methoden zijn toegepast. Voor de ionische vilodistofmet een lineaire alkyl zijketen was de
synthese uitgevoerd van kleine (0.01 mol) naaregsmthaal (1.15 mol). Over het algemeen
werden vergelijkbare resultaten gevonden voor \igkbare reactie condities voor zowel kleine
als grote schaal ook al werden er verschillendeagaf apparaten gebruikt. De resultaten voor
de continue stroom experimenten laten zien daM[®][CI] kon worden gesynthetiseerd met
korte reactietijden. Het bleek echter dat direttaten van de batch experimenten niet mogelijk
was. Zelfs wanneer een langere verblijftijd werdrgékt kon er geen volledige omzetting
worden verkregen. Toch was dit de eerste keer @asydthese van ionische vloeistoffen is
gedaan in een continue stroom reactor. In het geaal [GMIM] [Et,PO4], werden hogere
conversies bereikt omdat de reactie plaats vindten homogene fase, maar jammer genoeg
werd de ionische vloeistof donkerder van kleuretijd de gebruikte condities.

Om de eerste stuctuur-eigenschap relaties te ovelern, werden geselecteerde ionische
vloeistoffen, zowel lineair als vertakt, onderzochtet thermogravimetrische analyse,
differentiéle scanning calorimetrie en water opnametingen. De verkregen resultaten van de
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decompositie temperatuur steunen eg@ 8n {1 decompositie route voor vertakte ionische
vlioeistoffen met een alkyl en aryl zijketen, redmaelijk, beide chloride als tegen ion
bevattend. In het geval van ionische vloeistoffea tktrafluoroborate bevatten wordt het
decompositie mechanisme geinitieerd met het an@nder, voor ionische vloeistoffen die
tetrafluoroborate bevatten of een lineaire alkyjketen hebben blijken een lagere glas
overgangstemperatuur te hebben in vergelijking deetonische vloeistoffen met een chloride
anion of een vertakte zijketen. Over het algem@&smmden de ionische vloeistoffen met een
aromatische groep de hoogsipwiaarden van alle onderzochte ionische vioeistofBavendien
werd de water opname van de ionische vloeistoffemegen en liet een schematische
afhankelijkheid zien van de lengte van de alkyketgn en van de vertakking. Er werd
gevonden, dat de water absorptie verminderd bijvaegren van de alkyl zijketen en dat de
vertakte alkyl zijketens de water opname verhoogderde door hun verminderde capaciteit tot
zelfpakking. De beschreven resultaten geven ear beticht in de structuur-eigenschap relaties
van ionische vloeistoffen zodat chemische en fy@sigenschappen kunnen worden verfijnd.

Cellulose is een natuurlijk polymeer dat het messtwezig is in de natuur en de afgeleide
producten van cellulose hebben vele belangrijkpassingen. Cellulose is echter onoplosbaar in
water en de meest gebruikelijke organische oplodeidsh vanwege zijn fibrilstructuur en
aanwezigheid van inter- en intramoleculaire watérétruggen. In de laatste jaren werden
ionische vloeistoffen gevonden die cellulose kunoplossen, maar de kandidaten hiervoor zijn
nog steeds gelimiteerd. Om de range van beschikbaische vloeistoffen uit te breiden hebben
we bekende, maar ook de nieuw gesynthetiseerdsclomivloeistoffen onderzocht. In het
bijzonder, de invioed van verschillende lengtenylaliijketens, vertakte alkyl zijketens en de
invloed van de anion is onderzocht op het vermogmlulose op te lossen. Een sterk even -
oneven effect is waargenomen van de lengte vanlige ajketen (lineair en vertakt) van
imidazolium gebaseerde ionische vloeistoffen mébrade als tegen ion op de oplosbaarheid
van cellulose. Alkyl zijketens met een oneven numafeCH, groepen laten over het algemeen
goede eigenschappen zien voor het oplossen varosa] daarentegen de ionische vloeistoffen
met een even nummer Gldroepen blijken niet in staat cellulose op dedossdet verschil in
oplosbaarheid kan misschien worden verklaard deonerschillende conformatie voor oneven
en even alkyl ketens. Over het algemeen, alleaargiche vloeistoffen met chloride, acetaat en
fosfaat tegen anionen laten goede eigenschappernva@ het oplossen van cellulose. Verder
werd het oplossen van cellulose onderzocht in e&rogolf reactor en geoptimaliseerd.
Geselecteerde ionische vloeistoffen werden gebalgkbplosmiddel in de tritylation reactie. Er
werd gevonden dat pyridine benodigd is en dat detietijd kon werden verminderd van 48 uur
(DMAVJLICI) naar 3 uur ([C4MIM][CI]) om de gewensiemzettingsgraad van bijna 1.0 te halen.
Door het gebruik van pyridine als base was hetaselaet mogelijk de ionische vloeistof te
recyclen. Wanneer triethylamine werd gebruikt asdowas recycling van de ionische vloeistof
wel mogelijk.

Nieuwe 4,4-imidazolium ionenes werden gesynthettseender microgolfstraling. De
polymerisatietijden konden worden gereduceerd v&ma&ar 1 uur als gevolg van gebruikte
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temperaturen boven het kookpunt van de toegepakisriddelen. Verschillende benaderingen
zijn toegepast, zoals monomeer imbalans en monbfunate reagentia, om de molecuulmassa
van de polymeren te controleren. Uit de resultasnde analytische ultracentrifugatie blijkt dat
hoofdzakelijk macro cyclisch ringen zijn gevormd2(&ot 93%). Verder werden de
eigenschappen van de gesynthetiseerde 4,4-imidazolonenes, zoals thermisch gedrag,
oplosbaarheid en water opname onderzocht. Er wesdorglen dat de decompositie
temperaturen voor ammonium ionenes vergelijkbaaemwanet de gerapporteerde waarden in
literatuur, terwijl de gemeten glastransitie tengpearen lager waren in vergelijking met waardes
gemeten in literatuur. Bovendien toonden de 4,4tamolium ionenes een hoge water opname.
De capaciteit om water te absorberen is voornaknafijankelijk van de tegen ionen.

De combinatie van de thermische auto-geinitieerije radicaal polymerisatie van styreen en de
precipitatie polymerisatie waren onderzocht om eaelle en milieuvriendelijke manier te
ontwikkelen voor het produceren van polystryreem Rbge reactietemperaturen te bereiken in
een korte tijd, werd microgolfstraling gebruikt alermtebron. Styreen werd gebruikt zonder
enige zuivering. De eerste experimenten werdenewagrd met bijna kritisch water als
oplosmiddel, omdat de polariteit en de waterstafighgen van bijna kritisch water sterk
afhankelijk zijn van de temperatuur. Door de auitiatie van styreen bij hoge temperaturen
was er geen radicaal initator nodig. De polymeiesaan styreen in bijna kritisch water leidde
altijd tot polymeren met vergelijkbaar molecuulgefti ook al werden er verschillende styreen
concentraties gebruikt. Wanneer ethanol als oplddeti werd gebruikt konden de
molecuulgewichten worden gecontroleerd met de etkstyreen ratio hoewel de monomeer
conversies wel laag waren bij de toegepaste cesditierder werd het effect van commercieel
beschikbare stabiele vrije nitroxide onderzochthep polymerisatie proces. Het blijkt dat het
mogelijk is om het molecuulgewicht van het polym&econtroleren door de ratio styreen-vrije
nitroxide te veranderen en gematigde polydispetsitelexen konden worden verkregen.
Uiteindelijk was er voor het ontwikkelde polymetisaproces nog een simpele zuiveringsstap
nodig om het polymeer in handen te krijgen, narké&lgt precipiteren van de polystyreen in het
reactieoplosmiddel. Polyamide 12 pre-polymeer wesygthetiseerd onder microgolfbestraling
bij hoge temperatuur en druk. Verdere onderzoeiemedig om de mogelijkheid te bestuderen
of het gebruik van microgolfbestraling verdere \dmen heeft ten opzichte van het thermisch
verwarmen, bijv. minder bijproducten.

Concluderend kan gesteld worden dat microgolfiaéien ionische vloeistoffen interessante
alternativen zijn voor conventionelle energiebraneea oplosmiddelen. Een beter begrip van de
relatie tussen chemische structuur en specifiegenschappen van ionische vloistoffen met
vertakte alkyl zijketen werd bereikt. Dit resultéerin een superieure kennis over de invioed van
het oplossen van cellulose. Nieuwe concepten (coatlbi van thermische en precipitatie

polymerisatie, bijna kritisch water) en polymeremi@azolium ionenes) werden onderzocht

onder microgolfirradiatie om korte reactietijderbtreiken.
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