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b dispersity

AIBN azobisisobutyronitrile

AMA aluminium oxide methanesulfonic acid
ATRP atom transfer radical polymerization

CBPQT*" cyclobis(paraquat-p-phenylene)

CCly carbon tetrachloride

CRP controlled radical polymerization

CTA chain transfer agent

DCC N, N’-dicyclohexylcarbodiimide

DCM dichloromethane

DMA dimethylacetamide

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

DP degree of polymerization

ESI-MS electrospray ionization mass spectrometry
Et,0 diethyl ether

EtOAc ethyl acetate

EtOH ethanol

GC gas chromatography

I initiator

LCST lower critical solution temperature

M monomer

MBTTC methyl 2-(butylthiocarbonothioylthio)propanoate

MeCN acetonitrile
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PNIPAM
RAFT
SEC

Tep
TLC
UCST

number average molecular weight

weight average molecular weight
N-bromosuccinimide

nitroxide mediated polymerization

nuclear magnetic resonance spectroscopy
poly(N-isopropylacrylamide)

reversible addition-fragmentation chain transfer
size exclusion chromatography

cloud point temperature
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1 Introduction

1.1 Supramolecular chemistry

Supramolecular chemistry is a very vibrant research topic and thanks its popularity to the
fact that it is inspired by nature, making this a highly interdisciplinary field. After all,
the initial motivation behind supramolecular chemistry was to design chemical systems
which could mimic biological processes. Due to their dynamic nature, supramolecular
interactions are quite common in biological systems and are among others responsible
for the high adaptivity of living species. Some of the most well-known examples in
nature include the self-assembly of double helical DNA,3 enzyme-substrate recogni-
tion, % metal-ligand complexes, %7 the folding and assembly of proteins!®? and changes
in protein assemblies such as focussing of the eye, healing processes and temperature

regulation. Today, supramolecular chemistry is used in various applications such as drug

14-16] 17-19

delivery,['°13 "smart" materials, | catalysis, !" 19 data storage and processing!?02

and nanotechnology. 242!

Supramolecular chemistry differs from molecular chemistry, which focusses on the highly
stable covalent bonds, in a way that it studies intermolecular interactions that are of a
reversible nature. These non-covalent interactions are generally weaker than the covalent
interactions but can be used in a multiple and cooperative manner to give the strength
needed to form stable complexes and provide the adaptability and specificity required in
most important biological processes.?®! So, while molecular chemistry rules the covalent
bond, supramolecular chemistry tries to gain control over reversible non-covalent inter-
actions between aggregates of molecules or ions. The non-covalent interactions comprise
electrostatic interactions (ion-ion interactions, ion-dipole interactions, dipole-dipole inter-

actions and induced dipole interactions), hydrogen bondings, aromatic and m-interactions
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(-7 interactions, cation-7 interactions and anion-7 interactions) and Van der Waals forces

(Figure 1.1). In addition, solvophobic effects are also important.

WEAK MODERATE STRONG VERY STRONG
0o 2 5 10 20 100 400 1000 dimol
> ——————
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dipole-dipole covalent bonds
ion-dipole

m-interactions

Figure 1.1: Overview of the strength of different non-covalent interactions compared to
covalent bonds. Dispersion forces are also known as induced dipole interactions, London

(dispersion) forces or Van der Waals forces. Reprinted from referencel27.

Generally, supramolecular chemistry can be divided into two broad categories: host-guest
chemistry®®! and self-assembly, ! in which the difference between these two areas is a
question of size and shape. Host-guest chemistry occurs when one molecule is signifi-
cantly larger than another molecule and the larger "host" molecule is capable of enclosing
a smaller "guest" molecule via non-covalent forces, while self-assembly is the spontaneous
process of different molecular components joining together to form a larger and more com-
plex aggregate (Figure 1.2). In both cases, a maximum specificity and stability between
both molecules is acquired with complementary surfaces (lock-key principle) and comple-
mentary distribution of the active groups.!?) So, host-guest chemistry can be seen as a
specific case of self-assembly where the different molecular components joining together

have a distinct difference in size.

1.1.1 Self-assembly

Molecular self-assembly is the autonomous and reversible organization of molecular com-
ponents into ordered structures via non-covalent interactions without external guidance or
intervention. ® The self-assembled structure is the result of a thermodynamic equilibrium
between this ordered structure (less Gibbs-free energy) and the more random, individual
components. To obtain a stable, well-defined final assembly, three aspects need to be con-

sidered. First, the non-covalent interactions between the individual components should be
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strong enough, either by one strong interaction or multiple weaker interactions. Secondly,
these interactions should be energetically more favorable than the competing interactions
with the solvent. Thirdly, they must be able to overcome the entropic disadvantage of the
assembled state over the dissociated state.®? Due to the reversible nature of this process,
it is possible to form ordered structures that are relatively free of defects, representing

the thermodynamically most stable state.

I covalent

synthesis guest molecule
—_— —_—>

small
molecule larger molecule host-guest complex
(host)

covalent

_—

larger molecule
small (host)

molecule self-assembly

spontaneous

Figure 1.2: The two broad categories of supramolecular chemistry: host-guest chemistry and

self-assembly. Reprinted from Tiwari et al.(3.

Molecular self-assembly is omnipresent in biological systems (where the most famous
example is the lipid bilayer membrane in cells) and has become very important in nan-
otechnology where it is one of the most important strategies to make nanostructures from

a bottom-up approach. 3336

1.1.2 Host-guest chemistry

In host-guest chemistry there is a very high binding selectivity of the guest(s) towards
the host. The host and guest(s) need a compatible geometry and selective non-covalent
interactions to get recognition. Successful molecular recognition depends on molecular
complementarity regarding size, shape, chemical properties and functionalities of the host
and the guest molecules. When a host can bind multiple guests, cooperativity can occur
where the binding behavior of one binding site is influenced by another spatially sep-

arated binding site. Cooperativity can be positive or negative, depending whether the
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occupation of the first binding site enhances or reduces the binding of the second guest.
This means that the total binding strength will be higher than the sum of the individual

interactions.

The strength of complexation in host-guest chemistry generally depends on different fac-
tors. A first determining factor is the size of both molecules. The size of the guest and
the dimensions of the hosts cavity both need to be compatible to get sufficient interaction
between the two compounds. A slight deviation from the optimal size will result in a
weaker binding. Secondly, the type and number of interactions also influence the binding
strength between the host and the guest. And finally, the same requirements as for self-
assembly need to be considered to control the direction of the equilibrium (association
over dissociation of the complex): a large number of non-covalent interactions, that are
energetically more favorable than the competing interactions with the solvent; and can
overcome the entropic disadvantage of the associated state over the dissociated state.

The most well-known examples in nature that exhibits host-guest interaction are enzymes
and their substrates. Enzymes are the ideal host molecules and are constructed in such
a way that they can undergo highly selective interaction with one specific substrate via
various non-covalent interactions. These highly selective interactions allow enzymes to
act as catalysts for various biochemical reactions with a high degree of efficiency and

specificity.

For this project, the focus will be on host-guest chemistry, where the host is a macrocyclic
cyclobis(paraquat-p-phenylene) structure and the guest is a 1,5-dialkoxynaphthalene deriva-
tive (Figure 1.3). Cyclobis(paraquat-p-phenylene) (CBPQT*") or "bluebox" thanks its
name to its inventor J.F. Stoddart, who uses different colors to indicate specific molecular
properties in his publications.®® Since blue is the color he uses for electron-poor recogni-
tion units, the electron-accepting CBPQT*" looks essentially like a blue box.

The tetracationic electron accepting macrocycle CBPQT*" has been known in literature
as a possible ring component for the construction of switchable donor-acceptor bistable
catenanes and rotaxanes.®” These molecular machines make it possible to process in-
formation at a molecular level via mechanical movements, in response to chemical or
electrical energy, or light. CBPQT*" possesses a box-like structure with a well-defined

electron poor cavity, which is lined with two electron-acceptor paraquat groups that are

4
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Figure 1.3: Overview of the supramolecular host and guest molecules used in this project and

the association equilibrium.

separated by about 6.8 A.8 The distance, which perfectly matches the Van der Waals
thickness of an aromatic ring, and the electron-accepting character make the cavity ideal
for the inclusion of electron-rich aromatic subunits such as tetrathiafulvalene (TTF) and
1,5-dioxynaphthalene (DNP) derivatives.®) The binding strength of the guest towards
the bluebox not only depends on the characteristics of the donor, but also on the choice
of counteranion for the bluebox. The 7m-electron density and the size of the w-system of
the donor determine how well the guest fits into the cavity. For the choice of counteranion,
both the nature and the concentration are examined in their influence on the association
strength of the resulting host-guest complex. Andersen et al.*” concluded that larger
counteranions allow for the formation of stronger host-guest donor-acceptor complexes,
because the larger size of the counteranions increases the distance between the CBPQT**
macrocycle and the negative charges of the counteranions. This causes the bluebox to
become more naked and effectively a stronger m-electron acceptor.*? Furthermore, the
nature of the counteranion will determine if the bluebox is soluble in aqueous media (Br

Cl') or organic solvents (PFg).
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1.2 Stimuli-responsive polymers

A basic feature of biological systems is their responsiveness to changes in the local envi-
ronment, which is responsible for the high adaptivity of living species. This adaptivity
stems from the possibility to alter the non-covalent intermolecular bonds via a change in
amount or nature of the interactions or a variation in conditions, such as temperature
or concentration. Synthetic or modified biological materials that mimic this responsive
behavior in a controlled and predictable fashion are of great interest for a wide range
of applications!*!l and are often called "smart" materials. By definition, supramolecular

chemistry will always lead to the formation of "smart" materials.

So, "smart" polymers or stimuli-responsive polymer materials are polymers, that are able
to reversibly respond to small changes in their physical and/or chemical environment
(stimuli) through a large property change (response). Usually, they are classified according
to the external stimuli to which they respond, such as temperature, 104244 pH [10:42,45,46]
magnetic field,*748! ionic strength, 4% light®%2 and ultrasound.®>%4 Smart polymers
respond to these stimuli via a primary microscopic response mechanism on molecular level,
which can be translated into a number of secondary macroscopic response types, allowing
a visible readout. For instance, a change in temperature can lead to a coil-to-globule
transition (the collapse of an initially solvated polymer chain ; primary response), which
in turn leads to a phase separation (secondary response) of the solution. As in nature,
the bulk response of the polymer is usually due to multiple cooperative interactions, such
as progressive ionization or loss of hydrogen bonding, that, although individually small,

ultimately evoke a large structural change in the material when summed over the whole

polymer. %%
* [ ]
° = (A
) =
—
= = Q0 ey = ~
0000
coil-to-globule transition change of chain conformation particle / molecule movement or alignment bond cleavage

(0,) Primary response mechanisms in which the coil-to-globule transition is the most important.
Incorporating acid-labile moieties in a copolymer chain or between drug molecules and copolymer

nanostructures, can lead to release of the drug molecule via a pH-triggered bond cleavage. [56]
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(b) Possible secondary response mechanisms that follow a coil-to-globule transition.

Figure 1.4: Primary and secondary response mechanisms.

When a "smart" material is exposed to a change in environment, it can initially counter this

change via a primary response mechanism, which include coil-to-globule transitions, *7-60)

[61-63] particle or molecule movement or alignment 649 and

change in chain conformation,
bond cleavage.!'256:66 Since coil-to-globule transitions are the most important for this
project, possible secondary response mechanisms that follow this primary response type
are shown in Figure 1.4b and include phase separation, gelation, ®” micelle formation, 68!

particle shrinkage, color changel® and network contraction. The type of response mech-

anism that will occur is dependent on the polymer structure.

Hence, stimuli-responsive materials can adapt to the surrounding environment, regulate
transport of ions and molecules or convert (bio)chemical signals into optical, electrical,
thermal and mechanical signals, and vice versa.[*!) This makes them extremely effective in
(biomedical) applications such as drug delivery, medical diagnostics and imaging, tissue

engineering and biosensing.

"Smart" materials that are of special interest are the ones that can undergo conformational
or chemical changes in response to variations in temperature and/or pH. In the context

of this project, only thermoresponsive materials will be discussed in further detail.
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1.2.1 Thermoresponsive polymers

Among the various applicable stimuli, temperature is on of the most extensively exploited
in the field of "smart" polymers. This is mainly because of their high applicability in the
biomedical sector, surface modification, nanotechnology and catalysis. /%7

When a change in temperature induces a phase separation of a polymer solution, it is
possible to determine the exact temperature(s) where phase separation takes place. This
is called the cloud point temperature (T¢p), which depends on the concentration of the
solution. If the different Top's at different concentrations are measured, a phase diagram
can be produced from which the lower and/or upper critical solution temperatures can
be derived. The lower and upper critical solution temperature (LCST and UCST) are re-
spectively defined as the critical temperature below or above which a mixture is miscible.
Hence, the minimum and maximum phase separation temperatures in the phase diagrams
of Figure 1.5, respectively. If both the LCST and UCST are present, they will give rise to
a miscibility gap which is observed at temperatures below the UCST and above the LCST
and indicates the region where at least two phases are coexisting. This means that below
the LCST and above the UCST, a single phase exists for all compositions. The LCST

and UCST values are both dependent upon the pressure and molar-mass distributions of

the constituent polymer(s).

ﬁ 2 phases %5 )5% 1 phase

o
S
S| YR ®
E’ :/‘:LD UCST 2 phases
LCST
2 phases
X oolymer X polymer

Figure 1.5: Isobaric phase diagrams of a polymer in solution exhibiting LCST and UCST

behavior. Reprinted from Seuring et al.[7?.
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The first reported and most studied thermoresponsive polymer in aqueous solution is
poly(N-isopropylacrylamide) (PNIPAM) which exhibits LCST behavior. ™77 The poly-
mer is water soluble, possesses a good biocompatibility and has an LCST value around
32°C, which is close to body temperature making it very interesting to be used in biomed-
ical applications.[™ Furthermore, the LCST value is almost independent of the concen-
tration, pH and salt concentration, leading to a robust phase transition. The LCST
transition in water, which is usually the solvent in biomedical applications, is entropy
driven, abrupt and is dependent on the hydrophilic-hydrophobic balance of the polymer,
end-groups, polymer chain length, pH and salt concentration. For instance, a lower transi-
tion temperature is achieved with longer polymer chains because of the increased amount

of polymer-polymer interactions. [

PNIPAM consists of hydrophilic parts, that undergo hydrogen bonding with the bulk
water to keep the polymer soluble, and hydrophobic side chains that are mostly shielded
from the surrounding water. When the temperature exceeds the T¢p, the entropy loss is
no longer compensated by the enthalpy gain any more, which causes the hydrogen bonds
to break up, the hydrating water to be released in the bulk water and phase separation
to occur. Modifications of the polymer such as copolymerization!™ or post polymeriza-
tion modifications!®*#1 can be used to tune the transition temperature by adjusting the

hydrophilic/hydrophobic balance of the polymer.

LCST: o
N x Oongy "{/\H’“ On
S — e ﬁ""'o'}C‘N’H:-U v o o
: k o - — -
— y o~  Exposed wd 3 > =0 -~
0% N7 . hydrophobic o 3

F ¢~ surfaces

PNIPAM @ — <
Coil-to-globule transition

Figure 1.6: LCST transition of PNIPAM in aqueous environment. 5%

Apart from PNIPAM, other well-known LCST polymers including poly(N, N-diethylacryl-
amide) (PDEAAm), 3 poly(2-( N, N-dimethylamino)ethyl methacrylate) (PDMAEMA ), 4
poly(2-oxazoline)s (POx)®! and poly(oligo(ethyleneglycol)methylether methacrylate)s

9
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(POEGMASs) B have also been widely studied and have found various applications as
"'smart" materials. Polymer solutions that exhibit UCST behavior undergo phase sepa-
ration below a certain temperature, driven by strong enthalpic interchain interactions. Ex-
amples include polybetaines, ¥ poly(methacrylamide) (PMAm), 8 poly(allylurea) (PU), 5
poly(2-dimethyl(methacryloxyethyl)ammoniumpropane sulfonate) (PDMAPS-MA ) and
poly(N-acryloylglycinamide) (PNAGA).PU A third class of thermoresponsive polymer
solutions exhibit both LCST and UCST behavior. This comprises partially protonated
PDMAEMA + K3[Co(CN)g|,? poly(ethylene oxide) (PEO),® poly(vinylmethylether)

(PVME) ™ and poly(2-hydroxyethylmethacrylate) (PHEMA). %]

LCST polymers

(oj;/\ {J N §O mH
) N Sem

PDEAAM PDMAEMA POx POEGMA PNIPAAmM

=

0

)

UCST polymers R
n
g
n
g

X
o T
)
{/\L/)” N kI)’
n
n “
) H =
NH n Q" v
H,N"~0 6’8“}0 NH, I R=H, CH,
X=NH, O
PU PDMAPS-MA PMAmM PNAGA polybetaines
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LCST + UCST polymers
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PDMAEMA + K3[Co(CN)g]

Figure 1.7: Different examples of polymers that exhibit LCST, UCST or LCST and UCST

behavior.

1.3 Thermal memory function

Supramolecular thermometers or thermoresponsive polymers can exhibit a memory func-
tion for the thermal history of the solution, in case the phase transition shows significant

[96-98] This means that the transition temperature will be different depending

hysteresis.
on the history of the solution. If the solution is being cooled down, the internal state
of the polymer solution will be different than when the solution is heated, leading to a
difference in transition temperature. The occurrence of hysteresis of the phase transition

is not so common and especially a large hysteresis is exceptional.

By using a combination of static and dynamic laser scattering, Cheng et al.® revealed
that the rather minor hysteresis of PNIPAM chains in water can be attributed to the
additional hydrogen bonds formed between the carbonyl and amide groups in the col-
lapsed state. These hydrogen bonds act as physical "cross-linking" points to make the
chain aggregates behave like a "gel" and delay the chain dissociation. During the heating
cycle of PNIPAM, the hydrogen bonds between the amide and the water dissociate and
intrachain contraction occurs before interchain association. As shown in Figure 1.8,[77)
the aggregates undergo an uneven swelling from the outside to the inside and a delayed
chain dissociation is observed upon cooling. It is only at temperatures several degrees
below the T¢p that complete chain dissociation occurs, at which water becomes a good
solvent. During the heating cycle, the formation of aggregates occurs more uniform and

only during interchain association. This leads to a sharp transition when heated and a

broad hysteresis when cooled.

11
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However, the observed hysteresis of PNIPAM is too small to result in a useful thermal
memory. Therefore, supramolecular thermometers have been developed by our group by
combining a thermoresponsive polymer with supramolecular host-guest chemistry. Com-
plex formation allows for the formation of a kinetically trapped state, which results in
a larger thermal memory function (hysteresis) of these thermometers. This makes them

more suitable to be used in applications. 9697
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Figure 1.8: Thermal memory function in PNIPAM. Left: schematic difference in chain
dissocation and association during one heating-and-cooling cycle.(%% Right: plot of
transmittance as function of the temperature measured for an aqueous solution of PNIPAM.

The solid line is the heating cycle and the doted line is the cooling cycle. ("

1.4 Polymerization techniques for PNIPAM

Since PNIPAM is one of the most studied polymers in terms of thermoresponsive behav-
ior and will be the polymer used in this project, suitable polymerization techniques to
synthesize PNIPAM are searched. One of the most applied techniques is controlled rad-
ical polymerization by reversible addition-fragmentation chain transfer (RAFT).[100:101]
Therefore, a brief introduction will be given on controlled radical polymerizations in gen-
eral.

Controlled radical polymerization (CRP)!1%% is a type of free radical polymerization (Fig-
ure 1.9) where the termination and transfer reactions are minimized, while maintaining
a high enough propagation rate. It usually shows fast initiation with respect to prop-
agation, resulting in a very narrow molecular weight distribution of the final polymer.

CRP reactions are desired because of their control over the final properties of the poly-

12
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mer such as molecular weight, molecular weight distribution (dispersity, D), end-group
functionality and composition. Controlled radical polymerizations are often also called
living radical polymerizations (LRP) and while both terms are often used interchangeable,
a slight difference exists between both techniques. LRP reactions are completely living,
meaning that they show a complete lack of chain transfer and termination reactions dur-
ing the polymerization, whereas CRP does exhibit these type of reactions although in a
suppressed way. Because the termination cannot be completely excluded, it is fundamen-

tally impossible to get a completely living radical polymerization. 193]

During free radical polymerization, radicals are produced using heat- or light-sensitive rad-
ical initiators (e.g. benzoyl peroxide (BPO), azobisisobutyronitrile (AIBN)), which react
with monomers to form a propagating chain (initiation). This active chain now possesses
a radical that can react with other monomers to give a growing polymer chain (propa-
gation) or react with another active chain to give an inactive dead chain (termination).
Generally, the initiation is slow compared to the propagation and the produced radicals
will propagate and terminate quickly. This means that active radicals will be formed at
different times during the reaction, which results in a broader dispersity. Therefore, CRPs
will slow down the rate of propagation, making this the rate determining step. This results
in a more simultaneous formation of the active radicals, leading to a more monodisperse
polymer. Chain transfer reactions can also occur and will induce a substantial decrease
in the average molecular weight of the final polymer and will influence the structure, thus
influencing the final properties of the polymer. In these reactions, the active center of a
growing polymer chain gets transferred to another polymer chain (leading to branching),
a monomer, the solvent (e.g. C'Cly) or a specially added chain transfer agent (CTA) to
get control of the final molecular weight.

Making the propagation the rate determining step and ensuring the minimization of ter-
mination and transfer reactions can be achieved by keeping the active radicals at a low
concentration, relying on the fact that the propagation has a first order relationship to
the concentration of propagating radicals ([P*]) and termination has a second order re-
lationship ([P*]?). This can be done in several ways. One of the possibilities is a slow
initiation of the radical initiator which keeps the radical concentration low, but gives no
control over the dispersity and molecular weight of the final polymer. Another way is

creating a dynamic equilibrium between the active propagating radicals (active species)

13
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and inactive radicals (dormant species). Figure 1.10 illustrates three possible methods
how to achieve a controlled radical polymerization. %3

The first system is based on the deactivation of the growing polymer chains by using
relatively stable, persistent radicals X* (e.g. the nitroxide compound TEMPO in the
NMP process). Normally this would be considered as a termination step, but due to
the reversibility of this reaction, a repeated reversible coupling of the nitroxide to the
growing polymer chain end occurs and termination reactions by combination of two ac-
tive polymer chains get suppressed. In the second system, the deactivation proceeds via
interaction with a species that has an even number of electrons to form a more stable,
persistent radical. In the first two systems, the equilibrium is strongly shifted to the side
of the dormant species allowing an adequate reduction of the concentration of the growing
radicals. The third system consists of the so called degenerative transfer process where
conventional initiators such as BPO can be used. The propagating chain radical can re-
act with a monomer (propagation) or with a transfer reagent RX (where R resembles the
dormant species and X is usually iodine) to create the inactive radical chain. Effective
degenerative transfer is achieved if the exchange between the propagating radical and RX

is faster than the propagation.

kq .

initiation ] —> 2R
K Riyi =2 f'kq [1]
R + M ——> P
_ . K, . )
propagation P, + M —> P,y R, =k, [M][P]
o ) ) k .
termination P, + P, ——>  dead chains Ri=2k([P]?
. k. . .

transfer P, + T —l Ppp + T Ryr =k [T][P]

Figure 1.9: General overview of the kinetics of a radical polymerization process.

P, + X' T==1 P-X
a
. kd :
P“ tz lk {Pn -7 }
a
. Kexeh .
P, + RX — P,-X + R

n

Figure 1.10: Possibilities of dynamic equilibrium between active and dormant species. The
deactivation process of the propagating radicals should be fast enough to be able to synthesize

polymers in a controlled way.
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Other advantages of CRP include the broad range of molecular weights that can be ob-
tained and the wide variety of monomers that can be used.

There are three fundamental types of controlled radical polymerizations that are com-
monly used in polymer synthesis: atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain transfer (RAFT) polymerization and nitroxide mediated

polymerization (NMP). A short introduction of each type is given.

1.4.1 ATRP

[=]

k:cl
R-X + LM, ~—=— R+ LM"'X
initiator catalyst Keact
(®=Cl, Br)

k; + Monomer
+ Monomer

Kact
P,-X + LMD - P, + LM™X
dormant kl:leact active

ko

|

P.-P, + LMM™X

X))

Monomer + Monomer

ICAR: X
ARGET: oxidized agent

ICAR:  imitiator radical (1)
ARGET: reducing agent

Figure 1.11: Reaction mechanism of ATRP. The catalyst consists of a metal (mostly Cu(1))
with ligands, which can be regenerated from Cu(Il), resulting from unavoidable termination

reactions, using ICAR ATRP or ARGET ATRP.

ATRP is one of the most successful methods to perform controlled polymerizations of an
extensive number of monomers. Moreover, a good control is possible over the chain struc-
ture, composition and functionalities. This results in the preparation of well-defined end

group-functionalized polymers and a large variety in homopolymers, block copolymers,
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graft polymers and star-shaped polymers. One of the drawbacks of traditional ATRP is
the use of a large amount of copper catalyst that can undergo oxidation and lead to dis-
colorations in the final material. To obtain pure and colorless products, the catalyst needs
to be removed via an extra purification step. To make things easier, new techniques such
as ICAR ATRP (initiators for continuous activator regeneration) and ARGET ATRP
(activators regenerated by electron transfer) are developed that recycle the catalyst in-
ternally and therefore only require ppm-amounts of the catalyst. This results in a shorter

time to produce pure, colorless products.

1.4.2 NMP

The NMP process is a controlled radical polymerization that uses stable nitroxide com-
pounds such as TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) to assist in the re-
versible active/dormant equilibrium. The absence of metals in this process is one big
advantage over the ATRP process. Drawbacks include the usage of high temperatures
and the limited range of monomers that can be polymerized. NMP is mostly limited to

styrene, acrylate and acrylamide derivatives.

Initiator —= 2R’

. kd
R + O-N ~ fofN
a R
X
R/\- + OLN L O-N
X ‘- R X
n =

Ky O-N
R{\ﬁm' + O-N —_— FZQ_<
X X ka e X
R X

Figure 1.12: Nitrozide Mediated Polymerization (NMP) with TEMPO as the nitroxide

compound.

16



Chapter 1. Introduction

1.4.3 RAFT

RAFT polymerization is a controlled radical polymerization technique that is performed
in the presence of RAFT-agents where the dynamic equilibrium between the active and
dormant species consists of a series of reversible addition-fragmentation steps (Figure
1.13). This allows a constant altering of the radical between different chains, leading
to an alternating growth of all chains. The RAFT-agents (Figure 1.14) are chosen with
care so that the exchange between the active and the dormant species occurs fast in
comparison with the propagation. This gives rise to polymers with a narrow . RAFT
polymerizations where the employed RAFT-agents are xanthates, are also often termed

MADIX polymerizations (macromolecular design via interchange of ranthates). 104
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Figure 1.13: Addition-fragmentation steps in the RAFT process.
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Figure 1.14: RAFT-agents: 1. dithiocarbonates, 2. trithiocarbonates, 3. MADIX agents.

[105]

Compared to ATRP, a larger range of polymers and more complex architectures can

be obtained by RAFT polymerization, but the limited large-scale commercial availability,
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color and smell of the RAFT-agents limits its utilization.
Depending on the desired final properties of the polymer, a different CRP process might

be advised, as is summarized in Figure 1.15.

New RAFT

@agents
— CTA
LMW ——ATRP LMw Displacement/
— —NMP T Recovery
- - - RAFT Hybrids, N End Fun —
Ty
E L N BI
nv i ocks
A|?;§E{T N I Using
& P Comonomer

. ! In NMP
Water _.-?Mon Range

Micro/ N\ Hmw New Ligands
inverse
emulsion

Figure 1.15: Comparative advantages of the different CRP processes in the areas related to

the synthesis of high molecular weight polymers (HMW), low molecular weight polymers
(LMW), end functional polymers (End Funct), block copolymers (Blocks), range of
polymerizable monomers (Mon Range), synthesis of various hybrid materials (Hybrids),
environmental issues (Env) and polymerization in aqueous media (Water). The left side is a
comparison from 2002, [106] while the right side is an updated situation as of 2006. Reprinted

from Braunecker et al.[197.

1.5 Hydrogels

Hydrogels are hydrophilic natural or synthetic polymer networks that can absorb large
quantities of water without dissolving. This unique ability arises from the fact that the
polymer backbone contains hydrophilic functional groups, which allow the hydrogel to
absorb water, while the presence of crosslinks between network chains prevents the hy-
drogel from dissolution. The swelling capacity of the gel is determined by the nature of
the polymer chains and the crosslinking density. A higher crosslinking density leads to a
less stretchable polymer network and therefore a lower maximum swelling capacity.

Hydrogels can be classified in different ways such as classification based on source (natu-
ral or synthetic polymers), polymeric composition (homopolymeric, copolymeric or multi-
polymer hydrogels), configuration (amorphous, semicrystalline or crystalline) or the most
useful one in terms of applications: classification based on type of crosslinking. '%8! If the

internal network structure results from molecular entanglements and/or secondary forces,
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physical or reversible hydrogels are formed. These non-permanent hydrogels are driven by
molecular self-assembly and hence do not need any crosslinking agents to get gel forma-
tion. Due to their dynamic nature, physical hydrogel materials exhibit shear-thinning and
self-healing properties, which are desirable characteristics in a range of "smart" material
applications. %) However, the dynamic nature of the crosslinks also limits the maximal
strength of such hydrogels.

Permanent or chemical hydrogels consist of covalently crosslinked networks and make use
of a crosslinker (e.g. ethylene glycol dimethacrylate, EGDMA) to obtain their permanent
network structure. Compared to physical hydrogels, these chemical networks are stronger
because of their covalent linkage, but the absence of any dynamic character causes the
hydrogels to be less flexible. The equilibrium swelling level in an aqueous solution of such
covalent hydrogels is dependent on the crosslink density which can be quantified with M.,
a parameter to approximate the average molecular weight between the crosslinks of the
hydrogel. "' Chemical hydrogels are mostly used in applications that require though and
stable hydrogels. [19%]

Due to the difference in type of crosslinking, "smart" chemical hydrogels can only be
obtained when they are based on "smart" polymers, while physical hydrogels possess a
reversible nature by default. Both physical hydrogels and chemical hydrogels can ex-
hibit defects in their network structure, influencing the elastic properties and swelling

1101 In physical gels, the main defects comprise clusters of molecular

behavior of the gel.
entanglements or hydrophobically- or ionically-associated domains, which will create in-
homogeneities, and free chain ends or chain loops, which do not contribute to the elasticity
of the network. Chemical hydrogels will also exhibit reduced elasticity as a result of free
chain ends or chain loops. Furthermore, due to hydrophobic aggregation of crosslinking
agents, chemical hydrogels can contain regions of low water swelling and high crosslink
density (clusters) that are dispersed within regions of high swelling and low crosslink den-
sity. This will lead to a difference in swelling capacity that has to be considered in the
design of the hydrogel. ']

A common use for hydrogels is as scaffolds in tissue engineering because of their struc-
tural similarity to the macromolecular-based components in the body, a similar degree of
flexibility to the natural tissue (due to their significant water content) and their biocom-

patibility. [112,113]
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1.6 Goal of the thesis

The overall goal of this project is to develop a ((re)programmable) polymeric thermome-
ter that memorizes the thermal history of the solution and provides an associated visible
readout. The thermal memory results from the employment of a thermoresponsive poly-
mer that shows significant hysteresis in the phase transition. Hence, the internal state of
the polymer solution can "remember" the previous temperature state or thermal history
(Section 1.3). The visible readout is a result of the (de)complexation process that occurs
during this transition. The host-guest complex formation is associated with a color change
of the solution from colorless to purple.

For this project, a thermoresponsive polymer (PNIPAM) will be employed that will
be functionalized with 1,5-dialkoxynaphthalene guest moieties and cyclobis(paraquat-p-
phenylene) (CBPQT4+) host moieties as pendants to enlarge the thermal memory window
of the final polymer and provide a visible readout. Synthesis of the supramolecular host
and guest monomers is followed by copolymerization with NIPAM, hydrogel formation
by including a bifunctional monomer as crosslinker and characterization of the obtained
structures (Figure 1.16).

Soluble polymeric thermometers have already conceptually been developed by our re-
search group,!” based on PNIPAM with dangling dialkoxynaphthalene guests and the
supramolecular association with CBPQT*". However, these thermometers undergo macro-
scopic phase separation which strongly limits their applicability. Therefore, this project
aims to develop a second generation polymeric hydrogel sensor with an analogous memory
function as discussed in Section 1.3, which will give rise to more widely applicable sensors.
Hence, the focus will be on the synthesis, characterization and copolymerization of the
functional supramolecular building blocks and the thermoresponsive PNIPAM. The char-
acterization and examination of its stimuli-responsive behavior will be studied once the

hydrogel is formed.
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Figure 1.16: The goal of this project is creating a NIPAM hydrogel that contains small

amounts of supramolecular host and guest molecules, as thermometers with memory function.
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2 Results and discussion

The aim of this research project is the development of a hydrogel that consists of PNITPAM
and some small amounts of supramolecular host and guest moieties to act as a thermome-
ter with memory function. In a first step, these supramolecular host and guest compounds
are synthesized and provided with a polymerizable double bond. Next, a copolymeriza-
tion of these compounds with NIPAM should be tested and characterized. In a further
stadium, hydrogels should be prepared, and their characteristics and stimuli-responsive

behavior should be investigated systematically.

2.1 Synthesis of monomers

The practical work starts by synthesizing cyclobis(paraquat-p-phenylene) (CBPQT4+)
and 1,5-dialkoxynaphthalene derivatives, which will act as the supramolecular host and

guest moieties in the polymer, respectively.

For the synthesis of the host molecule, which is a cyclobis(paraquat-p-phenylene) deriva-
tive 6, three methods have been reported to combine two components into a final ring
structure. The first reported method makes use of an elevated temperature to ensure ring
closure. ¥ The other two methods apply a template molecule (and high pressure) to com-
bine components A and B of the host molecule at room temperature (Scheme 2.1).[114
Using a template molecule significantly increase the yield of the assembly, and since a
derivative of the synthesized guest molecule is available to act as a suitable template
molecule, assembly of both compounds is achieved in the presence of a template molecule
at room temperature. This means that first the synthesis of the components A and B is
required. Compound A will be produced in a two-step pathway as seen in Scheme 2.2a.

First, 4,4’-dipyridyl 1 and «, a-dibromo-p-xylene 2 will be combined to produce the water
soluble bis(pyridinium).2Br 3. In the second step, counterion exchange (Br — PFg)
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will be performed to change the solubility of the bis(pyridinium) from water to organic

solvents.
_ —
[=]
2 PFy
— — ;fu'
Ne N =
A ND/‘ templating \® Y. Y ®J’N o
malecule e F
i > N 4PFB 4 PFg
B 5d RT CI _ _
OH \ AN
7
Br
B
_/

Scheme 2.1: The synthetic route for the preparation of the supramolecular host monomer.

To produce component B, a synthesis pathway is proposed as shown in Scheme 2.2b.
In the first step, the commercially available 2 5-dimethylbenzoic acid 4 will be bromi-
nated using NBS to give 2,5-bis(bromomethyl)benzoic acid 5. The carboxylic acid is then
modified to provide a linker, improving the flexibility of the bluebox within the hydrogel,
making complexation easier. Compound B1 will be synthesized by reacting the carboxylic
acid 5 with diethylene glycol under a variety of reaction conditions. An alternative com-
pound B2 will be synthesized by reducing the carboxylic acid 5 to the corresponding
alcohol, in the presence of DIBAL-H.

Br
= — DMF, 90°C, 8h
a) 2©—<\3N + %5 — 2 B 2 BF,
o Ne )~ N )L

1 2 3 Br A

oﬁvox/\OH
0] Br (o} P
J--"""r)
@/‘LOH NES/AIBN OH B1

@ 4 N ® 4 N
VA
@@—9 I (é@—@

—_— Br
CClyfreflux

DIBAL-H
Br OH

4 5

Br
B2

Scheme 2.2: General synthesis routes for the preparation of compounds A and B of the

supramolecular host molecule.
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If both compounds A and B are synthesized, a derivative of the supramolecular guest
molecule will be used as a templating molecule to combine both compounds A and B into a
functional bluebox 6. Final reaction with acryloyl chloride will provide the functionalized

monomer 7, which is ready for polymerization (Scheme 2.1) .

For the preparation of the guest monomer (Scheme 2.3), a three-step process will be
employed. A double alkylation of commercially available 1,5-dihydroxynaphthalene 8 will
be performed with 2-(2-chloroethoxy)ethoxyethanol 9, under basic conditions (K,COj3),
to yield 1,5-bis[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-naphthalene 10.['® Methylation of
the diol under basic conditions (NaH) with iodomethane (Mel) will result in the mono-
methylated diol 11U which can be further reacted with acryloyl chloride to obtain a

polymerizable guest moiety 12.

OH d O[’_\O OH
K-CO4/MeCN
N o OH & — T . O
Og GO reflux O
OH O 0O O OH
s 9 LA A |
10
NaH/Mel
BV \/ \.: \
c o 0O 00— o—
Oe acryloyl chloride Oe
-—
o pyridine/DCM
0 0o o o{ O 0 O OH
A A — [ A

12 1

Scheme 2.3: General synthesis route for the preparation of the supramolecular guest molecule.

2.1.1 Synthesis of host

Synthesis of compound A: 1,1’-(1,4-phenylenebis(methylene))bis(4,4 ’-pyri-
dinium)bis(hexafluorophosphate)

=]

W =\ . DMF, 90°C, 8h - 5% NH,PFg in H,0 )8
WA 100% 69.57% °
1 2 3 A

Scheme 2.4: Synthesis of compound A using a two-step pathway.
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A solution of «a, a-dibromo-p-xylene 2 in DMF was added dropwise to a solution of 4,4’-
dipyridyl 1 in DMF to ensure that both sides of the dibromo-compound would react with
the dipyridyl. Reacting for 8 hours in DMF at high temperature resulted in a light yellow
solid that could be collected by filtration. The bis(pyridinium).2Br~ 3 was dissolved
in water, to which a saturated aqueous solution of NH,PFs was added in excess. This
allowed an interchange of all the Br™ ions for PFy ions, resulting in the precipitation of
bis(pyridinium).2PFg A that could be collected by centrifugation. *H NMR, spectroscopy
confirmed the formation of the bis(pyridinium) A, which is ready for the templating

reaction.

Synthesis of compound B1: (ethylene glycol ether) 2,5-bis(bromomethyl)ben-

o Br o Br o
on  NBS/ABN oM 0O on
25.13%
Br Br
5 B

Scheme 2.5: Synthesis of compound B1 using a two-step pathway.

zoate

Synthesis of compound B1 proved to be more difficult, since most of the tested procedures
did not yield the right component. Different methods were examined in the search for an

operative procedure, as will be discussed below.

The initial radical bromination reaction of 2,5-dimethylbenzoic acid 4, with AIBN as

511 To a solution of 2,5-

initiator, is based on the literature procedure of Ashton et al.!
dimethylbenzoic acid in CCl,, NBS and a catalytic amount of AIBN were added. The
suspension was refluxed under nitrogen for 4 hours, the solution cooled down to room
temperature and the succinimide filtered off. Concentrating the filtrate led to a brown
oil, which was dissolved in DCM and to which hexane was added. After standing in
the refrigerator for 2 hours, a white solid precipitated out that was filtered off and dried

under vacuum. BY

Following this exact reaction procedure did not yield the desired pure
compound 5. Therefore, extra purification steps were performed in an attempt to iso-

late the pure 2,5-bis(bromomethyl)benzoic acid 5. The product was recrystallized from
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toluene two times and once from hexane via vapor diffusion to a DCM solution (Figure
2.1). Because the volatility of DCM was too low, the precipitation process was repeated

with chloroform.

=

Diffusion

_More volatile solvent
Time

e Sample dissolved in
less volatile solvent

Figure 2.1: Vapor diffusion: a recrystallization technique that allows a solvent of high
volatility (e.g. hexane) to slowly diffuse into a sample of lower volatility (e.g. chloroform).

Reprinted from reference!19/.

Analysis of the obtained product by 'H NMR and LCMS revealed the presence of side
products such as the mono-, tri- and tetrabrominated acids. Literature study suggested
a possible isolation of these products wia repetitive precipitations from chloroform in
hexane.''7 Applying this technique to our mixture was successful for the separation of the
mono- and tetrabrominated acids, but failed to separate the 2,5-bis(bromomethyl) benzoic
acid 5 from the tribrominated acid 5.IT (Figure 2.2). The presence of these side products
indicates that the reaction time was probably too long, leading to overbromination. Hence,
the reaction was performed again under identical conditions, while being monitored using
'H NMR spectroscopy. This allowed us to detect the approximate reaction time at which
tribrominated acid was formed as a side product. 'H NMR chemical shifts of possible
side products formed in the synthesis of 2,5-bis(bromomethyl)benzoic acid 5 are shown
in Table 2.1. Comparing the chemical shifts of compounds 5 and 5.11, reveal distinctive
differences between the two. Since the Ar(5)-CH, Ar-Hj, Ar-Hy and Ar-Hg chemical shifts
of compound 5.IT show a clear difference with the chemical shifts of the other compounds,
these are used to monitor the formation of the tribrominated acid 5.IT during the reaction.
'H NMR samples were taken after 2 and 3 hours reaction, and the resulting spectra are
shown in Figure 2.3. Comparing both spectra reveals that the only clear differences
appear around 8.28 ppm and 7.55 ppm. The appearance of these two signals after 3 hours

reaction, can be used to verify the formation of tribrominated acid 5.I1. Therefore, the
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reaction was terminated after 3 hours, forming only a small amount of side product that

could still be removed by recrystallization.

Br a o Br f o
b OH h OH
c e 1 k a d
grd Br g Br
5 5.1 f
e b g
k | ch
R
- .___.__”._ _.I' -|..\;_,_JJ-.,..__ L ———— ML | S -
1] !-:? II:‘ II Ee rA e £l LE (2] £ L . 8 4 5.4 5. 50 5 L] =]
ppm

Figure 2.2: Initial radical bromination reaction of 2,5-dimethylbenzoic acid with NBS for 4
hours refluxing. Purification steps are already performed to remove the mono- and

tetrabrominated acids as side products.

Br Br

o 0 o) o)
@/LOH OH OH OH
Br Br Br~ “Br

4 5. 5 5.

Compound  Ar(2)-CH Ar(5)-CH Ar-Hj Ar-Hy Ar-Hg

4 2.54 (CHs)  2.29 (CHs)  7.09 (d) 7.20 (d) 7.81 (s)
5.1 2.50 (CHg)  4.57 (CH,Br) 7.51 (d) 7.80 (dd) 7.92 (d)
5 4.99 (CH,Br) 4.50 (CHyBr) 7.50 (d) 7.61 (dd) 8.16 (d)
5.11 4.99 (CH,Br) 6.64 (CHBry) 7.55 (d) 7.70 (dd) 8.27 (d)

Table 2.1: 'H NMR chemical shifts (ppm) of the starting material 4 and possible byproducts
(5.1 and 5.II) formed in the synthesis of 2,5-bis(bromomethyl)benzoic acid 5.1
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Figure 2.3: Radical bromination reaction of 2,5-dimethylbenzoic acid with NBS: conversion

after 2 hours and 3 hours refluxing.

So, following the reaction with 'H NMR spectroscopy revealed that a reaction time of
3 hours was sufficient to avoid the formation of any significant amounts of byproducts.
The reaction was performed for three hours at a larger scale and was terminated by
cooling to room temperature. After the reaction, the formed succinimide was filtered
off under gravity and the solution was left to stand overnight upon which a white solid
precipitated. The product was collected and purified by recrystallization from hexane
via vapor diffusion to a chloroform solution. 'H NMR spectroscopy and LCMS analysis

confirmed the formation of the pure dibrominated acid 5.

B
Br o Br o r o
SOCI,, DMF ol HO~~O~~0H o O on

- -

OH

Br Br Br
5 5a B1
no purification possible

Scheme 2.6: A first attempt to generate the desired compound B1 via a benzoyl chloride 5a

intermediate.

The next step consists of converting the carboxylic acid into an alcohol, with a linker
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in between the bluebox and the polymerizable double bond that will be introduced onto
the alcohol. In a first attempt, the 2,5-bis(bromomethyl)ben-zoic acid 5 is reacted with
thionyl chloride under inert conditions to generate the benzoyl chloride 5a.®" This is then
added dropwise to a solution of excess diethylene glycol in dry DCM. Continuing with the
reaction procedure of Ashton et al.®! results in the formation of an oil-like solid, in which
the expected product was not detected by LCMS. Silica gel column chromatography, with
DCM /hexane (10:5) as eluent, failed to separate the different fractions. Because of time

limitations, no extensive attempts were made to find an effective purification technique.

B
Br o o r 0
HO~O~~0oH o
OH (excess) 0 ~""~""0H
DCC, DMAP, DCM
Br Br
5 B1

unable to get mono-substituted glycol

Scheme 2.7: A second attempt to generate the desired compound B1 via a DCC-coupling

reaction.

A second method for synthesizing the (ethylene glycol ether) 2,5-bis(bromomethyl)benzoate
B1 was performed by making use of a DCC coupling reaction.!*®) The brominated acid
5, an excess of diethylene glycol, N,N’-dicyclohexylcarbodiimide (DCC) and a catalytic
amount of 4-dimethylaminopyridine (DMAP) in DCM was reacted overnight at room tem-
perature under inert atmosphere. The DCC acts as an activator of the carboxylic acid so
that the diethylene glycol can perform a nucleophilic attack on the carbonyl group. After
an additional 3'/2 hours refluxing, the solution was allowed to cool to room temperature.
The suspension was filtered, washed and concentrated, before being subjected to column
chromatography. The diethylene glycol was present in large excess to the dibromide (25:1)
in order to ensure the formation of the mono-substituted glycol. Silica gel flash column
chromatography, with DCM /hexane (10:5) as eluent, revealed that only the di-substituted
product was formed and a large amount of starting material was still present. To rule out
coincidence, the reaction was repeated, but this did not change the outcome. A probable
explanation stems from the difference in solubility of the different compounds. Since the

solubility of the mono-substituted product B1 is much better than the solubility of the

30



Chapter 2. Results and discussion

starting material 5, a second coupling reaction could occur much faster, resulting in the

di-substituted glycol.

In a third attempt, the monoesterification of the diethylene glycol was attempted in the
presence of Al,O3/MeSOsH (AMA) and without the use of any solvents. Sharghi et al.['"]

claims that the inexpensive reagent AMA is very effective and highly selective for the
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Br o r 0

OH AlLO4/MeSO,H o O~ 0H
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5 B1
unable to get mono-substituted glycol

Scheme 2.8: A third attempt to generate the desired compound B1 via a monoesterification

in the presence of AMA.

monoesterification of diols in high yields. A mixture of MeSO3H and Al,O5 was prepared
and the appropriate amounts of acid and diethylene glycol were added, successively. The
mixture was stirred and heated at 80°C for one hour. Aqueous workup of the reaction
should give the almost pure monoester product B1. Performing this reaction under these
exact reaction conditions, with the use of a brominated acid as the only difference, did
not yield the expected monoester product. Silica gel flash column chromatography and
'H NMR spectroscopy revealed that the obtained mixture consists purely of the diester
product and some unreacted starting material. Again, the reaction was repeated to rule
out coincidence. The difference in solubility between the starting material 5 and the
monoester product B1 can again be adopted as a possible explanation for the failure of

the reaction.

Synthesis of compound B2: 2,5-bis(bromomethyl)benzyl alcohol

Since the radical bromination reaction did not work right away and purification was not
possible, an alternative procedure was enforced based on the bromination of the ethyl-ester
(Scheme 2.9). Here, the 2,5-dimethylbenzoic acid 4 was converted into the corresponding
ester 4a by esterification with ethanol, using sulfuric acid as a catalyst. Subjecting this to

51]

similar reaction conditions as before,®! generates the ethyl 2,5-bis(bromomethyl)benzoate
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4b. This can now be used to yield an alternative compound B2 without a linker by

reducing the benzoate 4b to the corresponding alcohol B2.

(@]
OH ETOH/H* ()/\ NBS/AIBN o DIB/—\L H
81 50% 26 74% 124
4

Scheme 2.9: A final attempt to generate a suitable compound B2 via reducing the previously

synthesized 2,5-bis(bromomethyl)benzoate 4b to the corresponding alcohol B2.

Ethyl 2,5-bis(bromomethyl)benzoate 4b is reacted with DIBAL-H at 0°C under inert
atmosphere for three hours. Next, HCI is added until pH = 1 is reached, to reduce
the formed aldehyde further to the corresponding alcohol B2. After aqueous workup,
the formation of the pure alcohol B2 was confirmed by NMR spectroscopy and LCMS

analysis.

Synthesis of the polymerizable host molecule

Due to the lack of time and the unexpected difficulties that occurred during the synthesis
of compound B1, the assembly of both components and the reaction with acryloyl chloride

could not be carried out within the time frame of the master thesis.

2.1.2 Synthesis of guest

Synthesis of 1-(2-(2-(2-hydroxyethory)ethoxy)ethoxy)-5-(2-(2-(2-methoxy-
ethoxy)ethory)ethoxy)naphthalene

WY B
OH o)
OH _ KCOJCH,CN O O _ NaHMel
8 + 47.88% 17 48% OO
OH OH

ol O~ O/\/OH \_/ \ /

0 10 1"

Scheme 2.10: Synthesis of the single methylated guest molecule via a two-step pathway.
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The formation of the single methylated diol 11 was achieved in a two-step reaction. In
the first step, a purple suspension of 1,5-dihydroxynaphthalene 8 and K,CO5 in MeCN
was treated with a solution of 2-(2-chloroethoxy)ethoxyethanol 9 in MeCN and subse-
quently refluxed overnight to give a brown suspension. K,CO3; was present to neutralize
the formed HCI. After filtration of the formed KCIl and evaporation of the solvent, the
dark brown oil was dissolved in DCM. Since the oil did not dissolve very well in the
solvent, the amount of solvent was increased and the solution was left to stir for a few
days. Next, the solution was washed with brine and water to remove any unreacted 2-(2-
chloroethoxy)ethoxyethanol 9 and K,COs3, and a deep red-brown solution was obtained.
Drying over MgSO, and removing most of the solvent over reduced pressure, resulted in a
dark red-brown oil that was purified by column chromatography over silica. Spotting the
reaction mixture on TLC revealed the presence of the starting material 8 and 1-hydroxy-
5-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)naphthalene (the compound where only one side
is alkylated) in the mixture. This explains the rather low yield of the reaction, which can
be resolved with a longer reaction time or a larger excess of 9. A DCM/EtOH (30:1)
mixture as eluent was used for column chromatography, resulting in a good separation of
the different components. Since the first column did not give complete separation of the
different compounds, a second purification was done by column chromatography (silica,
DCM/EtOH, 30:1). 'H NMR spectroscopy confirmed the formation of the pure 1,5-bis[2-
(2-(2-hydroxyethoxy)ethoxy)ethoxy|-naphthalene 10.

For the large scale synthesis of this compound, a slightly different purification technique
was used. Since normal silica gel column chromatography failed to separate the large
amount of crude product, a different stationary phase was used in an attempt to get a
good separation. TLC analysis with neutral alumina (Al,O3) revealed a good separation
for the mixture. The crude mixture was separated successfully on a neutral alumina col-

umn (DCM/EtOH, 30:1) in two batches.

In the second step, the conversion to the single methylated product 11 was achieved via
reaction of the diol 10 with Mel under basic conditions (NaH), as described in the liter-
ature procedure®!. After reacting for 24 hours under reflux, the solution was cooled and
methanol was added to react with the excess of NaH. Aqueous workup of the reaction
results in a dark, red-brown oil that can be subjected to silica gel column chromatography.

Analysis of the crude mixture via TLC revealed that a small amount of the double methy-
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lated product was also formed. The mixture was separated by column chromatography
with EtOAc/hexane (19:1) as eluent, and the formation of the pure, single methylated
compound 11 was confirmed by 'H NMR. spectroscopy and LCMS analysis.

Synthesis of 1-(2-(2-(2-acrylozyethoxy)ethoxy)ethoxy)-5-(2-(2-(2-methoxry-
ethoxy)ethory)ethoxy)naphthalene

if \ jf O'l. K_\O _ Oa'_\oa’_\of_'io_
OO acryloyl chloride Oe
pyridine/DCM 0
O 0 O OH 0O 0 0 o{_
LS A N =

1 12

Scheme 2.11: Synthesis of the polymerizable guest molecule by reaction with acryloyl

chloride.

Finally, component 11 was reacted with acryloyl chloride to synthesize the polymerizable
guest molecule 12. The acryloyl chloride was added dropwise to a solution of compound
11 and pyridine in DCM at 0°C under inert atmosphere. The reaction was executed in
the presence of a base (pyridine), which is used to trap the formed HCI. After stirring the
solution at 0°C for 2 hours and an additional 24 hours at room temperature, the formation
of a white solid was observed. This is the pyridine hydrochloride that is insoluble in DCM
and can easily be removed by filtration. After concentration, the obtained product was
dissolved in EtOAc, filtered and washed with water to remove any residual pyridine.
Purification was done by column chromatography with EtOAc/hexane (9:1) as eluent,
and the formation of the product 12 was confirmed by LCMS. Due to the small amount
of product, NMR analysis was not possible.

2.2 Polymer synthesis

The aim of this project was to synthesize a copolymer of NIPAM together with small
amounts of host and guest moieties. Since the supramolecular host molecule was not
ready in time, only a test RAFT polymerization of NIPAM could be executed.

The performed RAFT polymerization is a type of controlled radical polymerization, which
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is discussed in Section 1.4. These "living" polymerizations are characterized by a) an al-
most complete absence of any chain termination or irreversible transfer reactions, and b)
a fast rate of activation (effective degenerative transfer) with respect to the rate of propa-
gation (R, > R,). If there is no significant termination and R., > R,, the concentration
of the propagating species will be almost constant during polymerization. Looking at

Equation 2.2, this means that for "living" systems, there is a linear relationship between

[M]o

] and the time.

In

The polymerization rate (R,) at which the monomer is converted into polymer:

_ —dM]

R, = - kp[M][P*] (2.1)
Integration of this equation gives:
[M]o
[ = k,|P*]t 2.2

Here, [P*] is the concentration of the propagating species (which is constant during CRPs),
[M] is the concentration of monomer at each time, k, is the propagation rate constant
and t is the time.

The relative concentration of monomer at each time during the polymerization can be
determined by gas chromatography (GC) by comparing its area with the unchanging
area of the solvent (internal standard). Plotting Equation 2.2 allows us to see if our
polymerization follows this first order kinetic behavior. An increase in the slope of the
curve may indicate slow initiation, whereas a decrease of the slope is typical for the

presence of termination reactions (Figure 2.4).

Further, rapid equilibrium between the active and dormant species (R.,) ensures an equal
growth rate for all chains. This results in a linear increase of the average molecular
weight M,, with respect to the monomer conversion, and a very narrow dispersity of
the final polymer (Equation 2.3). When the molecular weight in the beginning of the
polymerization is higher than predicted, this reflects slow initiation. In the case of transfer
reactions, an increased amount of dead chains appears, which gives rise to lower molecular
weights than theoretically expected (Figure 2.4). Since the average molecular weight and
degree of polymerization (DP) exhibit a linear relationship (Equation 2.4), DP will also
increase linearly with the monomer conversion. The average molecular weight (M,,) and
dispersity (D) are determined by size exclusion chromatography (SEC), while conversion

is determined by GC.
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[M]o

In M

"living" polymerization
slow initiation
termination

time

conversion

"living" polymerization
slow initiation
transfer

Figure 2.4: Typical graphs for the kinetics of "living" polymerizations and the effects of slow

initiation, termination and/or transfer reactions. Reprinted from referenceﬂgo].

M
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M
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M, (25)
M,
p=_* 2.
i (2.6

Here, M,, is the number average molecular weight, M,, is the weight average molecular
weight, [M]y is the initial monomer concentration, [M] is the concentration of monomer
at each time, [CTA], is the initial concentration of RAFT-agents, M, is the molecular
weight of the monomer and Mgry4 is the molecular weight of the RAFT-agent.

Equation 2.3 assumes that each RAFT-agent is attached to a polymer chain (100% effi-
ciency), neglects possible termination reactions and disregards the small amount of chains

formed by the initiator. 12!
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Figure 2.5: Synthesis of PNIPAM polymers by RAFT polymerization.

Poly( N-isopropylacrylamide) was synthesized by RAFT polymerization under argon at-
mosphere. The monomer (NIPAM), RAFT-agent (methyl 2-(butylthiocarbonothioyl-
thio)propanoate, MBTTC), initiator (AIBN) and solvent (DMF) were brought together
in a schlenk flask at a molar ratio of 250:1:0.25 and a monomer concentration of 2 M. After
three freeze-pump-thaw cycles to deoxygenate the solution completely, the mixture was
placed in a preheated oil bath at appropriate temperature to start the polymerization.
Samples were taken every half hour for the kinetic study. The solvents used for GC and
SEC samples were acetone and dimethylacetamide (DMA), respectively. After a reaction
time of 3 hours, the reaction was quenched by placing it in liquid nitrogen. The resulting
polymer was obtained wia repetitive precipitation in Et;0 /hexane (4:1) and Et;O. The
resulting white, powdery polymer was obtained via centrifugation and a final SEC sample

was made for analysis of the molar mass and D.

GC and SEC analysis:

GC samples are taken every half hour during the reaction to follow the concentration of

monomer periodically ([M]) during the polymerization. These values can be used to plot

an (n [f\ﬁ]o versus time diagram and a conversion versus time diagram. Looking at the prop-
agation rate, ln% = k,[P*]t (2.2), and assuming that the concentration of propagating

species is constant, a linear relationship should be obtained. Figure 2.6 shows the GC
results for the polymerization at 70°C and 75°C, and a linear fit at the data (dotted line).
One can see that the data for 75°C follows an almost straight line until 120 minutes, after
which a decrease in slope is observed. This indicates the loss of propagating species at
longer reaction times, possibly due to termination reactions. The polymerization at 70°C
exhibits a more linear relationship in the first order kinetic plot. This indicates a better
"livingness" of the polymerization. In the second plot, a typical exponential relationship

is observed between the conversion and the time for first order kinetics (Equation 2.5).
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Again, a slight deviation is observed at longer reaction times for the polymerization at

75°C.
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Figure 2.6: Overview of the GC results for the RAFT polymerization of NIPAM using
[NIPAM]:[MBTTCJ:[I] = 250:1:0.25, 2M monomer concentration in DMF at 70°C and 75°C.

Left: first order kinetic plot. Right: degree of conversion versus time.

SEC samples are also taken every half hour during the polymerization, allowing to follow
the change in molecular weight (M,,) and dispersity (D). The data is plotted in Figure
2.7 in function of the monomer conversion. A linear relationship is expected for "liv-
ing" polymerizations. Looking at the left graph, a high degree of conversion and a high
molecular weight are observed after only 30 minutes for the polymerization at 75°C. To
reveal the real trend of this data, more samples should have been taken in the beginning
of the polymerization. Comparing with the other data, the polymerization will probably
have shown an approximately linear relationship at lower conversion and a decrease of
slope at higher conversion. The observed decrease suggest the presence of transfer or
termination reactions, which will still increase the conversion (consumption of monomer),
but will contribute less to the increase in molecular weight. This phenomenon will also
lead to an increased dispersity, causing a noticeable peak broadening in the second graph.
The polymerization at 70°C again exhibits a more linear trend, which proves again the
better "livingness" of the polymerization. Also, the dispersity of the 70°C polymerization
is better than the polymerization at 75°C, as it shows more constant and narrow values.
The second graph of Figure 2.7 exhibits the SEC traces and dispersities of the final, pu-

rified polymers. A perfect Gaussian curve is desired for the final polymer, which would
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correspond to a very narrow dispersity. The polymer synthesized at 70°C exhibits a good
Gaussian distribution and narrow dispersity, while the 75°C polymer shows some slight
low molecular weight tailing. This means that a fraction of the polymer has a (slightly)
lower molecular weight than the rest of the polymer either due to termination or irre-

versible chain transfer. Hence, the 75°C polymer is not as monodisperse as the 70°C

polymer.
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Figure 2.7: Overview of the SEC results for the RAFT polymerization of NIPAM using
[NIPAM]:[MBTTCJ:[I] = 250:1:0.25, 2M monomer concentration in DMF at 70°C and 75°C.
Left: molecular weight and dispersity versus degree of conversion. Right: normalized intensity

stgnal versus retention time.

To conclude, the livingness of this polymerization is confirmed by the experimental data
shown in Figures 2.6 and 2.7. One can clearly see that the polymerization at 70°C shows
a much more controlled behavior than the polymerization at 75°C. This results in a final
polymer that possesses a more narrow . Hence, the 70°C polymer is more monodisperse
and this temperature should be used for future copolymerizations with the supramolecular

comonomers.

2.3 Conclusion and outlook

During this project, we were able to partially synthesize a supramolecular host and guest
compound and provide them with a polymerizable double bond.

The supramolecular host compound is a cyclobis(paraquat-p-phenylene) (CBPQT*") deriva-
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tive, also known as bluebox. While the synthesis of a 'normal’ bluebox is extensively
described in literature, applying a linker to this molecule proves to be more difficult. Sec-
tion 2.1.1 displays the different approaches that were tested in an attempt to generate the
desired compound. The first part of the supramolecular host A was synthesized by re-
acting 4,4’-dipyridyl 1 with a, a-dibromo-p-xylene 2 at elevated temperature, under inert
conditions. To change the solubility of the bis(pyridinium) from water to organic solvents,
the intermediate was reacted with a saturated, aqueous NH,PFg solution to change the
counterion from Br~ to PF¢~. Synthesizing the second part of the supramolecular host B
was a bit more difficult since the introduction of the linker did not go as planned. In the
first step, 2,5-dimethylbenzoic acid 4 was brominated using NBS and AIBN, based on a
literature procedure. The supposedly straightforward procedure turned out to be more
time consuming due to overbromination and the separation from the tribrominated prod-
uct was almost impossible. Following the reaction with 'H NMR spectroscopy revealed
the appropriate reaction time necessary to still get a good purification of the compound
5. In the second step, the carboxylic acid 5 was modified with a linker and different
methods were attempted in the search for a successful procedure. Initially, the proposed
linker consisted of a ethylene glycol ether unit that was long enough to ensure a good
flexibility of the host in the hydrogel. Several methods were employed but none was
successful in yielding the expected compound B1. This was probably due to the differ-
ence in solubility between the starting material 5 and the final compound B1. Since the
mono-substituted glycol B1 is much better soluble than the carboxylic acid 5, a second
reaction occurs much faster, resulting in the di-substituted glycol. Therefore, an alter-
native compound B2 was produced without a linker. This was done by reducing the
already synthesized ethyl 2,5-bis(bromomethyl)benzoate 4b to the corresponding alcohol
B2. Because of time limitations, the assembly of both components and the reaction with
acryloyl chloride could not be carried out. All unsuccessful reactions were performed at
least twice to exclude coincidence.

The supramolecular guest compound is a 1,5-dialkoxynaphthalene derivative and was suc-
cessfully synthesized via a three-step process. Since someone of our research group already
had experience with this type of synthesis route, the execution of this reaction sequence
was rather straightforward. First, double alkylation of 1,5-dihydroxynaphthalene 8 was

achieved by reaction with 2-(2-chloroethoxy)ethoxyethanol 9 under basic conditions. This
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was followed by a single methylation reaction of the diol 10 with NaH/Mel, which was

further reacted with acryloyl chloride to obtain a polymerizable guest moiety 12.

For the second part of the project, a RAFT copolymerization of these supramolecular
compounds with NIPAM was planned. But since the supramolecular host molecule was
not ready in time, only a test homopolymerization of NIPAM could be executed. N-
isopropylacrylamide RAFT polymerizations at 70°C and 75°C were performed, together
with kinetic studies to analyze the livingness and controlled behavior of the polymerization
reactions at different temperatures. The livingness of this polymerization is confirmed by
the experimental data shown in Figures 2.6 and 2.7. One can clearly see that the poly-
merization at 70°C shows a much more controlled behavior than the polymerization at
75°C. This results in a final polymer that possesses a more narrow D. Hence, the 70°C

polymer is more monodisperse.

For future research, a suitable synthesis route can be developed to provide the supramolec-
ular host molecule with a suited linker. We propose to use a mono-protected alcohol to
allow the formation of the mono-substituted glycol over the di-substituted product. If
this succeeds, an additional two steps (assembly and reaction with acryloyl chloride) will
produce the final host monomer. Copolymerization reactions can then be performed, to-
gether with the characterization of the obtained polymers. In a further stadium, hydrogels
can be prepared by including a bifunctional monomer as crosslinker and characterized,

and the stimuli-responsive behavior can be investigated.
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3 Appendix - experimental section

3.1 Materials

The commonly used solvents were of HPLC grade and include: dichloromethane (DCM,
>99.8%, Sigma-Aldrich), ethanol (EtOH, disinfectol, Chem-Lab), methanol (MeOH, >
99.9%, Sigma-Aldrich), n-hexane (98.72%, Fisher Chemical), N,N-dimethylformamide
(DMF, 99.8%, Acros Organics), toluene (99.99%, Fisher Chemical), ethyl acetate (EtOAc,
>99.7%, Sigma-Aldrich), diethyl ether (Et,O, >99.8%, Sigma-Aldrich) and chloroform
(CHCI3, Fisher Chemical).

Deuterated solvents for 'TH NMR and *C NMR spectroscopy like chloroform-d (CDCls,
>99.8% D, water <0.01%) and dimethylsulfoxide-d6 (DMSO-d6, >99.8% D, water <0.02

%), were purchased from Euriso-top.

Dry dichloromethane (DCM), acetonitrile (MeCN), tetrahydrofuran (THF) and N,N-
dimethylformamide (DMF) were obtained from a custom made JW Meyer solvent purifi-
cation system by drying over aluminium oxide columns. Dry toluene was obtained by a

reflux setup under nitrogen atmosphere.

The following chemicals were used as received: 4,4’-dipyridyl (98%, Sigma-Aldrich), a, a-
dibromo-p-xylene (Fluka), ammonium hexafluorophosphate (NH,PFg, > 98%, Fluka),
2,5-dimethylbenzoic acid (>98.0%, TCI), sulfuric acid (HySOy4, >95%, Fisher Chemical),
N-bromosuccinimide (NBS, 99%, Sigma-Aldrich), carbon tetrachloride (CCly, 99%, Acros
Organics, molecular sieves), diethylene glycol (99%, ucb), 4-(dimethylamino)pyridine
(DMAP, 99%, Sigma-Aldrich), N, N’-dicyclohexylcarbodiimide (DCC, 99%, Sigma-Aldrich),
thionyl chloride (SOCI,, >99.5%, Acros Organics), methanesulfonic acid (MeSOsH, >99%,
Fluka), aluminium oxide (Al,O3, Merck KGaA), sodium bicarbonate (NaHCO3, VWR In-
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ternational), calcium chloride (CaCly, >97%, Sigma-Aldrich), 2-(2-chloroethoxy)ethoxy-
ethanol (>96.0%, TCI), 1,5-dihydroxynapthalene (97%, Sigma-Aldrich), potassium car-
bonate (K2COs3, >99%, Acros Organics), sodium hydride (NaH, 60% dispersion in mineral
oil, Sigma-Aldrich), iodomethane (Mel, >99%, Sigma-Aldrich), acryloyl chloride (>97%,
Sigma-Aldrich), pyridine (99.5%, Acros Organics), sodium carbonate (Na,COs, 99.5%,
Acros Organics) and magnesium sulfate (MgSOy, Fisher Chemical).
Azobis(isobutyronitrile) (AIBN, 98%, Sigma-Aldrich) was recrystallized from diethyl ether
and stored at -7°C.

N-isopropylacrylamide (NIPAM, 97%, Sigma-Aldrich) was recrystallized two times from
hexane prior to use.

Methyl-2-(n-butyltrithiocarbonyl)propanoate (MBTTCP) was prepared according to the

established procedure. 2%

3.2 Equipment

Reactions and chromatographic columns were followed by TLC on Macherey-Nagel SILG-
25 UV254 glass plates (silica TLC) and TLC Aluminium oxide 60 F254 neutral (alumina
TLC). Column chromatography was performed with a Biosolve silica gel stationary phase

or a Merck KGaA neutral alumina phase.

Column flash chromatography was performed on a Reveleris Flash Chromatography Sys-
tem using a cartridge containing the stationary phase and a mobile phase that can be
varied. A number of stationary phases and four solvent reservoirs are available. A UV
dectector is present that can monitor two wavelengths simultaneously as well as an evap-
orative light scattering detector (ELSD). The ELSD provides the ability to monitor all
non-volatile compounds in the eluent and allows the user to detect for compounds that
do not absorb UV radiation. An additional benefit of the ELSD is the ability to employ

mobile phases that absorb light at the same wavelength as the compound(s) of interest.

Centrifugation was performed on an ALC multispeed refrigerated centrifuge PK 121R
from Thermo Scientific using 50 mL centrifuging tubes with screw caps from VWR or 15

mL high clarity polypropylene conical tubes from Falcon.

Liquid chromatography mass spectrometry (LCMS) analysis was performed on an Agi-

lent 1100 HPLC with quaternary pump and UV-DAD detection, coupled to an Agilent
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G1956B MSD. Ionization of the samples was achieved through electronspray ionization

(ESI).

Nuclear magnetic resonance spectra were recorded on a Bruker Avance 300 MHz and
400 MHz spectrometer and at room temperature. 'H NMR and *C NMR spectra were
measured in chloroform-d (CDCl3) and dimethylsulfoxide-d6 (DMSO-d6) purchased from

Euriso-top .

Gas chromatography (GC) was used to determine the monomer conversion during the
reaction progress. GC was performed on an Agilent Technologies 7T890A system equipped
with an Agilent J&W Advanced Capillary GC column (30 m, 0.320 mm, and 0.25 pm).
Injections were performed with an Agilent Technologies 7693 auto sampler. Detection
was done with a FID detector. Injector and detector temperatures were kept constant
at 250°C and 280°C, respectively. The column was initially set at 50°C, followed by two
heating stages: from 50°C to 100°C with a rate of 20°C/min, and from 100°C to 300°C
with a rate of 40°C/min. This temperature was held for 30 seconds. Conversion was
determined based on the integration of monomer peaks using solvent (DMF) as internal

standard.

Size exclusion chromatography (SEC) was performed on a Agilent 1260-series HPLC sys-
tem equipped with a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic liquid
sampler (ALS), a thermostatted column compartment (TCC), a 1260 diode array detec-
tor (DAD) and a 1260 refractive index detector (RID). DMAc containing 50 mM of LiCl
was used as eluent at a flow rate of 0.6 mL/min. The SEC traces were analysed using the
Agilent Chemstation software with the GPC add on. Molar mass and PDI values were
calculated against PMMA standards.

3.3 Synthesis of monomers

1,1’-(1,4-phenylenebis(methylene))bis(4,4’pyridinium)bis(hexafluorophos-
phate) A

A solution of 4,4’-dipyridyl 1 (2 g, 12.8 mmol) in 30 mL dry DMF was heated to 90°C
under inert atmosphere. To this, a solution of «, a-dibromo-p-xylene 2 (0.338 g, 1.28
mmol) in 10 mL dry DMF was added dropwise and the solution was stirred overnight at

90°C. The obtained precipitate was filtered and washed four times with Et,O before being
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dissolved in water to give a light yellow solution. A saturated NH,PFg aqueous solution
(589.75 mg, 3.618 mmol) was added and the solution was stirred for 1h. The precipitate
was collected by centrifugation (6°C, 10000 rpm, 8 min.) and washed with water to give
a light brown, solid product A (0.629 g, 0.891 mmol, 69.6%).

'"H NMR (400 MHz, DMSO-d6) 65 = 9.33 (d, J = 7.0 Hz, 4H, —"NC;H,H,—), 8.87
(d, J = 6.2 Hz, 4H, —*NC;H,H,—), 8.64 (d, J = 7.0 Hz, 4H, —C;H,H,N), 8.00 (d,
J = 6.2 Hz, 4H, —C5H,H,N), 7.66 (s, 4H, C¢H,[CHy—"NC5H,—C5H,N],), 5.88 (s, 4H,
CgH,[CH,—"NC5H,—C5H,N],).

¥C NMR (101 MHz, DMSO) ¢ = 152.92 (C,), 150.98 (CH), 145.35 (CH), 140.75 (C,),
135.36 (C,), 129.58 (CH), 125.88 (CH), 121.92 (CH), 62.41 (CHs,).

ESI-MS: [M]?* = 208.10

ethyl 2,5-dimethylbenzoate 4al®!

Sulfuric acid (2.857 mL, 53.603 mmol) and 2,5-dimethylbenzoic acid 4 (2 g, 13.317 mmol)
were dissolved in 30 mL ethanol and heated under reflux overnight. After cooling and
concentrating, the obtained residue was dissolved in 30 mL DCM and washed with satu-
rated aqueous Nay,CO3 and water. The organic layer was dried over MgSQy,, filtered and
the filtrate was concentrated to yield a clear, colorless oil (1.934 g, 10.853 mmol, 81.5%).
'"H NMR (400 MHz, CDCly) 6y = 7.72 (s, 1H, —CgHs—), 7.19 (d, J = 9.4 Hz, 1H,
—C¢Hs—),7.12 (d, J =7.8 Hz, 1H, —CgHs—), 4.36 (q, J = 7.1 Hz, 2H, —C¢H3—CO,CH,CHjy),
2.55 (s, 3H, [CHgl,—CeHz—), 2.35 (s, 3H, [CHg,—CegHz—), 1.40 (t, J = 7.1 Hz, 3H,
—CgH3—CO,CH,CHs).

BC NMR (101 MHz, CDCl3) dc = 167.88 (C,), 136.83 (C,), 135.18 (C,), 132.57 (CH),
131.57 (CH), 130.91 (CH), 129.75 (C,), 60.62 (CH,), 21.22 (C'Hs), 20.77 (CHj), 14.36
(CHy).

ESI-MS: [M+H]" = 179.10

ethyl 2,5-bis(bromomethyl)benzoate 4b®!

NBS (2.96 g, 14.03 mmol) and a catalytic amount of AIBN were added to a solution
of ethyl 2,5-dimethylbenzoate 4a (1.25 g, 7.013 mmol) in CCl, and the suspension was
refluxed for 3h under nitrogen. After cooling and filtration of the succinimide, the filtrate

was concentrated and the resulting oil dissolved in 15 mL DCM. To this, 90 mL hexane
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was added and the solution produced a white precipitate after overnight cooling at -30°C.
The product was collected and its purity confirmed by "H NMR, spectroscopy (630 mg,
1.88 mmol, 26.7%).

"H NMR (400 MHz, CDCl3) 65 = 7.98 (s, J = 1.9 Hz, 1H, —CgH,[CH,Br),), 7.52 (dd, J
=7.9,1.9Hz, 1H, —CxH;/CH,Brl,), 7.44 (d, J = 7.9 Hz, 1H, —CcH;CH,Brl5), 4.93 (s, 2H,
—CgH;3[CH,Brly), 4.49 (s, 2H, —CgH3|CH,Brl,), 4.42 (q, J = 7.1 Hz, 2H, -CO,CH,CH3),
1.44 (t, J = 7.1 Hz, 3H, -CO,CH,CHj).

C NMR (101 MHz, CDCly) dc = 166.07 (C,), 139.23 (C,), 138.30 (C,), 132.84 (CH),
132.26 (CH), 131.71 (CH), 129.97 (C,), 61.59 (CH,), 31.89 (CH,), 30.95 (CH,), 14.80
(CHy).

ESI-MS: [M+H]* = 336.9

2,5-bis(bromomethyl)benzyl alcohol B2!!%

Ethyl 2,5-bis(bromomethyl)benzoate 4b (294 mg, 0.875 mmol) in 5 mL toluene was added
dropwise to a cooled (0°C) solution of DIBAL-H (2 mL, 17.3 mmol)(1M in THF) in 10
mL toluene, under inert conditions. The mixture was stirred for 3h at 0°C, after which
HCIl was added until a pH of 1 was reached. The organic phase was extracted, washed
with water, dried over MgSQO, and filtered. After concentrating over reduced pressure,
the product was washed with ice-cold ether to give a white powder B2 (30.82 mg, 0.11
mmol, 12%).

'"H NMR . (300 MHz, CDCl;) 65 = 7.48 (s, 1H, —C¢Hy ), 7.34 (s, 1H, —C¢Hy ), 7.33 (d,
J = 1.7 Hz, 1H, —CgHj ), 4.84 (s, 2H, —CgH3—CH,—0OH), 4.60 (s, 2H, —CgH3|CH,Br],),
4.48 (s, 2H, —CH3[CH,Br],).

3C NMR (101 MHz, CDCl3) 6 = 139.90 (C,), 138.8 (C,), 135.78 (C,), 131.15 (CH),
129.36 (CH), 128.88 (CH), 62.41 (CH,), 32.68 (CH,), 30.19 (CH,).

2,5-bis(bromomethyl)benzoic acid 5!

NBS (39.12 g, 219.80 mmol) and a catalytic amount of AIBN (0.05 g, 0.304 mmol) were
added to a solution of 2,5-dimethylbenzoic acid 4 (15.06 g, 100.26 mmol) in CCl, and the
suspension was refluxed for 3h under nitrogen. After cooling and filtration of the suc-
cinimide, the solution was left to stand overnight. The obtained precipitate was filtered

and dried under vacuum. Purification was done by recrystallization (vapor diffusion): the
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product was dissolved in chloroform and put in a hexane environment to produce white,
needle-like crystals 5 (7.76 g, 25.19 mmol, 25.1%).

'"H NMR (300 MHz, CDCl3) 6y = 8.13 (s, 1H, —CgH[CH,Br]y), 7.59 (dd, J = 8.0,
2.0 Hz, 1H, —C¢H;[CH,Br]y), 7.50 (d, J = 7.9 Hz, 1H, —CgH;3[CH,Br],), 4.99 (s, 2H,
—CgH3[CH,Brly), 4.50 (s, 2H, —CgH3[CH,Br)y).

¥C NMR (126 MHz, CDCl) dc = 170.49 (C,), 140.29 (C,), 138.54 (C,), 133.99 (CH),
132.74 (CH), 132.64 (CH), 127.98 (C,), 31.61 (CH,), 30.68 (CH,).

ESI-MS: [M+H]" = 306.90

(ethylene glycol ether) 2,5-bis(bromomethyl)benzoate B1

First attempt - via a 2,5-bis(bromomethyl)benzoyl chloride intermediate: !

A mixture was prepared of 2,5-bis(bromomethyl)benzoic acid 5 (0.2 g, 0.65 mmol), thionyl
chloride (1.638 mL, 1.38 mmol) and 1 drop DMF in 15 mL dry toluene. The solution was
allowed to reflux for 3h, before being cooled to room temperature and concentrated. The
resulting yellow oil 5a was used as such in the following step without further purification.
Under inert conditions, the benzoyl chloride derivative 5a was dissolved in 20 mL dry
DCM and added dropwise to a solution of diethylene glycol (0.2 g, 1.89 mmol) in 30 mL
dry DCM. The mixture was stirred for 4h at room temperature, and an additional 24h
at reflux. The solution was cooled, washed with water and the organic layer dried over

MgSQOy. After concentration, a dark orange oil is obtained that is unsuccesfully purified

by subjecting it to column chromatography (DCM /hexane, 10:5).

Second attempt - DCC coupling reaction: M8l

2,5-bis(bromomethyl)benzoic acid 5 (1 g, 3.25 mmol), diethylene glycol (6 g, 56.54 mmol)
and a catalytic amount of DMAP (0.02 g, 0.164 mmol) were dissolved in 30 mL pure
DCM, cooled to 0°C and degassed for 30 min. A solution of DCC (1 g, 4.85 mmol) in
20 mL pure DCM was added dropwise under 0°C and the solution was allowed to stir
overnight at room temperature before being refluxed for an additional 3 a 4h. After
filtration, the filtrate was washed with brine and water and the organic layer was dried
over MgSO,. Filtration and concentration resulted in a light yellow oil that was purified
using silica gel flash column chromatography (DCM /hexane, 10:5). This revealed the for-

mation of only the di-substituted glycol and a large amount of unreacted starting material.

48



Chapter 3. Appendiz - experimental section

Third attempt - monoesterification with AMA without the use of any solvents: 1]

To a mixture of MeSO3H (1 mL, 15 mmol) and Al,O3 (0.27 g, 3 mmol), 2,5-bis(bromo-
methyl)benzoic acid 5 (0.308 g, 1 mmol) and diethylene ether (0.095 mL, 1 mmol) were
added successively. The solution was stirred at 80°C for 1h. The mixtures was then
poured into an excess of water, extracted two times with EtOAc and the organic layer
washed with saturated aqueous NaHCOQO3. Drying over CaCls,, concentrating over reduced
pressure and purification by silica gel flash column chromatography, resulted again in the

di-substituted glycol.

1,5-bis[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-naphthalene 1024

Under nitrogen, a solution of 2-(2-chloroethoxy)ethoxyethanol 9 (31.37 g, 186 mmol) in 40
mL dry MeCN was added dropwise over 1h to a purple suspension of naphthalene-1,5-diol
8 (10 g, 62.43 mmol) and K,CO3 (51.77 g, 374.6 mmol) in 90 mL dry MeCN. The solution
was heated under reflux overnight to give a brown, turbid solution. After removing the
solvent, the resulting brown oil was dissolved in DCM, stirred for a few days and washed
with brine and water. The organic layer was dried over MgSQy,, filtered, concentrated
and the resulting red-brown oil was subjected to column chromatography over silica gel
(DCM/EtOH, 30:1) to give a brown, solid product 10 (12.69 g, 29.9 mmol, 47.9%)

'H NMR (400 MHz, CDClg) 6y 7.87 (d, J = 8.6 Hz, 2H, [CaH3—OCH;304]5), 7.36 (dd,
J =13.4, 5.7 Hz, 2H, [CcH3—OCgH,505]5), 6.85 (d, J = 7.6 Hz, 2H, [CaH;—OCeH;304],),
4.31 (m, 4H, [C¢H3—OCH,CHy—],), 4.00 (dd, J = 5.4, 4.3 Hz, 4H, [C¢H3—OCH,C H,—]5),
3.81 (m, 4H, [-OCH,CH,0OH],), 3.72 (m, 8H, [C¢H3;—OC,H,0C,H,0C,H,OH]5), 3.62 (m,
4H, [-OCH,CH,OH],).

13C NMR (101 MHz, CDCl3) ¢ = 154.31 (C,), 126.80 (C,), 125.13 (CH), 114.66 (CH),
105.76 (CH), 72.52 (CH,), 71.05 (CH,), 70.52 (CH,), 69.85 (CH,), 67.92 (CHy), 61.83
(CHy).

ESI-MS: [M+NH,|" = 442.20

1-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)-5-(2-(2-(2-methoxyethoxy)ethoxy)
ethoxy)naphthalene 11"

1,5-bis[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-naphthalene 10 (376 mg, 0.886 mmol) was
dissolved in 15 mL dry THF, to which a suspension of NaH (60% dispersion in mineral
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oil ; 0.6 g, 25 mmol) in 25 mL dry THF was dropwise added under inert atmosphere.
The solution was stirred at room temperature for 30 min, and an additional 30 min under
reflux. A solution of iodomethane (0.1285 g, 0.905 mmol) in 10 mL dry THF was added
dropwise over 15 min. The solution was further refluxed for 24h, cooled and methanol
(2.5 mL, 61.8 mmol) was added to react with the excess of NaH. After concentration,
the resulting oil was dissolved in DCM and washed with saturated aqueous Na,CO3; and
water. The organic layer was dried over MgSQ,, filtered, concentrated and the resulting
red-brown oil was purified by silica gel column chromatography (EtOAc/hexane, 95:5) to
give the final compound 11 (67.9 mg, 0.155 mmol, 17.5%).

'"H NMR (400 MHz, CDCls) 6y 7.86 (dd, J = 8.5, 3.4 Hz, 2H, [C4Hs—]y), 7.34 (m,
2H, [CgHs—],), 6.84 (d, J = 7.6 Hz, 2H, [C¢Hs—]y), 4.30 (dd, J = 9.6, 4.4 Hz, 4H,
[CeH3—OCH,CHy—]5), 4.00 (dt, J = 4.7, 3.5 Hz, 4H, [C¢gH3—OCH,CH,—],), 3.81 (m,
4H, [C¢H3—OC,H,—~0OCHgO9—5), 3.71 (ddd, J = 7.6, 5.9, 3.9 Hz, 6H, [C4H;—OC,H, —
OC4HO5—]5), 3.67 (m, 2H, [C¢H3—OC,H;—0OC,HgO5—]5), 3.62 (m, 2H, [CgH3—OC,H, —
OC,HO5—]5), 3.54 (m, 2H, [CgH3—OC,H,—OC,HgO5—]5), 3.37 (s, 3H, —OC,HgOy,—CHsy).
¥C NMR (101 MHz, CDCl;) §c = 154.33 (C,), 126.79 (C,), 125.09 (CH), 114.64 (CH),
105.71 (CH), 72.52 (CH,), 71.94 (CH,), 71.01 (CH,), 70.73 (CH,), 70.59 (CHy), 70.50
(CH,), 69.83 (CH,), 67.91 (CH,), 61.79 (CH,), 60.40 (CH,), 59.03 (CHs).

ESI-MS: [M+H]|*™ = 439.20

1-(2-(2-(2-acryloxyethoxy)ethoxy)ethoxy)-5-(2-(2-(2-methoxyethoxy)ethoxy)
ethoxy)naphthalene 12

Acryloyl chloride (21.02 mg, 0.232 mmol) in 3 mL dry DCM was added dropwise to a
solution of 1-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)-5-(2-(2-(2-methoxyethoxy)ethoxy)-
ethoxy)naphthalene 11 (67.9 mg, 0.155 mmol) and pyridine (24.5 mg, 0.310 mmol) in
7 mL dry DCM at 0°C, under inert atmosphere. The solution was stirred for 2h at 0°C
and then at room temperature overnight. After filtration of the pyridine hydrochloride,
the mixture is concentrated, dissolved in EtOAc, filtered again and washed with water
to remove any residual pyridine. Purification is performed by column chromatography
(EtOAc/hexane, 9:1). Due to the small amount of the product, only confirmation by
LCMS was possible.

ESI-MS: [M + NH,|* = 510.20
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3.4 Polymerizations

poly( N-isopropylacrylamide) ['?°!

PNIPAM was synthesized by RAFT polymerization under argon atmosphere. N-isopropyl-
acrylamide (1.132 g, 10 mmol), methyl 2-(butylthiocarbonothioyl-thio)propanoate (10.1
mg, 0.04 mmol) and AIBN (1.64 mg, 0.01 mmol) were dissolved in 5 mL DMF in a
schlenk flask to obtain a molar ratio of 250:1:0.25 and a monomer concentration of 2 M.
The mixture was subjected to three freeze-pump-thaw cycles to completely deoxygenate
the solution. One cycle consists of freezing the solution in liquid nitrogen for at least 10
minutes, after which vaccuum is applied (10 min) to remove the air present in the flask.
Next, the flask is put in a beaker of water to defrost, upon which air bubbles appear from
the solution. Due to the low pressure above the solution (vaccuum), the air gets released
from the solution (bubbles). This cycle is repeated at least 3 to 4 times till no more gas is
present in the solution. An argon atmosphere is applied to the flask and after taking the
first kinetic samples, the polymerization is started by placing the mixture in a preheated
oil bath (70°C/75°C). Samples are taken every half hour for kinetic studies. The solvents
used for GC and SEC samples were respectively acetone and dimethylacetamide (DMA).
After a reaction time of 3 hours, the flask was removed from the oil bath and placed
in liquid nitrogen to stop the polymerization. The resulting polymer was obtained via
precipitation in Et;O/hexane (4:1) and twice in pure Et;O. Centrifugation resulted in the
final white, powdery polymer.

Polymerization at 70°C: M,, = 42 kDa ; b= 1.11

Polymerization at 75°C: M,, = 38 kDa ; b= 1.16
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Towards Responsive Polymer Hydrogel Sensors and Actuators
Annelore Podevyn®, Zhanyao Hou®, and Richard Hoogenboom®*

@ Supramolecular Chemistry Group, Ghent University, Department of Organic and
Macromolecular Chemistry, Ghent 9000, Belgium
*Richard.Hoogenboom@ugent.be

The design of a second generation polymeric hydrogel thermome-
ters with a memory function is reported, based on thermorespon-
sive PNIPAM functionalized with 1,5-dialkoxynaphthalene guest
moieties and cyclobis-(paraquat-p-phenylene) (CBPQT*") host moi-
eties as pendants. This supramolecular thermometer should pos-
sess an enlarged thermal memory function for the thermal history
of the hydrogel and provides a visible readout. The synthesis of
the polymerizable supramolecular host and guest molecules is de-
scribed, together with the study of the RAFT polymerization of

PNIPAM, providing the first steps towards this hydrogel sensor.
Keywords: host-guest chemistry, thermoresponsive polymers,
poly(N-isopropylacrylamide)
Introduction

Biological processes have always been a source of inspiration for scientists to develop new
materials. The specificity, high adaptability and dynamic nature of these processes en-

couraged scientist to investigate the intermolecular interactions between molecules that
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are of a reversible nature. These non-covalent interactions are generally weaker than
the covalent interactions, but can be used in a multiple and cooperative manner to give
the strength needed to form stable complexes and provide the required adaptability and
specificity. Hence, the research field that focusses on these intermolecular interactions
between molecules, and analyzes how different molecules can recognize each other, assem-
ble and function on a molecular scale is called supramolecular chemistry. One interesting
type of mechanism that occurs in nature and relies on non-covalent interactions is the
recognition between an enzyme and its substrate. This mechanism is based on host-
guest interactions, which arise from the fact that the significantly larger "host" enzyme is
capable of enclosing the smaller "guest" substrate via non-covalent interactions. Compat-
ible geometry (lock-key principle) and complementary distribution of the active groups
are required to get a maximum specificity and stability between both molecules.! The
strength of the host-guest complexation generally depends on the size of both molecules
(compatible geometry) and the type and number of interactions.

Within this study, the focus will be on host-guest chemistry where the host is a macro-
cyclic cyclobis(paraquat-p-phenylene) (CBPQT*", bluebox) structure and the guest is
a 1,5-dialkoxynaphthalene derivative. The size and electron-accepting properties of the
bluebox’ cavity, make it ideal for the inclusion of electron-rich aromatic subunits such as

the 1,5-dialkoxynaphthalene derivative.?
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Figure 4.1: Overview of the supramolecular host and guest molecules used in this project and

host-guest complex

the association equilibrium.

Another important feature of biological processes is their ability to respond to small
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changes in their local environment through a property change. This is responsible for the
high adaptivity of living species and stems form the possibility to alter the non-covalent
intermolecular bonds via a change in amount or nature of the interactions or a variation
in conditions, such as concentration or temperature. Thermoresponsive polymers are of

33—

special interest for a wide range of applications,?” and undergo a phase transition upon

a change in temperature. These polymers can exhibit LCST and/or UCST behavior® 13
(lower or upper critical solution temperature) depending on if the polymer solution is
miscible below or above this critical temperature, respectively. The polymer used in
this study is PNIPAM, which exhibits LCST behavior. 416 The solubility in water, good
biocompatibility and LCST value around body temperature (32°C) make this polymer
very interesting to be used in biomedical applications.!” Furthermore, PNIPAM exhibits
a hysteresis in temperature. '®1® This means that this thermoresponsive polymer exhibits
a memory function for the thermal history of the solution. Since the observed hystere-
sis is too small to result in a useful thermal memory, PNIPAM can be combined with
supramolecular host-guest chemistry to develop supramolecular thermometers. These
thermometers possess a larger thermal memory function since complexation allows the
formation of a kinetically trapped state, making them more suitable to be used in appli-
cations.

Such soluble polymeric thermometers have already conceptually been developed by our
research group based on PNIPAM with dangling dialkoxynaphthalene guests and the
supra-molecular association with CBPQT*".» However, these thermometers undergo
macroscopic phase separation which strongly limits their applicability. Therefore, this
study aims to develop a second generation polymeric hydrogel sensor with an analogous
memory function, which will give rise to more widely applicable sensors. These hydrogels
are composed of thermoresponsive PNIPAM, functionalized with 1,5-dialkoxynapthalene
guest moieties and cyclobis(paraquat-p-phenylene)(CBPQT*") host moieties as pendants
to enlarge the thermal memory window and provide a visible readout. The synthesis of
monomers bearing supramolecular host and guest moieties and the RAFT polymeriza-
tion of NIPAM were studied. The copolymerization of NIPAM with the functionalized
monomers and the memory function of the copolymer will be investigated in future re-

search.
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Experimental

The used materials, equipment and synthesis routes for the target compounds is described

in the supporting information.

Results and Discussion

Synthesis of the supramolecular host

~

e
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Scheme 4.1: Synthetic pathway for the supramolecular host molecule, a CBPQT**

derivative.

The supramolecular host molecule, which is a CBPQT*" derivative, was synthesized from
two parts A and B as seen in Scheme 4.1. Compound A was prepared by first combin-
ing 4,4’-dipyridyl 1 and «a,a-dibromo-p-xylene 2 at elevated temperature to produce the
water soluble bis(pyridinium).2Br. This was then treated with an excess of saturated
aqueous NH4PFg solution, ensuring counterion exchange (Br to PFg) and inevitably
changing the solubility of the bis(pyridinium) from water to organic solvents. Ultimately,
bis(pyridinium).2PFg was obtained with a yield of 69.6%.

The synthesis of compound B started with a radical bromination reaction, based on the
literature procedure of Ashton et al.?°. In the second step, it was attempted to provide
the 2,5-bis(bromomethyl)benzoic acid 5 with a linker, to improve the flexibility of the
bluebox within the hydrogel. This proved to be more difficult, since most of the tested
procedures did not yield the right compound. As shown in Scheme 4.2, different methods

were examined in the search for an operative procedure.
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Scheme 4.2: Different reaction procedures tested in an attempt to generate the desired

compound B.

Following the literature procedure® for the initial radical bromination reaction of 2,5-
dimethylbenzoic acid 4, with AIBN as initiator, did not yield the expected pure com-
pound. Additional purification steps did not allow to isolate the pure 2,5-bis(bromomethyl)
benzoic acid 5. Analysis of the obtained product by 'H NMR spectroscopy and LCMS
revealed the presence of side products such as the mono-, tri- and tetrabrominated
acids. Removal of the mono- and tetrabrominated acid was achieved by recrystalliza-
tion from hexane vapor diffusion in a chloroform solution, but it failed to separate the
2,5-bis(bromomethyl)benzoic acid 5 from the tribrominated acid 5.II. The presence of
these side products indicates that the reaction time was too long. Hence, the reaction
was performed again under identical conditions, while being monitored using 'H NMR
spectroscopy (Figure 4.2). This revealed that a maximum reaction time of 3 hours was
sufficient to not generate the tribrominated acid as a side product that could not be re-
moved by recrystallization. Therefore, the reaction was terminated after 3 hours, forming
only a small amount of side product that could still be removed by recrystallization. The
pure dibrominated acid 5 was isolated with a yield of 25.1%.

In the next step, the carboxylic acid was converted to create a linker between the bluebox
and the polymerizable double bond and different methods were attempted in the search

for an successful procedure (Scheme 4.2). Initially, the proposed linker consisted of a
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ethylene glycol ether unit that was long enough to ensure a good flexibility of the host
in the hydrogel. In a first attempt, the 2,5-bis(bromomethyl)benzoic acid 5 was reacted
with thionyl chloride under inert conditions to generate the benzoyl chloride 5a.2?® This
was then added dropwise to a solution of diethylene glycol in dry DCM to attach the
linker.

o] Br

OH

Br Br
5.

Figure 4.2: Radical bromination reaction of 2,5-dimethylbenzoic acid with NBS: conversion
after 2 hours and 3 hours. The dotted lines represent the ' H chemical shifts of tribrominated

actd 5.1I as side product, which are used to determine the maximum reaction time.

Continuing with the reaction procedure of Ashton et al.?® resulted in the formation of
an oil-like solid, in which the desired product was not detected by LCMS. A second
method for synthesizing the (ethylene glycol ether) 2,5-bis(bromomethyl) benzoate B1
was attempted, based on the use of a DCC-coupling reaction?! to attach the linker to the
2,5-bis(bromomethyl)benzoic acid 5. Unfortunately, only the disubstituted glycol was
formed in small amount, together with a large amount of unreacted starting material. A
third method was attempted, where the monoesterification was performed in the presence
of Al,03/MeSOsH (AMA), without the use of any solvents. Sharghi et al.?? claimed this
reagent very effective and highly selective for the monoesterification of diols in high yields.
Performing this reaction under exact the same reaction conditions did not yield the ex-
pected monoester product and 'H NMR spectroscopy revealed that the obtained mixture
consisted purely of the diester product and some unreacted starting material. Since these

three literature procedures, that clearly stated that this type of reaction should work, did
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not yield the desired compound, an alternative compound B2 was produced without a
linker. This was done by reducing the already synthesized 2,5-bis(bromomethyl)benzoate
4b to the corresponding alcohol B223. Reacting the 2,5-bis(bromomethyl)benzoate 4b
with DIBAL-H for three hours at 0°C and acidic workup, generated the pure alcohol B2
with a 12% yield.

Because of time limitations, the assembly of compounds A and B and the reaction with
acryloyl chloride could not be carried out. All unsuccessful reactions were performed at

least twice to exclude coincidence.

Synthesis of the supramolecular guest

OH O;_\ OﬁOmOH

K.CO/MeCN
(8] OH
Cg cl 0 reflux

O O O OH
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Mel

= acryloyl chloride OG
pyridine/DCM

= o]
0O 0 0 o{_ 0 O O OH
AN — L A
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Scheme 4.3: Synthetic pathway for the supramolecular guest molecule, a

1,5-dialkoxynaphthalene derivative.

The supramolecular guest molecule is a 1,5-dialkoxynaphthalene derivative and was syn-
thesized according to optimized literature procedures. First, double alkylation of 1,5-
dihydroxynaphthalene 8 was achieved by reaction with 2-(2-chloroethoxy)ethoxyethanol
9 under basic conditions (KyCOs3), which resulted in the formation of the diol 10 with a
yield of 47.9%.%* The yielded 1,5-bis[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-naphthalene
10 was subsequently methylated under basic conditions (NaH) with iodomethane (Mel)
to generate the mono-methylated diol 11, as described in literature.?° The desired prod-

uct was isolated with a yield of 17.5%. Further reaction of component 11 with acryloyl
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chloride in the presence of a base (pyridine) resulted in the formation of the polymerizable

guest molecule 12.

Polymer synthesis

For the second part of this study, a RAFT copolymerization of these supramolecular
compounds with NIPAM was planned. But since the supramolecular host molecule was
not ready in time, only a test homopolymerization of NIPAM could be executed. N-
isopropylacrylamide RAFT polymerizations at 70°C and 75°C were performed, together
with kinetic studies to analyze the livingness and controlled behavior of the polymeriza-
tion reactions at different temperatures. Figure 4.3 (left) shows the first order kinetic
plot that was constructed by measuring the concentration of monomer periodically ([M])
during the polymerization via GC analysis. An expected linear relationship is obtained
for the polymerization at 70°C, confirming the living character of the polymerization.
The polymerization at 75°C follows an almost linear relationship until 120 minutes, after
which a decrease in slope is observed. This indicates the presence of termination reactions
at longer reaction times.

45000
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Figure 4.3: Kinetic study of the RAFT polymerization of NIPAM using
[NIPAM]:[MBTTCJ:[l] = 250:1:0.25, 2M monomer concentration in DMF at 70°C and 75°C.
Left: first order kinetic plot. Right: number average molecular weight (M) and dispersity (D)

as function of degree of conversion.

The number average molecular weight (M,,) and polydispersity (D) were determined dur-
ing the polymerization via SEC analysis. This data is plotted in function of the monomer
conversion in Figure 4.3 (right) . Again, a linear correlation is expected for "living" poly-

merizations. The polymerization at 75°C shows a high degree of conversion and a high
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molecular weight after only 30 minutes. To reveal the real trend of this data, more samples
should have been taken in the beginning of the polymerization. Comparing with the other
data, the polymerization will probably have shown an approximately linear relationship
at lower conversion and a decrease of slope at higher conversion. The observed decrease
suggest the presence of transfer or termination reactions, which will still increase the con-
version (consumption of monomer), but will contribute less to the increase in molecular
weight. This phenomenon will also lead to an increased polydispersity, causing a notice-
able increase in polydispersity at higher conversions. The polymerization at 70°C exhibits
a more linear trend, which proves the better "livingness" of the polymerization. Also, the
polydispersity of the 70°C polymerization is better than the polymerization at 75°C, as
it shows more constant and narrow values. By combining both graphs, we can conclude
that the RAFT polymerization proceeds in a living manner, but that the polymerization

temperature should no be too high to avoid termination and transfer reactions.

Conclusion

Synthesis routes for the supramolecular host and guest molecules were designed and de-
veloped. While the supramolecular guest was successfully synthesized without any major
problems, the synthesis of the supramolecular host showed some issues. The supposedly
straightforward procedure for the radical bromination of the second part of the host,
turned out to be more time consuming in finding the ideal reaction conditions. Further-
more, applying the initially proposed ethylene glycol ether linker turned out to be more
difficult than expected, probably due to the low solubility of the acid, and was due to time
limitations replaced by a shorter ethyl alcohol linker. Hence, the assembly of compounds
A and B of the host and the reaction with acryloyl chloride could not be carried out
and remain an item for further research. In addition, successful homopolymerizations
were carried out with NIPAM at 70°C and 75°C. The polymerization reaction at 70°C
reflected a better livingness and much more controlled behavior.

Future research will focus on developing a suitable synthesis route for the preparation of a
host molecule with an appropriate linker, and copolymerization reactions of the obtained

supramolecular host and guest molecules with NIPAM.
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Supporting Information

Materials

Unless otherwise specified, all reagents were used as received. Commonly used
solvents were of HPLC grade and were purchased from Sigma-Aldrich (DCM, MeOH,
EtOAc, Ety,0), Fisher Chemical (n-hexane, toluene, CHCl3), Acros Organics (DMF)
and Chem-lab (EtOH). Deuterated solvents for '"H NMR and '3C NMR spectroscopy
like chloroform-d (CDCls, >99.8% D) and dimethylsulfoxide-d6 (DMSO-d6, >99.8% D),
were purchased from Euriso-top. Dry solvents were obtained from a custom made JW
Meyer solvent purification system by drying over aluminium oxide columns (DCM, MeCN;,
THF, DMF) or by a reflux setup under nitrogen atmosphere (toluene). All chemicals
were purchased from Sigma-Aldrich, with the exception of diethylene glycol (ucb), Al,O;
(Merck KGaA), NaHCO3; (VWR International), H,SO, and MgSO, (Fisher Chemical),
2,5-dimethylbenzoic acid and 2-(2-chloro-ethoxy)ethoxy-ethanol (TCI), a, a-dibromo-p-
xylene, ammonium hexafluorophosphate and methanesulfonic acid (Fluka), CCly, thionyl
chloride, K5COs, pyridine and NayCOg (Acros Organics). Azobis(isobutyronitrile) (Sigma-
Aldrich) was recrystallized from diethyl ether and stored at -7°C. N-isopropylacrylamide
(Sigma-Aldrich) was recrystallized two times from hexane prior to use. Methyl-2-(n-
butyltrithiocarbonyl)propanoate (MBTTCP) was prepared according to the established

procedure. ?

Equipment

Column chromatography was performed with a Biosolve silica gel stationary phase
or a Merck KGaA neutral alumina phase. Column flash chromatography was performed
on a Reveleris Flash Chromatography System using a cartridge containing the station-
ary phase and a mobile phase that can be varied. A number of stationary phases and
four solvent reservoirs are available. A UV dectector is present that can monitor two
wavelengths simultaneously as well as an evaporative light scattering detector (ELSD).
The ELSD provides the ability to monitor all non-volatile compounds in the eluent and
allows the user to detect for compounds that do not absorb UV radiation. An addi-
tional benefit of the ELSD is the ability to employ mobile phases that absorb light at

the same wavelength as the compound(s) of interest. Centrifugation was performed on
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an ALC multispeed refrigerated centrifuge PK 121R from Thermo Scientific using 50 mL
centrifuging tubes with screw caps from VWR or 15 mL high clarity polypropylene coni-
cal tubes from Falcon. Liquid chromatography mass spectrometry (LCMS) analysis was
performed on an Agilent 1100 HPLC with quaternary pump and UV-DAD detection,
coupled to an Agilent G1956B MSD. Ionization of the samples was achieved through
electronspray ionization (ESI). Nuclear magnetic resonance spectra were recorded on a
Bruker Avance 300 MHz and 400 MHz spectrometer and at room temperature. 'H NMR
and 13C NMR spectra were measured in chloroform-d (CDCl3) and dimethylsulfoxide-d6
(DMSO-d6) purchased from Euriso-top. Gas chromatography (GC) was performed on an
Agilent Technologies 7890A system equipped with an Agilent J&W Advanced Capillary
GC column (30 m, 0.320 mm, and 0.25 pm). Injections were performed with an Agilent
Technologies 7693 auto sampler. Detection was done with a FID detector. Injector and
detector temperatures were kept constant at 250°C and 280°C, respectively. The column
was initially set at 50°C, followed by two heating stages: from 50°C to 100°C with a rate of
20°C/min, and from 100°C to 300°C with a rate of 40°C/min. This temperature was held
for 30 seconds. Conversion was determined based on the integration of monomer peaks
using solvent (DMF) as internal standard. Size exclusion chromatography (SEC) was
performed on a Agilent 1260-series HPLC system equipped with a 1260 online degasser,
a 1260 ISO-pump, a 1260 automatic liquid sampler (ALS), a thermostatted column com-
partment (TCC), a 1260 diode array detector (DAD) and a 1260 refractive index detector
(RID). DMACc containing 50 mM of LiCl was used as eluent at a flow rate of 0.6 mL/min.
The SEC traces were analysed using the Agilent Chemstation software with the GPC

add on. Molar mass and PDI values were calculated against PMMA standards.

Monomer synthesis

1,1’-(1,4-phenylenebis(methylene) ) bis(4,4 pyridinium ) bis(hexafluorophosphate) A
A solution of 4,4’-dipyridyl 1 (2 g, 12.8 mmol) in 30 mL dry DMF was heated to 90°C

under inert atmosphere. To this, a solution of «, a-dibromo-p-xylene 2 (0.338 g, 1.28
mmol) in 10 mL dry DMF was added dropwise and the solution was stirred overnight
at 90°C. The obtained precipitate was filtered and washed four times with Et,0O before
being dissolved in water to give a light yellow solution. A saturated NH,PFg aqueous

solution (589.75 mg, 3.618 mmol) was added and the solution was stirred for 1h. The
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precipitate was collected by centrifugation (6°C, 10000 rpm, 8 min.) and washed with
water to give a light brown, solid product A (0.629 g, 0.891 mmol, 69.6%).

'"H NMR (400 MHz, DMSO-d6) 65 = 9.33 (d, J = 7.0 Hz, 4H, —"NC;H,H,—), 8.87
(d, J = 6.2 Hz, 4H, —"NC;H,H,—), 8.64 (d, J = 7.0 Hz, 4H, —C;H,H,N), 8.00 (d,
J = 6.2 Hz, 4H, —C;H,H,N), 7.66 (s, 4H, C¢H,[CHy—"NC5H,—C5H,N],), 5.88 (s, 4H,
CeHy[CHy—NCsH,—C5H,N],).

3C NMR (101 MHz, DMSO) dc = 152.92 (C,), 150.98 (CH), 145.35 (CH), 140.75 (C,),
135.36 (C,), 129.58 (CH), 125.88 (CH), 121.92 (CH), 62.41 (CH,).

ESI-MS: [M]?* = 208.10

ethyl 2,5-dimethylbenzoate 4a?® Sulfuric acid (2.857 mL, 53.603 mmol) and 2,5-

dimethylbenzoic acid 4 (2 g, 13.317 mmol) were dissolved in 30 mL ethanol and heated
under reflux overnight. After cooling and concentrating, the obtained residue was dis-
solved in 30 mL DCM and washed with saturated aqueous Na,COs and water. The
organic layer was dried over MgSQy,, filtered and the filtrate was concentrated to yield a
clear, colorless oil (1.934 g, 10.853 mmol, 81.5%).

'"H NMR (400 MHz, CDCly) 65 = 7.72 (s, 1H, —C¢Hy ), 7.19 (d, J = 9.4 Hz, 1H,
—CeHs—), 7.12(d, J =T7.8 Hz, 1H, —CgH3—), 4.36 (q, J = 7.1 Hz, 2H, —C¢H3—CO,C H,CH3),
2.55 (s, 3H, [CHgs—C¢Hs—), 2.35 (s, 3H, [CHjs—CeHz—), 1.40 (t, J = 7.1 Hz, 3H,
—CgH3—C

0,CH,CH).

3C NMR (101 MHz, CDCl;) éc = 167.88 (C,), 136.83 (C,), 135.18 (C,), 132.57 (CH),
131.57 (CH), 130.91 (CH), 129.75 (C,), 60.62 (CH,), 21.22 (CHj), 20.77 (CH;), 14.36
(CHy).

ESI-MS: [M+H]" = 179.10

ethyl 2,5-bis(bromomethyl)benzoate 4b?° NBS (2.96 g, 14.03 mmol) and a catalytic

amount of AIBN were added to a solution of ethyl 2,5-dimethylbenzoate 4a (1.25 g, 7.013
mmol) in CCly and the suspension was refluxed for 3h under nitrogen. After cooling and
filtration of the succinimide, the filtrate was concentrated and the resulting oil dissolved
in 15 mL DCM. To this, 90 mL hexane was added and the solution produced a white
precipitate after overnight cooling at -30°C. The product was collected and its purity
confirmed by 'H NMR spectroscopy (630 mg, 1.88 mmol, 26.7%).
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'H NMR (400 MHz, CDCly) 6y = 7.98 (s, J = 1.9 Hz, 1H, —Cg¢H,/CH,Brl,), 7.52
(dd, J = 7.9, 1.9 Hz, 1H, —C¢Hs[CH,B1],), 7.44 (d, J = 7.9 Hz, 1H, —Cg¢H,[CH,Br],),
4.93 (s, 2H, —CgH,[CH,Br]y), 4.49 (s, 2H, —C¢H,[CH,Brl,), 4.42 (q, J = 7.1 Hz, 2H,
-CO,CH,CH3), 1.44 (t, J = 7.1 Hz, 3H, -CO,CH,CHs).

13C NMR (101 MHz, CDCly) d¢: = 166.07 (C,), 139.23 (C,), 138.30 (C,), 132.84 (CH),
132.26 (CH), 131.71 (CH), 129.97 (C,), 61.59 (CH,), 31.89 (CH,), 30.95 (CHy), 14.80
(CHs).

ESI-MS: [M+H]* = 336.9

2,5-bis(bromomethyl)benzyl alcohol B2 Ethyl 2,5-bis(bromomethyl)benzoate 4b (294

mg, 0.875 mmol) in 5 mL toluene was added dropwise to a cooled (0°C) solution of
DIBAL-H (2 mL, 17.3 mmol)(1M in THF) in 10 mL toluene, under inert conditions.
The mixture was stirred for 3h at 0°C, after which HCl was added until a pH of 1 was
reached. The organic phase was extracted, washed with water, dried over MgSO, and
filtered. After concentrating over reduced pressure, the product was washed with ice-cold
ether to give a white powder B2 (30.82 mg, 0.11 mmol, 12%).

'H NMR (300 MHz, CDCls) 65 = 7.48 (s, 1H, —C¢Hy ), 7.34 (s, 1H, —CgHy ), 7.33 (d,
J = 1.7 Hz, 1H, —C¢Hy ), 4.84 (s, 2H, —C¢H3—CH,—0OH), 4.60 (s, 2H, —C¢H3[C H,Br],),
4.48 (s, 2H, —CgH;3[C H,Brl,)

¥C NMR (101 MHz, CDCl;) dc = 139.90 (C,), 138.8 (C,), 135.78 (C,), 131.15 (CH),
129.36 (CH), 128.88 (CH), 62.41 (CHy), 32.68 (CHy), 30.19 (CH,).

2,5-bis(bromomethyl)benzoic acid 52° NBS (39.12 g, 219.80 mmol) and a catalytic

amount of AIBN (0.05 g, 0.304 mmol) were added to a solution of 2,5-dimethylbenzoic
acid 4 (15.06 g, 100.26 mmol) in CCly and the suspension was refluxed for 3h under
nitrogen. After cooling and filtration of the succinimide, the solution was left to stand
overnight. The obtained precipitate was filtered and dried under vacuum. Purification
was done by recrystallization (vapor diffusion): the product was dissolved in chloroform
and put in a hexane environment to produce white, needle-like crystals 5 (7.76 g, 25.19
mmol, 25.1%).

'H NMR (300 MHz, CDCly) 65 = 8.13 (s, 1H, —CgH[CH,Br]y), 7.59 (dd, J = 8.0,
2.0 Hz, 1H, —CgH3|CH,Br],), 7.50 (d, J = 7.9 Hz, 1H, —CgH3|CH,Br],), 4.99 (s, 2H,
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—CgH3[CHBrl,), 4.50 (s, 2H, —CgH,[C H,Br),).

13C NMR (126 MHz, CDCl3) ¢ = 170.49 (C,), 140.29 (C,), 138.54 (C,), 133.99 (CH),
132.74 (CH), 132.64 (CH), 127.98 (C,), 31.61 (CH,), 30.68 (CHs,).

ESI-MS: [M+H]* = 306.90

(ethylene glycol ether) 2,5-bis(bromomethyl)benzoate B1

First attempt - via a 2,5-bis(bromomethyl)benzoyl chloride intermediate®’: A mixture
was prepared of 2,5-bis(bromomethyl)benzoic acid 5 (0.2 g, 0.65 mmol), thionyl chloride
(1.638 mL, 1.38 mmol) and 1 drop DMF in 15 mL dry toluene. The solution was al-
lowed to reflux for 3h, before being cooled to room temperature and concentrated. The
resulting yellow oil 5a was used as such in the following step without further purification.
Under inert conditions, the benzoyl chloride derivative 5a was dissolved in 20 mL dry
DCM and added dropwise to a solution of diethylene glycol (0.2 g, 1.89 mmol) in 30 mL
dry DCM. The mixture was stirred for 4h at room temperature, and an additional 24h
at reflux. The solution was cooled, washed with water and the organic layer dried over
MgSOy. After concentration, a dark orange oil is obtained that is unsuccesfully purified
by subjecting it to column chromatography (DCM/hexane, 10:5).

Second attempt - DCC coupling reaction®': 2 5-bis(bromomethyl)benzoic acid 5 (1 g, 3.25
mmol), diethylene glycol (6 g, 56.54 mmol) and a catalytic amount of DMAP (0.02 g,
0.164 mmol) were dissolved in 30 mL pure DCM, cooled to 0°C and degassed for 30 min.
A solution of DCC (1 g, 4.85 mmol) in 20 mL pure DCM was added dropwise under 0°C
and the solution was allowed to stir overnight at room temperature before being refluxed
for an additional 3 a 4h. After filtration, the filtrate was washed with brine and water and
the organic layer was dried over MgSQO,. Filtration and concentration resulted in a light
yellow oil that was purified using silica gel flash column chromatography (DCM /hexane,
10:5). This revealed the formation of only the di-substituted glycol and a large amount
of unreacted starting material.

Third attempt - monoesterification with AMA without the use of any solvents®*: To
a mixture of MeSO3H (1 mL, 15 mmol) and Al,O3 (0.27 g, 3 mmol), 2,5-bis(bromo-
methyl)benzoic acid 5 (0.308 g, 1 mmol) and diethylene ether (0.095 mL, 1 mmol) were
added successively. The solution was stirred at 80°C for 1h. The mixtures was then
poured into an excess of water, extracted two times with EtOAc and the organic layer

washed with saturated aqueous NaHCO3. Drying over CaCl,, concentrating over reduced
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pressure and purification by silica gel flash column chromatography, resulted again in the

di-substituted glycol.

1,5-bis[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-naphthalene 102 Under nitrogen, a so-
lution of 2-(2-chloroethoxy)ethoxyethanol 9 (31.37 g, 186 mmol) in 40 mL dry MeCN

was added dropwise over 1h to a purple suspension of naphthalene-1,5-diol 8 (10 g, 62.43
mmol) and KyCOj3 (51.77 g, 374.6 mmol) in 90 mL dry MeCN. The solution was heated
under reflux overnight to give a brown, turbid solution. After removing the solvent, the
resulting brown oil was dissolved in DCM, stirred for a few days and washed with brine
and water. The organic layer was dried over MgSQO,, filtered, concentrated and the result-
ing red-brown oil was subjected to column chromatography over silica gel (DCM/EtOH,
30:1) to give a brown, solid product 10 (12.69 g, 29.9 mmol, 47.9%)

'H NMR (400 MHz, CDCl3) 05 7.87 (d, J = 8.6 Hz, 2H, [C¢H;—OCsH,305]5), 7.36 (dd,
J =134, 5.7 Hz, 2H, [C4H;—0OCgH,303],), 6.85 (d, J = 7.6 Hz, 2H, [C4H5—OCH303]5),
4.31 (m, 4H, [CgH3—OCH,CHy—,), 4.00 (dd, J = 5.4, 4.3 Hz, 4H, [C¢H3—OCH,C Hy—]5),
3.81 (m, 4H, [-OCH,CH,0OH],), 3.72 (m, 8H, [CgH3—OC,H,0C,H,0C,H,0H]5), 3.62 (m,
4H, [-OCH,CH,OH],).

¥C NMR (101 MHz, CDCl;) d¢c = 154.31 (C,), 126.80 (C,), 125.13 (CH), 114.66 (CH),
105.76 (CH), 72.52 (CH,), 71.05 (CH,), 70.52 (CH,), 69.85 (CH,), 67.92 (CH,), 61.83
(CH).

ESI-MS: [M+NH,|* = 442.20

1-(2-(2-(2-hydroxyethoxy )ethoxy)ethoxy)-5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-

naphthalene 112° 1,5-bis[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]-naphthalene 10 (376 mg,
0.886 mmol) was dissolved in 15 mL dry THF, to which a suspension of NaH (60% dis-

persion in mineral 0il)(0.6 g, 25 mmol) in 25 mL dry THF was dropwise added under
inert atmosphere. The solution was stirred at room temperature for 30 min, and an
additional 30 min under reflux. A solution of iodomethane (0.1285 g, 0.905 mmol) in 10
mL dry THF was added dropwise over 15 min. The solution was further refluxed for 24h,
cooled and methanol (2.5 mL, 61.8 mmol) was added to react with the excess of NaH.
After concentration, the resulting oil was dissolved in DCM and washed with saturated
aqueous Na,CO3 and water. The organic layer was dried over MgSQy, filtered, concen-

trated and the resulting red-brown oil was purified by silica gel column chromatography
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(EtOAc/hexane, 95:5) to give the final compound 11 (67.9 mg, 0.155 mmol, 17.5%).
'H NMR (400 MHz, CDCly) dy 7.86 (dd, J = 8.5, 3.4 Hz, 2H, [CeHy—l5), 7.34 (m,
O, [CoHy—]y), 6.84 (d, J = 7.6 Hz, 2H, [CeHy],), 4.30 (dd, J = 9.6, 4.4 Hz, 4H,
[CeHs—OCH,CH,y—15), 4.00 (dt, J = 4.7, 3.5 Hz, 4H, [CgHs—OCH,CHy—]), 3.81 (m,
4H, [CgHs—OCoH,—OC, HyOq—1o), 3.71 (ddd, J = 7.6, 5.9, 3.9 Hz, 6H, [CqHs—OC,H, —
OC4HyO5-15), 3.67 (m, 2H, [CeHy—OCyH,—OC, HyOy—1s), 3.62 (m, 2H, [CeHs—OC,H, —
OC4H405—]5), 3.54 (m, 2H, [CeH3—OC,Hy,—OC, HgO5—]5), 3.37 (s, 3H, —OC,HgO,—CHy).
13C NMR (101 MHz, CDCly) 6 = 154.33 (C,), 126.79 (C,), 125.09 (CH), 114.64 (CH),
105.71 (CH), 72.52 (CH,), 71.94 (CH,), 71.01 (CHy), 70.73 (CH,), 70.59 (CH,), 70.50
(CH,), 69.83 (CH,), 67.91 (CH,), 61.79 (CHy), 60.40 (CH,), 59.03 (CH,).

ESI-MS: [M+H]* = 439.20

1-(2-(2-(2-acryloxyethoxy)ethoxy)ethoxy)-5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
naphthalene 12 Acryloyl chloride (21.02 mg, 0.232 mmol) in 3 mL dry DCM was added

dropwise to a solution of 1-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)-5-(2-(2-(2-methoxy-
ethoxy)ethoxy)ethoxy)naphthalene 11 (67.9 mg, 0.155 mmol) and pyridine (24.5 mg,
0.310 mmol) in 7 mL dry DCM at 0°C, under inert atmosphere. The solution was stirred
for 2h at 0°C and then at room temperature overnight. After filtration of the pyri-
dine hydrochloride, the mixture is concentrated, dissolved in EtOAc, filtered again and
washed with water to remove any residual pyridine. Purification is performed by column
chromatography (EtOAc/hexane, 9:1). Due to the small amount of the product, only
confirmation by LCMS was possible.

ESI-MS: [M + NH,|* = 510.20

Polymer synthesis 2

PNIPAM was synthesized by RAFT polymerization under argon atmosphere. N-
isopropyl-acrylamide (1.132 g, 10 mmol), methyl 2-(butylthiocarbonothioyl-thio)propa-
noate (10.1 mg, 0.04 mmol) and AIBN (1.64 mg, 0.01 mmol) were dissolved in 5 mL
DMF in a schlenk flask to obtain a molar ratio of 250:1:0.25 and a monomer concentra-
tion of 2 M. The mixture was subjected to three freeze-pump-thaw cycles to completely
deoxygenate the solution. One cycle consists of freezing the solution in liquid nitrogen

for at least 10 minutes, after which vaccuum is applied (10 min) to remove the air present
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in the flask. Next, the flask is put in a beaker of water to defrost, upon which air bub-
bles appear from the solution. Due to the low pressure above the solution (vaccuum),
the air gets released from the solution (bubbles). This cycle is repeated at least 3 to 4
times till no more gas is present in the solution. An argon atmosphere is applied to the
flask and after taking the first kinetic samples, the polymerization is started by placing
the mixture in a preheated oil bath (70°C/75°C). Samples are taken every half hour for
kinetic studies. The solvents used for GC and SEC samples were respectively acetone
and dimethylacetamide (DMA). After a reaction time of 3 hours, the flask was removed
from the oil bath and placed in liquid nitrogen to stop the polymerization. The resulting
polymer was obtained wvia precipitation in Et,0/hexane (4:1) and twice in pure EtyO.
Centrifugation resulted in the final white, powdery polymer.

Polymerization at 70°C: M,, = 42 kDa ; b= 1.11

Polymerization at 75°C: M,, = 38 kDa ; b= 1.16
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5 Supporting Information

'H NMR spectra of the most important purified compounds.
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Figure 5.1: 'H NMR spectrum of the purified compound A.
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Figure 5.2: '"H NMR spectrum of the purified compound 5.
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Figure 5.3: 'H NMR spectrum of the purified compound B2.
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Figure 5.4: 'H NMR spectrum of the purified compound 10.
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Figure 5.5: 'H NMR spectrum of the purified compound 11.
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