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ABSTRACT

Despite several different approaches describing degradable and biodegradable molecularly
imprinted polymers (MIPs), the extent of their application and further research in this area remains
scarce. In this thesis the preparation of molecularly imprinted polymers based on
poly(organo)phosphazenes and their potential use as a modular construction kit for biocompatible,
degradable molecularly imprinted polymers is reported.

Molecularly imprinted polymers in general are to a great extent based on polyacrylates,
additionally, in more recent approaches, their synthesis in form of nanoparticles have become
more apparent. Due to the research focus on those approaches, the degradability of these
materials has not been investigated. To the best of my knowledge, only a few reports of
(bio)degradable MIPs based on poly(3-hydroxybutyrate), poly(lactic acid)/poly(ethylene glycol) or
degradable cross-linkers look specifically into these characteristics, despite their potential use in
biomedical applications.

Poly(organo)phosphazenes, a group of inorganic-organic hybrid polymers with a backbone of
alternating phosphorus and nitrogen atoms, offer unique and highly tunable characteristics due to
the vast range of applicable organic substituents, enabling precise controlled degradability and
degradation to benign small molecules. This, as well as the use of various functional groups for
imprinting, makes these polymers serve as potential candidates as basis for biocompatible and
degradable MIPs. Poly(organo)phosphazenes have been investigated for biomedical applications,
specifically for controlled drug release, be it polymer therapeutics or vaccine adjuvants, or tissue
engineering.

The synthesis of polyphosphazenes via a novel phosphine mediated one pot method is presented,
with glycine substituents for the wanted degradability and functionalized with thioglycolic acid
operating as a functional monomer, to imprint propranolol, a widely established template allowing
comparison with recent literature, furthermore, the influence of different porogens and

cross-linkers on the selectivity of the imprinted polymers over non-imprinted ones is determined.

Vi
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ZUSAMMENFASSUNG

Trotz unterschiedlichster Herangehensweisen an bioabbaubare und abbaubare molekular
gepragte Polymere (molecularly imprinted polymers, MIPs) verbleibt deren praktische Anwendung
und weiterfihrende Forschung in diesem Bereich begrenzt. In dieser Arbeit wird die Herstellung
von molekular gepragten Polymeren auf der Basis von Poly(organo)phosphazenen und deren
potentieller Nutzen als modular konzipierter Baukasten fir biokompatible, abbaubare molekular
gepragte Polymere erlautert.

Molekular gepragte Polymere basieren zu einem grof3en Teil auf Polyacrylaten, aber auch deren
Nutzung in Form von Nanopartikeln gewinnt mehr und mehr an Bedeutung und durch den
Forschungsschwerpunkt auf diesen Anwendungen wurde die Abbaubarkeit dieser Materialen
nicht untersucht. Nach meinem besten Wissen wird nur wenig im speziellen Uber diese
Eigenschaften berichtet, beispielsweise MIPs auf der Basis von Poly(3-hydroxybutyrat),
Polymilchsaure/Polyethylenglycol oder abbaubaren Vernetzern, trotz deren Potential im Bereich
von biomedizinischen Anwendungen.

Poly(organo)phosphazene, eine Gruppe anorganischer-organischer Hybridpolymere mit einem
Polymerriickgrat aus sich abwechselnden Phosphor- und Stickstoffatomen, bieten einzigartige
und héchst abstimmbare Eigenschaften auf Grund der verschiedensten nutzbaren organischen
Substituenten, welche eine prazise kontrollierbare Abbaubarkeit und weiteres einen Abbau hin zu
kleinen gutartigen Molekulen erlauben. Sowohl dadurch, als auch durch die Verwendung
unterschiedlicher funktioneller Gruppen beim molekularen Pragen, dienen diese Polymere als
potentielle Kandidaten flir biokompatible und abbaubare MIPs. Poly(organo)phosphazene wurden
fir den Gebrauch im Bereich von biomedizinischen Anwendungen bereits untersucht, genauer,
fur gezielte Wirkstofffreisetzung, seien es Polymertherapeutika oder Impfstoffadjuvanzien, oder
Gewebetechnologie.

In dieser Arbeit wird einerseits die Synthese von Polyphosphazene anhand einer neuartigen
Phosphan-moderierten Eintopfreaktion prasentiert, adaptiert mit Glycin-Substituenten fir die
gewulnschte Abbaubarkeit und funktionalisiert mit Thioglycolsaure als funktionelles Monomer zur
Pragung von Propranolol, ein weitgehend etabliertes Templat, welches einen Vergleich mit
aktueller Literatur erlaubt, und andererseits der Einfluss verschiedener Porenbildner und
Vernetzer auf die Selektivitat gepragter Polymer im Vergleich zu nicht gepragten Polymeren

aufgezeigt.

VIl
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1. Introduction

1.1. Polyphosphazenes

1.1.1. Molecular structure
Polyphosphazenes are a unique type of polymer, consisting of a backbone of alternating
phosphorus and nitrogen atoms linked via alternating single and double bonds. The character of
the -P=N- bond is still under investigation, nevertheless, in silico experiments propose partly
different and somehow interacting theories, namely the zwitterion model and the model of negative
hyperconjugation, both explaining the special properties of the polyphosphazenes backbone to
some degree.' Noteworthy are the contributions of negative hyperconjugations building up a
multiple bond character of the P=N bond with a minimal hindrance to bond rotations, allowing for
an unexpected flexibility of the polyphosphazenes backbone.' Nevertheless, the substituents of
the final poly(organo)phosphazene influence the flexibility to a great extent, as holds true for the
other properties of the polymer described below. These substituents are linked to the backbone
via nucleophilic attack on the phosphorus atom. Organic nucleophiles can be readily attached to
the inorganic backbone resulting in an inorganic-organic hybrid polymer. These hybrid polymers
offer a broad band of varying properties depending on the interplay of the organic substituents
and the inorganic backbone. Furthermore, the possibility to produce mixed substitutions increases
the accessibility of desired properties. This enables the creation of vast libraries of polymers with
specific attributes, positioning polyphosphazenes of increasing academic interest in various of

research fields.'%"3

1.1.2. Synthesis
Polyphosphazenes are commonly synthesized following one of two methods, either ring-opening
or living cationic polymerization. Ring-opening polymerization results in high molecular weight
polymers with broad polydispersities, whereas living cationic polymerization allows for controlled
molecular weight polymers with narrow polydispersities, in exchange for a lower molecular
weight.>'* Both methods follow the same scheme, depicted in Figure 1, by first synthesizing
poly(dichloro)phosphazene, which is subsequently reacted with organic nucleophiles to

poly(organo)phosphazenes during a postpolymerization substitution reaction.?
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Figure 1: Schematic representation of the common synthesis pathways towards
poly(organo)phosphazenes with varying substituents (R).

1.1.21. Ring-opening polymerization
Ring-opening polymerization is the classical route to prepare linear, high molecular weight
poly(dichloro)phosphazenes from hexachlorocyclotriphosphazene in large amounts. The cyclic
trimer is heated to 250 °C in vacuum in a sealed class tube for several hours leading to cleavage
of the chlorine atoms and formation of a cationic phosphazenium species, propagating the
polymerization by reacting with another cyclic trimer by the eponymous ring opening, Figure 2.'>1¢
While allowing for poly(dichloro)phosphazenes of high molecular weight, this synthesis is limited
to broad polydispersities and no control over the molecular weight. This is due to the initiation
mechanism itself, proceeding by cleaving Cl from the cyclic trimer, which can happen throughout
the whole polymerization process and can initiate a new chain over the whole course of the
reaction. Furthermore, a tight temperature control is necessary to enable a reasonable

polymerization rate while keeping side reactions and branching at bay.?

cl Cl cl. cl cl_ Cl cl cl n (PNCl,)3
N/ N/ @ \ o/ N

A e
Poy  250°C Py @ Py P__ clcicicicicl :
NN BOEL TN T TN e e POl P=N
Cl—P. -P-CI Cl—P. -P® HCI—P. -P-ClI Cl—P. -R-N"""N" "N —— g
N7\ N7 NN /NN e
c N oal c N ol c N cl cl cl o n

Figure 2: Commonly accepted mechanism of the ring-opening polymerization of
hexachlorocyclotriphosphazene to poly(dichloro)phoshazene.



JXU

JOHANNES KEPLER
UNIVERSITAT LINZ

1.1.2.2. Living cationic polymerization
The living cationic polymerization route allows for a controlled polymerization at room

temperature,®"’

using phosphoranimines, such as
P-chloro-P-methyl-phenyl(N-trimethylsilyl)phosphoranimine (CIPhMePNSiMe3) and
trichloro(N-trimethylsilyl)phosphoranimine (CIsPNSiMes) as monomers, with the latter being the
monomer of choice for the work presented in this thesis.”® In general, the polymerization of
trichlorophosphoranimine can be regarded as a polycondensation, where CIsPNSiMes forms the
cationic species [CIsPNPCIs]* and the counter ion PClg via reaction with two equivalents of PCls.
The polymer chain is propagated by the residual ClzPNSiMes in the reaction solution, as can be
viewed in Figure 3, producing an equivalent of CISiMes for each repeating unit attached to the
growing chain."’

One living cationic end group stemming from one cationic initiator per growing polymer chain
enables narrow polydispersities, as well as, controlled molecular weight by controlling the
monomer initiator ratio, as, in contrast to the ring-opening polymerization mechanism, the initiator
is formed just at the beginning of the polymerization reaction, and each chain is propagated by
just one cationic initiator during living cationic polymerization. Furthermore, the whole
polymerization reaction can easily be observed in *'P NMR spectroscopy via the disappearance
of the monomer signal, a single, sharp peak at -54 ppm, and a shift of the signal to the
characteristic signal for poly(dichloro)phosphazenes, a single, sharp peak at -18 ppm.2'1°

With PCls used to form the cationic initiator, a certain degree of bidirectionality regarding the chain
growth can be observed, due to the migrating propagating site from one chain end to the other.?
To allow only monodirectional growth to occur, RsPNSiMes type substrates can be used, R being
either an alkyl or aryl residue, but typically phenyl groups. Analogous to the procedure described
above, R3PNSiMes is reacted with two equivalents of PCls to form the cationic initiator enabling
polymerization of CIsPNSiMes via an identical mechanism but with the R-groups blocking one end
of the initiator forcing monodirectional chain growth and resulting in different and defined chain
ends, depicted in Figure 3.22'

In addition, RsPCly, chlorinated tertiary phosphines with R being again either an alkyl or aryl
residue, may be used in polar solvents, in which they are present completely in an ionized form
[RsPCI]*CI,? to initiate the living cationic polymerization of ClsPNSiMe; enabling monodirectional
growth as well, the reaction can be seen again in Figure 3.2>%* A significant advantage is also the
possibility to use monofunctionalized tertiary phosphines which are not only commercially
available but allow synthesis of polyphosphazenes with a functionalized a-chain end, opening the
way to higher architectures and macromolecular engineering.??3

Again, the course of the reaction can be followed by NMR spectroscopy, and additionally the end
groups of the chain can be distinguished. Even more, after a suitable macrosubstitution, the ratio
of the intensities of signals stemming from protons from the end group and the substituents can

be used as a fast and facile method to determine the average chain length of the synthesized

3
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polymer, hitherto, only determinable by the monomer to initiator ratio without a suitable control

after the polymerization.

The monomer, CIsPNSIi(CHs)s, itself is required in large amounts of high purity, and is synthesized
in a two-step process by reacting PCIlz with LiN(Si(CHs)3). and oxidizing the formed
CI.PN(Si(CHs)s)2 with SO.Cl, to give CIsPNSi(CHzs)s leading to high yield prior to purification.
However, significant loss during purification via vacuum distillation still occurs, and, additionally,
scaling up the process is limited due to the limitations of the purification step.??

In anticipation of these problems a one-pot synthesis directly polymerizing CIsPNSi(CHz)s following
its formation has been described by Wang,?® omitting the purification step and producing [NPCl3]n
directly without an intermediate step at the monomer. This allows for an easier scale up and higher
overall yields, both at the cost of control over the polymerization. Nevertheless, this special

approach has also been followed for parts of this work and adapted throughout it.

PCI _ SO,Cl
LiN(SiMe3); ——» Cl,P-N(SiMe3), 3202 Cl;P=NSiMe;
- - 2
-ClSiM63
1eq.
neq.
e Clp=NsiMe, 289-P% [0 ovope ] [pe }6——» ClP=N (IID:I—N s, |Pa ]@
: T CisiMe; |0 0 5| T-ncisiMe; 3 . 3 |7He
c o,
2 eq. PCls ® }@ c e S
— R3P=NSiMe3 ———— =N= PCly| +———— =N4p=
3 Ivies -C|Si|\/|e3 [R3P N PC|3] 6 —nCISiMe3 R3P N EI N PC|3 [PC|6]
- n

®( 10 ¢ 1o ©
L Cl3P=NSiMe3 M [R3P:N:PCI3] Cl| ———=— R3P=NtP=NtPCl;3 [m}
-ClISiMeg - n CISiMeg CIII

n

Figure 3: Schematic representation of the living cation polymerization with different cationic initiators and
including monomer synthesis. R being either an alkyl or aryl residues with a preferred use of phenyl
groups.

1.1.2.3. Macrosubstitution
As described above, and depicted in Figure 1, following the synthesis of the
poly(dichloro)phosphazenes a postpolymerization substitution, termed macromolecular
substitution by Allcock™, is performed to synthesize poly(organo)phosphazenes. This allows for
not only the synthesis of the various polymers with their own unique features, as already
mentioned, but is also necessary to stabilize the polymer, which would otherwise degrade upon
hydrolysis, due to the high reactivity of the poly(dichloro)phosphazene. Moreover, storage times
of several years have been reported for poly(dichloro)phosphazenes upon storing the polymer in

diglyme, without substituents to stabilize the polymer.?'®

4
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The macrosubstitution itself may pose some difficulties, requiring a large number of simultaneous
reactions, as well as different reaction conditions and times, greatly depending on the character
of the desired substituent, namely its nucleophilicity and steric hindrance.?” Moreover, a complete
macrosubstitution has to be ensured to avoid the aforementioned degradation of the polymer, as
well as a possible cross-linking due to the labile P-Cl bonds.? As for the poly(dichloro)phosphazene
synthesis, the progress of the macromolecular substitution can easily be followed via NMR
spectroscopy.'® Either in the shift of the *'P NMR signal from the sharp, single peak at -18 ppm
for [NPCl]. to a broader peak at 0 ppm, due to the larger side groups, or in the '"H NMR spectrum
by the increase in intensity of the substituents signals from which also the average chain length

can be estimated as mentioned above, as well as a broadening of the signals.

Special utilization of the macromolecular substitution are, for example, mixed substitutions where
two different substituents are used, offering an additional possibility to modify the properties of the
polymer in various ways. Nevertheless, it has to be kept in mind that two or more different
substituents complicate the macrosubstitution significantly. Although all phosphorus atoms react
once first before a second substituent is attached to any of them, the process is random and,
subsequently, can lead to exchange of the used substituents, disturbing the wanted ratios and

influencing the properties in an unforeseen way, as well as prolonging the reaction time.?

1.1.3. Degradation

A key feature of polyphosphazenes, especially for many biomedical applications, is their
degradability.?*2°% The degradation of poly(organo)phosphazenes occurs via hydrolysis of the
backbone, substitution of the organic substituents with water, resulting in the formation of
hydroxyphosphazene and subsequently phosphazane species. These instable derivatives finally
lead to chain cleavage and, overall, result in a degradation of the polymer into a mixture of
phosphates and ammonia alongside the organic side group, which can be altered by desire to be
benign and biocompatible, depending on the substituent.??*3° The complete pathway can be seen
in Figure 4.

Effects on the stability of the polymer, as well as on the degradation rate, depend highly on the
character of the side group and its functionality which can interplay to a certain degree,
complicating the development of guidelines regarding the influence of the side group on the
degradation. Nevertheless, P-NH-R compounds are observed to degrade faster than their P-O-R
counterparts accounting for the higher stability of the P-O bond. The same holds true for bulky or
hydrophobic residues, which protect the backbone from attack of H.O. In addition, the pH
influences the degradation rate in a way that lower pH values have a positive effect on the
degradation time, whereas slightly basic pHs show just little effect.?1%:29:3°

With this set of findings, a controllable degradation behavior of polyphosphazenes in a chosen

range can be achieved and tuned to the needs of a specific application.?
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Figure 4: Scheme of the degradation mechanism of poly(organo)phosphazenes upon hydrolysis.

1.1.4. Applications
As is highlighted in this chapter, polyphosphazenes enable the alteration of their properties to
cover a broad range, via the macromolecular substitution and the perfect coordination of
substituents. As a consequence, their applications are as broadly distributed over various research
fields as are their attributes. Focusing on their degradability and biocompatibility, they come to use

3132 or gene delivery®

in different fields of biomedical applications' be it tissue engineering'?, drug
or vaccine delivery.”® On the other hand they have also found applications in areas like in fuel
cells, as membranes, as high performance supercapacitor electrodes or more general as high
performance elastomers for various uses, polyphosphazenes have established themselves as

valuable and useful materials.'!343%

Despite being used as a basis for molecularly imprinted polymers in the past,

polyphosphazenes
are not established as suitable polymers for molecularly imprinted polymers, even though they
offer a great versatility of properties and functionalities, as well as desirable properties like

biocompatibility and degradability for areas with growing interest for molecular imprinting.
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1.2. Molecular imprinting

1.2.1. Basic principle

Molecular imprinting is a process greatly based on the “Lock and Key” theory for enzymes, and
can be defined in short as following: The synthesis of polymers, containing selective binding sites
for a ligand, formed upon covalent assembly of the bulk phase in presence of a template (atom,
ion, complex, microorganisms, and molecular, ionic or macromolecular assemblies) with
subsequent removal of the employed template to allow for selective recognition in the emptied
cavities.>™°

Different methods can be utilized for the formation of a molecularly imprinted polymer,

nevertheless, the basic principles are identical and depicted in Figure 5.

‘ (1) Complexation
<P
'

q ) Removal of Template
Recognition |

Figure 5: Schematic illustration of the molecular imprinting process, adapted from the literature.*!

v

(2) Polymerization

A functional monomer is mixed with the template and they interact either covalently or non-
covalently to form a pre-polymerization complex, Figure 5(1). This complex is subsequently
enclosed in a 3D-network upon polymerization, using suitable cross-linkers forming a cavity
occupied by the template, Figure 5(2). Finally, the template is removed, either washed out or, for
example, chemically cleaved, leaving a free cavity, ideally, remembering size, structure and other
properties of the template, such as chemical functionality, allowing for a successful and specific
rebinding of the template, Figure 5(3).4"*

For the characterization of molecularly imprinted polymers, different methods can be applied,
depending on the characters, morphology, chemical properties, recognition behavior and the
specific properties of interest. Morphological characteristics are traditionally investigated by
microscopic methods, light microscopy or electron microscopy, as well as scanning probe
microscopy, namely atomic force microscopy (AFM). Beside these, also Brunauer-Emmett-Teller
(BET) analysis can be applied to determine specific areas and pore sizes. Chemically, the
characterization of MIPs is more complex due to their insolubility, therefore, solid-state nuclear

magnetic resonance (ss-NMR) and Fourier-transform infrared spectroscopy (FT-IR) are methods

7
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of choice. The recognition behavior, probably the most important characteristic, can be evaluated
in various forms and methods, for example, one way to test the binding capacity is a batch
rebinding experiment. In addition, chromatographic methods are of good use, where the MIP is
packed in a column as the stationary phase, and the retention time of the template is determined.
Structurally related molecules can be tested easily this way, and thus the specificity of the MIP
towards its template.>’#'%2 More recent literature also reports the use of force spectroscopy
utilizing AFM to evaluate recognition specificity.** For this work, FT-IR has been used to ensure
the chemical characteristics of the molecularly imprinted polymer, BET-analysis has been
performed, and batch-rebinding with comparison to a non-imprinted polymer has been carried out

to determine the recognition behavior.

1.2.2. Imprinting - covalent, non-covalent
The imprinting process, Figure 5, is described further in a more detailed way for which two different
methods can be distinguished, covalent and non-covalent imprinting, referring to the interaction

between the template and the functional monomer, a comparison can be seen in Figure 6.

Chemical synthesis 1 Self-assembly
.
W
!

N
g Polymerization l Polymerization ﬁ
\Vj -
A C
L O
E Vv
N  Chemical cleavagel l Solvent extraction A
T L
E
N
T

Analyte bindh /Analyte binding

Figure 6: Schematic comparison of covalent and non-covalent molecular imprinting, adapted from Yan
and Row.*3
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1.2.21. Covalent imprinting
As described above, during covalent imprinting the template and the functional monomer are
linked to each other covalently and remain so during the polymerization step. The covalent bond
is subsequently cleaved, and the template is removed allowing for rebinding. A schematic of the

principle can be seen in Figure 7 by the example of a mannopyranoside.*’

Polymerization

Figure 7: Covalent molecular imprinting of a mannopyranoside via its 4-vinylphenylboronic acid ester,
adapted from the literature.*!

While allowing for a variety of polymerization conditions and a clear template-functional monomer
relation, covalent imprinting bears certain drawbacks. For one, it is limited by the necessity for
reversible covalent linkages between the template and the monomer, and is also vulnerable during
the removal of the template due to the potential of certain reaction conditions which can harm the

imprint.4143:4°
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1.2.2.2. Non-covalent imprinting
For non-covalent imprinting, the template and the functional monomer interact only by
non-covalent interactions such as hydrogen bonds, van der Waals interactions, or
electrostatic/ionic interactions during imprinting, as well as rebinding.?” A schematic representation

of the principle can be seen in Figure 8 by the example of theophylline.*’
o)
Y
N
| )
O)\N N :
' H

0
~ N
Template Step 1 ) /f\ll\)ﬁ > Step 2
07 N~ "N
: |

+

Functional monomer

/ —

Figure 8: Non-covalent molecular imprinting of theophylline via methacrylic acid; Step 1: self-assembly,
Step 2: polymerization, Step 3: template removal. Taken from Komiyama et al.*!

Non-covalent imprinting is the most frequently used method, as it is simpler and can be more
widely applied without the limitation of applicable reversible covalent linkages. Nevertheless, the
interaction between the template and the functional monomer is less clear and the polymerization
conditions have to be monitored rigorously to prevent disturbance of the non-covalent
41,43,45

interactions.

For the work presented in this thesis, non-covalent imprinting has been used.
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1.2.3. Functional monomers

The choice of a suitable functional monomer may pose the most important question during the
design of a molecularly imprinted polymer, significantly influencing its functionality. The role of the
monomer is to form a stable pre-polymerization complex and enable successful polymerization
and cavitation. In this sense, the monomer consists of two units, the recognition unit and the
polymerizable unit. The polymerizable unit can be comprised of vinyl double bonds or silicon
hydroxyl residues for example, depending in the polymerization process, chosen in a way to not
interfere with the imprinting. The recognition unit has to be chosen in a way that allows a specific
interaction with the template. Utilization of more functionalities or even multiple functional
monomers interacting with the template can improve the specificity of the MIP. Regarding the
aforementioned methods of imprinting, covalent and non-covalent, different functional monomers
are used, and a short excerpt of different monomers can be seen in Table 1 and Table 2.
Furthermore, the method of choice for the imprinting process also influences the ratio between
template and functional monomer. Whereas for covalent imprinting a clear stoichiometry is known,
non-covalent imprinting utilizes Le Chatelier’'s principle, using an excess of the monomer to
increase the concentration of the pre-polymerization complex, routinely ratios of 1:4 or higher,
determined empirically.3” 414345

Outstanding in the ranks of functional monomers is methacrylic acid (MAA), with it being both a
hydrogen bond donor and acceptor, it is used as a somewhat universal functional monomer.*’
Additionally, the capability of MAA to dimerize*, in this way increasing selectivity, as well as its
pore forming properties in higher molar fractions*’ leading to an enhanced binding capacity,
account for its broad use.*’

Table 1: Common functional monomers used for covalent molecular imprinting.3’

Name Chemical Structure

OH

(4-vinylphenyl) boronic acid B oH
X
4-vinyl benzaldehyde ~0
N
: . NH,
4-vinyl aniline
N

1"
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Table 2: Common functional monomers used for non-covalent molecular imprinting.374243

Name Chemical Structure

0

methacrylic acid \‘)k
OH

(0]

acrylamide \)L
S
NH,

4-vinylpyridine N

X ¥

- . Z
methylvinyldiethoxysilane ,

12
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1.2.4. Polymerization methods
Overall, two general polymerization methods are used for the production of molecularly imprinted
polymers, free-radical polymerization and the sol-gel process.®"#13
With radical polymerization being the most common one, an overview of the mechanism is
depicted in Figure 9, different techniques have been established and compared, and the

respective advantages and disadvantages are summarized in Table 3, adapted from the

literature.3”*?
1. Initiation
Initiator
R—R, AT or UV-light 2R,
=N
SO
R1 + / R/\./R2
R, 1
2. Propagation n /
K\? R>
= .
Ry T2 F— R —, R
R> R, R, R, |[R, R,
n
3. Termination /\’\ R, R,
R
1/\/\ + Rq - R1/\m/K/\/ 1
Ry Ry Ry Ro Ry Rp
o .
R’I/Y\ + ¢ R1 _ . R1 + /\K\R’I
Ry Ry Ry Ry Ry Ry Ry Ro

Figure 9: General depiction of the mechanism of free-radical polymerization.

Briefly, whereas bulk polymerization is the most widely used free-radical polymerization and allows
for an easy preparation of MIPs, the necessary post-polymerization steps pose significant
drawbacks of this technique. More sophisticated methods for molecular imprinting were therefore
established, covering a broad range of approaches. Suspension polymerization is still simple in
procedure but problematic in its use of solvents. Multi-step swelling allows for MIPs of controlled
diameters, ideally suited for chromatographic applications, but is time consuming. Also, the use of
water as a solvent is inconvenient as it can disturb non-covalent interactions. On the other hand,
precipitation polymerization for example gives an even higher control over the size than multi-step
swelling and works in organic solvents, but requires a large amount of solvent and a tight control

of reaction conditions.?”*
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Table 3: Summary of different polymerization methods for molecular imprinting.3”43

o _ Literature
Polymerization method Advantages Disadvantages
examples
 simple and universal | « post-polymerization
* no particular processing (grinding,
Bulk instrumentation sieving, packing) 4650
polymerization | necessary * no size/shape
control
* low performance
) * spherical particles * big particle size
Suspension _ _
_ | *reproducible » special solvents >1-57
polymerization '
* possible scale-up needed
_ * spherical particles * aqueous emulsion
. Multi-step .
Free-radical . » controlled size troublesome
o swelling . . 58-64
polymerization o * ideal for HPLC » complicate
polymerization
procedure
* high yield * large amount of
Precipitation * high quality template 6572
polymerization | * controlled size and * large amount of
shape solvent
* high yield * remnants of
_ * water soluble surfactant
Emulsion
| polymers * low performance 3,74
polymerization _
» monodispersed
particles

« at room temperature | ¢ lack of

* eco-friendly solvents | polymerization 40
Sol-gel process

method and

functional monomer

Less common polymerization methods include electrochemical polymerization and
electrodeposition, as well as direct grafting on monolithic columns and photografting, and the
aforementioned sol-gel process.>"**

For the work presented in this thesis, a different approach has been followed, synthesizing the
polymer with the functional monomer attached beforehand and imprinting in a separate step during

cross-linking.

14
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1.2.5. Current perspective and future objectives

Molecular imprinting is used in a broad range of different fields, spanning from chromatographic
functions to sensory applications to drug delivery systems or even catalysis.*? Each of them with
different demands of properties of the imprinted system and challenges in their production.

A short and selected overview of different areas of applicability and research interest can be seen
in Figure 10. A more detailed discussion of the applications and distinct examples can be found in
several extensive reviews on these matters, as for an overall discussion of MIP applications*?, for
sample pretreatment, chromatographic or sensory applications®, catalysis’, as well as drug

delivery systems®.

Applications in molecular

imprinting
Sample pretreatment Chromatography Sensory applications Catalysis Drug delivery systems
SPE Packing material Electrochemical Substrate analogues Sustained release
solid phase extraction
SPME Monolith Fluorescent VRS EEnS R Controlled release
solid phase micro extraction analogues
SBSE . .
Chemiluminescent Product analogues
stir bar sorption extraction
GO T Smart imprinting
systems
SPR/FT-IR
surface plasmon resonance
SERS
surface enhanced Raman
spectroscopy
Others

Figure 10: Selected overview of applications and research interests of molecularly imprinted polymers,
adapted from the literature.37:42:4575

Besides the advances in the various fields of interests, certain problems and challenges still
remain. One of these problems, and probably the most severe one, since it interferes essentially
with every other aspect in development, synthesis and optimization, is the laborious and time
consuming work necessary to design an optimal MIP system.*> Nevertheless, different
approaches towards simultaneous work flows have been carried out and are promising shorter

time scales for molecular imprinting.”®~"®
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Another problem, especially for biological applications, arises in the water-compatibility of
molecular imprinting, especially for non-covalent approaches water molecules can interfere with
the binding capabilities of the polymer.*? Also, the limited size of possible imprints is a problem
which needs to be tackled to advance molecular imprinting in the fields of biological sensors or
drug delivery even further.*>"®

To focus more on problems regarding drug delivery applications and emphasize the opportunity
and novelty of the work presented within this thesis, another drawback of some of the currently
reported MIP systems are safety and toxicological concerns regarding the base polymers.*> Some
molecularly imprinted polymers based on degradable and/or biocompatible polymers have already
been reported, for example on the basis of poly(3-hydroxybutyrate)® and
poly(lactic acid)/poly(ethylene glycol)®' or even polyphosphazenes®, even though without the
priority on degradability and biocompatibility. Nevertheless, to the best of my knowledge, the
herein presented work opens up a new way of tackling the demands on polymers for molecular
imprinting, especially in regard to biocompatibility, degradability, and, furthermore, permits a

unique adaptability of the system.
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1.3. Thiol-ene chemistry

Historically, and also most widely applied, thiol-ene chemistry is based on a free-radical reaction
mechanism, nevertheless also other mechanistic pathways may apply.®2% In principle, an initiator,
most often a photoinitiator, is used to induce the formation of a thiyl radical upon irradiation. The
reaction proceeds by the direct attack, and addition to a C=C double bond resulting in a carbon
radical. Finally, the chain transfer to a second thiol molecule occurs, resulting in the thiol-ene

addition product, as well as a new thiyl radical for further propagation. The mechanism is

summarized in Figure 11.%2
RPONR, R;—SH
R,—SH + initiator R—S’ R—S
Rz
=\
Rz

Figure 11: Mechanism for thiol-ene chemistry upon photoinitiation, adapted from the literature.8?

Advantages of the thiol-ene chemistry include a rapid reaction process, tolerance towards the
presence of air/oxygen or moisture, and quantitative, regioselective product formation.
Furthermore, in regard to molecular imprinting, thiol-ene chemistry is extremely versatile allowing

for a wide range of enes and basically any thiol.®?

This may simplify the design of a molecular
imprinting system regarding the selection of the functional monomer, and the imprinting process
itself.

Moreover, thiol-ene photochemistry has been widely applied with polyphosphazenes. Not only can
substrates  containing multiple  thiol  functionalities  be used to  cross-link
poly(organo)phosphazenes containing substituents with a double bond without any interference
with the -P=N- polymer backbone.?2%* But thiol-ene chemistry has also proven itself exceptionally
useful for different macrosubstitution applications in a way of a two-step post-polymerization
reaction. By reacting the poly(dichloro)phosphazene first with a simple, double bond containing
substrate and subsequent modification via a thiol-ene reaction, an easier way to controllably react
multifunctional nucleophiles with poly(dichloro)phosphazenes without the necessity of laborious
protection/deprotection reactions or the risk of unwanted cross-linking is provided. Plus, it
simplifies the use of bulky molecules, where steric hindrance could lead to incomplete substitution
and resulting degradation due to remaining chlorine atoms and chain cleavage, again by first
reacting the poly(dichloro)phosphazene with a simple double bond containing entity and
subsequent thiol-ene reaction with the desired, bulky side group.®°-%®
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1.4. Propranolol

1.4.1. Development

At the beginning of the 20™ century the receptor theory for the mode of action of drugs and other
transmitting agents became apparent. One of the hallmarks in acceptance of this theory was the
description of adrenergic receptors by Raymond P. Ahlquist, namely a- and R-adrenergic
receptors, which in return lead to the synthesize of respective antagonistic medications with
propranolol being one of the first of them 8"

3-Adrenergic receptors, all members of the G-protein coupled receptor superfamily, can be further
divided in three subclasses, 31, R2 and R3, differing in their predominant location and sensitivity
towards catecholamines like adrenalin and noradrenalin. Nevertheless, they all have in common
their primary principle of operation through activation of adenylyl cyclases which catalyze the
conversion of adenosine triphosphate (ATP) to the secondary messenger cyclic adenosine
monophosphate (cCAMP), binding and activating protein kinase A in return and affecting a broad
range of cellular processes in this sense.®¥

Propranolol, actually a replacement of the preexisting R-blocker medication pronethalol, which
was found to cause thymic tumors in mice, is a non-specific R-blocker binding to all three sub-
types, and historically used against angina pectoris, a condition in which areas of the heart muscle
are insufficiently supplied with oxygen rich blood.?'9%%

The structure of propranolol, as depicted in Figure 12, resembles epinephrine and norepinephrine,
being composed of an aromatic group as well as an amine and alcohol functional group. However,
propranolol, or 1-(isopropylamino)-3-(1-naphthyloxy)-2-propanol, is built from a naphthyloxy
residue rather than a phenyl group, also missing the hydroxy residues on the aromatic rings,
accounting for the water insolubility in contrast to epinephrine and norepinephrine. Furthermore,
despite the occurrence of the active R enantiomer of epinephrine and norepinephrine in the body,
S(-)-propranolol is about 100 times as potent as its R(+) counterpart.®® This may be related to the
naphthyloxy group inverting the order of the substituents on the chiral center resulting in the same
relative orientation of the amino group to the alcohol group and to the aromatic group, both in

S(-)-Propranolol and epinephrine/norepinephrine.

OH OH
\NYQ:OH H2N/Y©:OH
Ho oH OH

Epinephrine Norepinephrine

/LN 0 ‘
H/Y\
OH
Propranolol

Figure 12: Molecular structures of epinephrine, norepinephrine and propranolol.
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1.4.2. Use in medicine
Propranolol is a R-receptor antagonist competing with classical agonists like catecholamines, and
blocking the binding site of the receptor leading to a proportional decrease in chronotropic,
inotropic and vasodilator response, affecting the heart rate, contractility and blood vessel

relaxation, respectively, due to R-adrenergic stimulation.%>’

1.4.21. Cardiovascular diseases

As described above, propranolol was initially designed against cardiovascular problems, angina
pectoris in particular, referring to chest pain stemming from an insufficient supply of oxygen.*

By decreasing the blood pressure as well as keeping the heart rate low, a combination of
propranolol’s inotropic and chronotropic effect, the R-blocker reduces myocardial oxygen
consumption, counteracting the symptoms of angina pectoris. Furthermore, it is suggested that
propranolol exerts vasodilation despite blocking 3-receptor response, which normally leads to
smooth muscle relaxation to a small extend in coronary arteries.?®"'%

In this sense, propranolol is also used as a medication against hypertension and other

cardiovascular disease.

1.4.2.2. Cancer
In recent years, propranolol evolved from being an exclusive cardio vascular drug to a broader
field of application. Cancer is one of these application with reports of propranolol acting against
prostate cancer, as well as breast cancer, leukemia and many others. The [3-blocker has shown
effects in various ways, including the immune system, cell proliferation and increasing sensitivity
of tumor cells to existing treatments.?" 192
In addition, propranolol was reported as an adjuvant in a tumor vaccine model of breast tumor-

bearing mice.'%

1.4.2.3. Anxiety disorder

The fight-or-flight response is a primordial instinctive response to fear, anxiety, or other forms of
stress. 04105

The systems behind this response are multilayered and complex, and chronic dysregulation of
these can lead to sever functional impairments often associated with people constantly exposed
to activating stimuli. This condition, named post-traumatic stress disorder (PTSD), leaves the
patients with persistently re-experience of the trauma, a numbing to certain stimuli related to the
trauma or their avoidance, negative mood/cognition and also physiological arousal.
Catecholamines are one kind of factors affecting PTSD, adrenalin in particular influences arousal,

pulse and blood pressure but also the encoding of fear memories and the response to such.'%¢-1%®
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In general, norepinephrine is associated with memory consolidation as well as extinction.
Investigations into the mechanisms, in which these processes proceed, are currently ongoing,
where the mitogen-activated protein kinase (MAPK) and Janus kinases (JAKs), Signaling
Transducer and Activator of Transcription proteins (JAK/STAT) pathways, among others, may be
included. Propranolol as a R-blocker with the ability to cross the blood brain barrier poses as a
potent medication for PTSD. It supposedly prevents memory reconsolidation, meaning a
continuous erasure of the memory during reactivation, or it might also enhance extinction
learning.'%®110

Propranolol stays, despite a not yet fully understood mode of action, an interesting and effective

substance against PTSD and keeps further room for investigations.

1.4.3. Application in molecular imprinting
Propranolol serves as a well-suited substrate for research in molecular imprinting, since, despite
its relatively small size, it is chiral and enables different methods of functionalization either by
hydrogen bonds, pi-stacking or hydrophobic interactions, and, due to its well-established use in
different fields of medicine and biochemistry, it also serves a practical use as mentioned in detail
above. Therefore, in means of research regarding new molecularly imprinted polymers,
propranolol presents itself as a valuable template for simplicity, comparability, and practical

applicability.
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2. Experimental

2.1. Materials and characterization

The chemicals were purchased from different commercial providers. Anhydrous dichloromethane
and potassium dihydrogen phosphate were purchased from Alfa Aesar, propranolol as a racemic
mixture from Fluorochem, triethylamine and ethanol were purchased from Merck and
N-(tert-butoxycarbonyl)glycine (Boc-Gly-OH) from Novabiochem. Lithium bromide, LiN[Si(CH3)s]2,
phosphorus trichloride, sulfuryl chloride, triphenyl phosphine dichloride, 4-diphenylphosphanyl
benzoic acid-2-(trimethylsilyl) ethyl ester, hexachloroethane, trimethylolpropane tris(3-
mercaptopropionate),  pentaerythritol  tetrakis  (3-mercaptopropionate),  pentaerythritol
tetraacrylate, 2,2-dimethoxy-2-phenylacetophenone (DMPA), chloroform-d and potassium
carbonate were purchased from Sigma Aldrich and allyl bromide from Aldrich. Trifluoracetic acid
and adipic acid divinyl ester were purchased from TCl and diethyl ether, dichloromethane,
dimethylformamide, tetrahydrofuran, chloroform, toluene, methanol, magnesium sulfate, sodium
chloride, DMSO-d6 as well as HPLC grade methanol, acetonitrile and ortho-phosphoric acid from
VWR. Jeffamine-1000 was received from Huntsman.

EtsN was distilled and stored over molecular sieves. PCls was sublimated and stored in the glove

box.

All NMR experiments were measured on a Bruker® Advance 300 spectrometer. '"H NMR spectra
were recorded at 300 MHz and *'"P{'"H} NMR spectra at 121 MHz, the shifts of the proton spectra
were referenced to residual solvent signals. FT-IR spectroscopy was performed on a Perkin Elmer
Spectrum 100 FTIR spectrometer.

HPLC measurements were performed on an Agilent RRLC equipped with a Rapid Resolution HD
Eclipse Plus C18 column (2.1 mm x 50 mm, particle size 1.8 ym). Dynamic light scattering (DLS)
was measured on a Malvern Zetasizer Nano ZSP® in ethanol. A Micromeritics TriStar 3000 was
used for BET measurements.

Photochemical reactions were carried in a Rayonet Chamber Reactor, with an UV lamp from

Camag centered at 254 nm, in glass vials.
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2.2. Synthesis

2.21. Monomer synthesis

The monomer CIsPNSi(CHs)s was synthesized according to slightly adapted literature
procedures.?® Briefly, LIN[Si(CH3)s]z (25.08 g, 0.15 mol) was dissolved in anhydrous diethylether
under Argon (Ar) and cooled to 0°C. PCls; (20.58 g, 0.15 mol) was added dropwise over the
courses of 15 min and stirred at 0 °C for 1 h. Afterwards, SO,Cl, (20.23 g, 0.15 mol) was added
dropwise and stirred again for 1 h at 0 °C.

The reaction mixture was allowed to warm to room temperature (r.t.), subsequently filtered through
dry Celite, and the solvent was removed under reduced pressure in a water bath at r.t.. Vacuum

distillation at 1-5 mbar and 40 °C gave CIsPNSiMes; as a clear and colorless liquid.

Yield: 22.01g (65%) 'H NMR (300 MHz, CDCls, &) 0.17ppm (d, O9H):
3P NMR (121 MHz, CDCls, 8): -54.56 ppm.

2.2.2. Synthesis of poly(dichloro)phosphazene from CI;PNSi(CHs)s
The synthesis of the polymer, acting as a precursor for post polymerization functionalization, was
performed in a glove box at r.t. adapted from the literature.?** Briefly, the phosphine mediator
PhsPCl, (100 mg, 0.29 mol) and the monomer CIsPNSi(CHs)s (1.6 g, 7.13 mmol) were dissolved
separately in ~5 mL CH2Cl,. Subsequently, the PhsPCl> solution was added dropwise to the
monomer solution and stirred overnight. The resulting polymer was used without further

purification for the macrosubstitution.

Yield: quantitative; 3'P NMR (121 MHz, CDCls, ): -18.17 ppm, 20.02 ppm.

2.2.3. Synthesis of poly(dichloro)phosphazenes from LiN[Si(CH3):]. by a
one pot approach

The synthesis of the polymer starting from LiN[Si(CHz3)s]> without a monomer interim stage was
performed  according to literature.®®  LiN[Si(CH3)s2 (1.67g, 10mmol) and
PCls (0.104 g, 0.5 mmol) were weighed in the glove box, sealed with a septum and transferred
out. In the fume hood, LiN[Si(CH3)s]. and PCls, both under Ar, were dissolved separately in 40 mL
and 10 mL anhydrous toluene, respectively. The LiN[Si(CH3)s]» solution was cooled to 0 °C in an
ice bath, PCls (1.37 g, 10 mmol) was added dropwise via a syringe over the course of 10 min and
stirred for 30 min starting from the first drop of PCls at 0 °C, followed by stirring at r.t. for 1 h. Next,
the solution was cooled again to 0 °C and SOCl. (1.35 g, 1 mmol) was added via a syringe over
the course of 10 min followed by stirring for 1 h at 0 °C starting from the first drop SO.Cl.. Finally,

the PCIs solution was added to the reaction mixture at r.t. and stirred overnight.

Yield: quantitative; 3'P NMR (121 MHz, CDCls, ): -18.19 ppm, 20.04 ppm.
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A phosphine mediated one pot synthesis was developed adapting previously described

methods.?3""

To begin with, the phosphine mediator 4-diphenylphosphanyl benzoic
acid-2-(trimethylsilyl)  ethyl ester (TMSE-triphenylphosphine) was chlorinated  with
hexachloroethane (C2Cls). In the glove box, C2Cls (0.065 g, 0.275 mmol) was dissolved in 0.5 mL
CHCl2, mixed with TMSE-triphenylphosphine (0.5 ml of 0.5 M in THF, 0.102 g, 0.25 mmol) and
stirred at r.t. over the course of 72 h. LiN[Si(CHs)s]> (1.67 g, 0.01 mol) was then weighed in the
glove box at r.t., dissolved in 40 mL anhydrous CH2Cl2, sealed with a septum and transferred out
alongside the chlorinated TMSE-triphenylphosphine. As described above, PClz (1.37 g, 0.01 mol)
was added dropwise via a syringe over the course of 10 min at 0 °C followed by stirring at 0 °C for
30 min and at r.t. for 1 h. Subsequently, SO.Cl, (1.35 g, 0.001 mol) was added at 0 °C over the
course of 10 min via a syringe and stirred for 1 h at 0 °C. Finally, the solution of the chlorinated
TMSE-triphenylphosphine mediator was added to the reaction mixture which was then stirred at

r.t. overnight.
Yield: quantitatively; *'P NMR (121 MHz, CDCls, 8): -18.17 ppm.

The work up of both procedures was carried out in identical fashion by filtering the reaction mixture
through Celite (dried at 110 °C for >48 h prior to use) and rinsed twice with 10 mL toluene, after
which the solution was evaporated to dryness. However, the filtering step may be omitted to
increase the overall yield without observed loss of purity in the NMR, as was proven in a different
experiment and can, therefore, be employed here. The polymer was taken without any

intermediate steps for macrosubstitution.

2.2.4. Synthesis and deprotection of Boc-glycine allyl ester
The macrosubstituent was prepared according to the literature with slight modifications.'*""2
Boc-Gly-OH (9.00 g, 51.38 mmol) and K>COs3 (7.10 g, 51.38 mmol) were dissolved in 120 mL
dimethylformamide (DMF) and the resulting suspension of K,COs cooled to 0 °C. Allyl bromide
(6.22 g, 51.38 mmol) was added under stirring, the mixture was allowed to warm up to r.t. and was
stirred overnight. DMF was removed at reduced pressure at a water bath temperature of 55 °C,
the residue was dissolved in ethyl acetate, washed three and four times with H.O and brine,
respectively, and dried over MgSO.. The solvent was removed under reduced pressure, and the

Boc-glycine allyl ester was obtained as a slightly yellow viscous liquid.

Yield: 9.05 g (82%); "H NMR (300 MHz, CDCls, 8): 1.42 ppm (s, 9H), 3.90 ppm (d, 2H), 4.61 ppm
(d, 2H), 5.12 ppm (br, 1H), 5.21-5.33 ppm (m, 2H), 5.82-5.95 ppm (m, 1H).
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For the deprotection of the amino group, the Boc-glycine allyl ester was dissolved in a 2:1 mixture
of CH2Cl, and trifluoroacetic acid (TFA) and stirred for 1.5 h. The solvent was evaporated under
reduced pressure and 100 mL toluene was repeatedly added to the glycine allyl ester (allyl-Gly)
to remove residual CFsCOOH. The toluene was each time evaporated under reduced pressure

until fine white crystals were obtained.

Yield: quantitative; '"H NMR (300 MHz, DMSO-ds, 8): 3.87 ppm (s, 2.1H), 4.68 ppm (d, 2.1H),
5.23-5.40 ppm (m, 2H), 5.87-5.97 ppm (m, 1H), 8.5 ppm (s, 3H).

2.2.5. Synthesis of poly(organo)phosphazene

The macrosubstitution was adapted from the literature and was performed slightly different for the
one pot synthesis than for the poly(dichloro)phosphazenes synthesized from ClsPNSi(CH3)s."2

Briefly, for the poly(dichloro)phosphazenes synthesized from CIsPNSi(CHs3)s and 100 mg
phosphine mediator Ph3PCl,, Boc-glycine allyl ester (3.84 g, 0.0178 mol) was deprotected with a
2:1 (12:6 mL) mixture of CH2Cl2:TFA, as described. The deprotected macrosubstituent was
transferred into the glove box and gradually dissolved in tetrahydrofuran (THF). EtsN (2.5 mL,
0.0178 mol) was added in a twofold excess to avoid the formation of polytetrahydrofuran, and the
poly(dichloro)phosphazene dissolved in CH2Cl, was added dropwise under stirring. Additional
THF was added when necessary to gain a cloudy, low viscous solution instead of a pasty one and

the reaction was stirred in the glove box at r.t. for 24 h.

For the One-Pot approach, the macrosubstitution was performed the same for both synthesis
pathways. Boc-glycine allyl ester (5.38 g, 0.025 mol) was deprotected in a 2:1 (20:10 mL) mixture
of CH2Cl2:TFA, as described, K-COs3 (1.38 g, 0.010 mol) was added to the dried glycine allyl ester
to prevent formation of polytetrahydrofuran, and transferred into the glove box along with the
poly(dichloro)phosphazene. The mixture was suspended in THF, and EtsN (3.5 mL, 0.025 mol)
was added in excess. The poly(dichloro)phosphazene was dissolved in little CH.Cl, (~5 mL) and
the solution was added dropwise to the allyl-glycinate. Additional THF was added when necessary

to gain a cloudy, low viscous solution, and the reaction was stirred in the glove box at r.t. for 24 h.

In general, the poly(organo)phosphazene solution was transferred out of the glove box and filtered
through filter paper, THF was evaporated and the polymer subsequently re-dissolved in ethanol.
The poly(organo)phosphazene was purified by dialysis over 24 h, with 30 min against water and

the remaining time against EtOH.
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Yield:

Synthesized via 2.2.2.: 1.17 g (60%); "H NMR (300 MHz, CDCls, &): 3.76 ppm (br, 85H), 4.55 ppm
(s, 86H), 5.17-5.31 ppm (m, 80H), 5.85-5.89 ppm (m, 40H), 7.50-7.67 ppm (m, 15H), (2:2:2:1); *'P
NMR (121 MHz, CDCls, 8): -9.98 ppm, 2.14 ppm, 14.53 ppm.

Synthesized via 2.2.3. : 0.80 g (29%); '"H NMR (300 MHz, CDCls, 8): 3.73 ppm (br, 2H), 4.53 ppm
(s, 2H), 5.13-5.28 ppm (m, 2H), 5.81-5.90 ppm (m, 1H);
3P NMR (121 MHz, CDCls, 8): -9.08 ppm, 1.60 ppm, 8.70-10.52 ppm,14.37 ppm.

Synthesized via 2.2.3. and TMSE-phosphine mediator: 1.98 g (72%) (NB. The yield was achieved
by omitting the filtration step between the poly(dichloro)phosphazene synthesis and the
macrosubstitution);

'H NMR (300 MHz, CDCls, &): 0.08 ppm (s, 9H), 3.73 ppm (br, 124H), 4.54 ppm (br, 132H),
5.15-5.30 ppm (m, 134H), 5.83-5.92 ppm (m, 61H), (2:2:2:1);

3P NMR (121 MHz, CDCls, 8): -9.56 ppm, 1.60 ppm, 8.62-12.09 ppm, 14.32 ppm.

2.2.6. Functionalization of poly(organo)phosphazene
The functionalization of the poly(organo)phosphazene polymer was performed by a simple
“click-reaction” followed by the cross-linking and imprinting described in chapter 2.3. in a one vial
reaction.’28'"3 The mass percentages of the polymer and the cross-linkers were calculated to
achieve a 1:1 ratio of double bond-functionalities and thiol-functionalities. The corresponding
amounts were calculated to synthesize a 500 mg pellet. From the necessary amount of polymer,
the needed mass of the allyl-Gly substituted poly(organo)phosphazene was calculated. The

different methods are summarized in Table 4.
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Table 4: Summary of methods to functionalize and cross-link the polymer during the imprinting process.

Method 1 wt% mass / mg
poly(organo)phosphazene 41.13
TGA-PPz 11 55
adipic acid divinyl ester 34 170
trimethylpropane tris(3-mercaptopropionate) 55 275
DMPA 1 5
Method 2 poly(organo)phosphazene 52.35
TGA-PPz 14 70
pentaerythritol tetraacrylate 34 170
trimethylpropane tris(3-mercaptopropionate) 52 260
DMPA 1 5
Method 3 poly(organo)phosphazene 41.13
TGA-PPz 11 55
adipic acid divinyl ester 39.5 197.5
pentaerythritol tetrakis(3-mercaptopropionate) 49.5 247.5
DMPA 1 5
Method 4 poly(organo)phosphazene 41.13
TGA-PPz 11 55
pentaerythritol tetraacrylate 37 185
pentaerythritol tetrakis(3-mercaptopropionate) 52 260
DMPA 1 5
Method 5 poly(organo)phosphazene
TGA-PPz
pentaerythritol tetraacrylate 42 210
pentaerythritol tetrakis(3-mercaptopropionate) 58 290
DMPA 1 5
Method € poly(organo)phosphazene
TGA-PPz
adipic acid divinyl ester 43 215
trimethylpropane tris(3-mercaptopropionate) 57 285
DMPA 1 5
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The poly(organo)phosphazene was dissolved in 0.5 mL DMF and mixed with 1 wt% of the
photo initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) and 1 eq. thioglycolic acid (TGA),
providing the functional group for the imprinting process resulting in one functional monomer per
repeating unit, in a non-UV-reflecting glass vial. Ar was bubbled through the reaction solution for
20 min and the mixture was subsequently exposed to UV light in the UV reactor for 3 h. The
TGA-poly(allyl glycine)phosphazene (TGA-PPz) was reacted further according to chapter 2.3.

without any intermediate steps.

Yield: quantitative; '"H NMR (300 MHz, DMSO-ds, 8): 1.85 ppm (br, 2.43H), 2.63 ppm (br, 2.46H),
3.22 ppm (br, 1.74H), 3.51-3.66 ppm (br. m, 4H), 4.09 ppm (br, 2.78H),4.54 ppm (br, 1.93H),
5.17-5.31 ppm (m, 1.73H), 5.88 ppm (br, 0.85H);

P NMR (121 MHz, DMSO, &): -10.48 ppm, 0.66 ppm, 1.34 ppm, 3.79 ppm, 10.79 ppm,
13.91 ppm.

2.2.7. Deprotonation of propranolol hydrochloride
Propranolol was purchased as the racemic hydrochloride and was basified according to an
adapted literature procedure."" Briefly, propranolol HCI (0.5 g, 1.69 mmol) was dissolved in 20 mL
distilled water and extracted three times with each 10 mL CH2Cl.. The organic phase was dried
over MgSOQ., the dichloromethane solution was evaporated, and the obtained propranolol was
dried and stored in the fridge at 4 °C.

Yield: 0.32g (74.23%); 'H NMR (300 MHz, MeOD, &): 1.14 ppm (dd, 6H), 2.8 ppm (dd, 1H),
2.9 ppm (qin, 1H), 3 ppm (dd, 1H), 4.16-4.17 ppm (m, 2H), 4.20-4.28 ppm (m, 1H) 6.91-6.94 ppm
(m, 1H), 7.35-7.51 ppm (m, 4.1H), 7.79-7.82 ppm (m, 1H), 8.28-8.32 ppm (m, 1H);

2.3. Molecular imprinting of propranolol

1283113-118 in accordance with the

The imprinting process was adapted from the literature
requirements and properties of polyphosphazenes as the polymer backbone.

The TGA-PPz synthesized in chapter 2.2.6. was mixed with two cross-linkers, as described in
Table 4, and additional 1 wt% DMPA was added. The solution was mixed with propranolol as the
template in a 1:3 ratio corresponding to the functional monomer to synthesize the MIP, this step
was omitted for the synthesis of the non-imprinted polymers serving as the control. According to
Table 5, chloroform, toluene and/or salt were added as additional porogens. Afterwards, the
reaction mixture was exposed to UV light in the UV reactor for 3 h, the pellet in the vial was washed
top-down in a water filled beaker overnight and the pellet was subsequently obtained upon
destruction of the glass vial. Finally, the pellet was dried on air overnight and stored under argon

until further used.
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Table 5: Summary of different methods for MIP/NIP pair synthesis.

MIP/NIP Porogenous

pair Method | Crosslinker PPz | Salt | solvent
adipic acid trimethylpropane

1 1 divinyl ester tris(3-mercaptopropionate) Yes | No | No
adipic acid trimethylpropane

2 1 divinyl ester tris(3-mercaptopropionate) Yes | Yes | No
adipic acid trimethylpropane

3 1 divinyl ester tris(3-mercaptopropionate) Yes | No | chloroform
adipic acid trimethylpropane

4 1 divinyl ester tris(3-mercaptopropionate) Yes | Yes | chloroform
adipic acid trimethylpropane

5 1 divinyl ester tris(3-mercaptopropionate) Yes | No | toluene
adipic acid trimethylpropane

6 1 divinyl ester tris(3-mercaptopropionate) Yes | Yes | toluene
pentaerythritol | trimethylpropane

7 2 tetraacrylate tris(3-mercaptopropionate) Yes | No | No
pentaerythritol | trimethylpropane

8 2 tetraacrylate tris(3-mercaptopropionate) Yes | Yes | No
adipic acid pentaerythritol

9 3 divinyl ester tetrakis(3-mercaptopropionate) | Yes | No | No
adipic acid pentaerythritol

10 3 divinyl ester tetrakis(3-mercaptopropionate) | Yes | Yes | No
pentaerythritol | pentaerythritol

11 4 tetraacrylate tetrakis(3-mercaptopropionate) | Yes | No | No
pentaerythritol | pentaerythritol

12 4 tetraacrylate tetrakis(3-mercaptopropionate) | Yes | Yes | No
pentaerythritol | pentaerythritol

13 5 tetraacrylate tetrakis(3-mercaptopropionate) | No | No | No
adipic acid trimethylpropane

14 6 divinyl ester tris(3-mercaptopropionate) No | No | No
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2.4. Rebinding assay

The propranolol used as template was removed from the dried pellets by a Soxhlet extraction with
methanol for 24 h and again dried in the open air and stored under argon. To test the effectivity of
the imprinting process, a rebinding assay was performed. For this purpose, a 2 mg/mL propranolol
solution in methanol was prepared and the pellets were incubated on a shaking plate for 48 h each
in 10 mL resulting in 20 mg propranolol per pellet, equaling 200% of the imprinted amount. The
rebinding solution was filtered off through a filter paper, evaporated, and the remaining propranolol
was resuspended in the mobile phase, as described in Table 6, for subsequent quantification by

HPLC measurement.

2.5. HPLC analysis

The quantification of propranolol was adapted from the literature’'®'?° to fit the available instrument
and column specifications and was optimized according to the requirements. The method is
summarized in Table 6. The propranolol resuspended in the mobile phase was filtered through a
nylon filter into a HPLC-vial and injected subsequently for each MIP/NIP pair to correct for any
accumulating systematic errors. Furthermore, regular washing steps were used to avoid any
propranolol carryover between vials. Every measurement was performed in triplets. For

quantification, a calibration curve of pure propranolol in the mobile phase was used.

Table 6: HPLC method for propranolol quantification.

Mobile Phase: 80% 20 mM KH2PO. (pH 3)
20% MeOH/ACN (1:1)
Column: Rapid Resolution HD Eclipse Plus C18;

2.1 mm x 50 mm, particle size 1.8 ym

Flow: 0.3 ml/min
Injection Volume: 1 ul
Column

Temperature: 25°C

Detection: UV at 266nm
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2.6. Degradation study

The degradation study was performed on three MIP/NIP pairs as representatives of the differently
synthesized pellets. MIP/NIP pairs synthesized with adipic acid divinyl ester and trimethylpropane
tris(3-mercaptopropionate) were used, according to pair 1 and 2. One pair was synthesized with
salt as an additional porogen, pair 2, the second one was without any additional porogen, pair 1,
and the third one was also synthesized without additional porogen and solely used for the
degradation study without a previous rebinding assay, fresh pair 1.

The degradation study was performed analogue to the literature with slight adaptions.'?

The pellets were cut in pieces of 20 mg and of approximate equal size and incubated at 37 °C in
2 mL of pure MilliQ water for one series (pH 7) and in MilliQ with pH 2, adjusted with 1N HCI, for
a second series. The progress of degradation was analyzed after regular time intervals over 4
months for pure MilliQ water and 2 months for MilliQ water at pH 2. The samples were filtered
through pre-weighed sintered glass crucibles and dried in a vacuum drying oven up to 80 °C and

the mass loss was determined gravimetrically.
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3. Results and discussion
3.1. Poly(organo)phosphazene synthesis

3.1.1. Substituent selection and synthesis

To allow for a proper imprint, as well as a rebinding, and still enable an observable degradation of
the polymer in an appropriate time interval, a glycine substituent was chosen based on the
outcomes of the research by Wilfert et al. on different spacers.?® Since thiol-ene chemistry was
chosen as method for functionalization and cross-linking, glycine was reacted with allyl-bromide
to obtain the necessary double bond functionality for further syntheses. To specifically allow
reaction of the N-terminus of the amino acid with the polymer backbone and functionalization of
the C-terminus with the double bond entity, commercially available N-(tert-butoxycarbonyl)glycine
(Boc-Gly-OH) was used, and the Boc-glycine allyl ester was deprotected immediately before the
macrosubstitution onto the poly(dichloro)phosphazene.

The synthesis of the ester itself was scaled up 1.5 times from around 6 g of the starting material
Boc-Gly-OH up to 9 g, and the purification procedure was adapted to preserve purity. This was
carried out to allow a more efficient production of the substituent, and was only limited by the
purification method, which comprised several washing steps in a separatory funnel, and therefore,
was limited by available volume of the funnel and adequate solvent amounts. A decrease in yield
was not observed, instead it could be increased in the end. Nevertheless, this may be accounted
to increased skill in the synthesis of the glycine allyl ester over time, since the scale up was tackled
at the beginning of the work on this subject. All in all, the yield of around 80% was satisfactory,
even with no suitable comparison to a smaller synthesis approach.

Proton NMR measurements of both approaches are compared in Figure 13 and show no

difference in quality.
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Figure 13: Comparison of '"H NMR spectra of Boc-glycine allyl ester before and after scale up.
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3.1.2. Synthesis methods of polyphosphazenes

For the synthesis of the polyphosphazenes providing the backbone for the molecular imprinting a
separate synthesis of the monomer, with storage in the glove box for later polymerization, was
used. This approach allows a distinct control of the chain length by an exact monomer:initiator
ratio, achieving polymers with a very low polydispersity up to a chain length of 50 repeating units.
Although, for the scale of monomer synthesis feasible with this method, several small-scale
experiments can be performed with one batch of monomer, large-scale experiments are
hampered, especially due to the purification of the monomer via vacuum-distillation and, overall,
the sensitive synthesis of the monomer.?

To allow scale up and a simpler way towards obtaining polyphosphazenes, and in this, an easier
and faster way towards molecular imprinting, a one pot approach, circumventing an isolation of
the monomer and directly polymerizing CIsPNSi(CHs)s to poly(dichloro)phosphazene via a
multi-step synthesis according to Wang,?® was performed. This approach promises still
reasonable, yet increased, polydispersities and higher molecular weights, another limitation for
the approach with an isolated and purified monomer. Nevertheless, the polydispersity increases
further as the molecular weight increases. In addition, the certainty in assumed chain length was
diminished due to no direct influence on the monomer:initiator ratio and dependence on presumed
quantitative reactions towards the monomer. Although, for the application of molecular imprinting
these drawbacks posed no significant disadvantage, time restrictions hindered the adaption of the
one pot approach for molecular imprinting and polyphosphazenes synthesized from a distinct
monomer were used in the end. Still, the method itself was further improved over the course of

this thesis in parallel to the molecular imprinting experiments.

The synthesized polymers are of the same quality as the polyphosphazenes produced from
separately synthesized monomer according to their 'H and *'P NMR spectra. *'P NMR spectra of
the poly(dichloro)phosphazenes are compared, top graph in Figure 14, and both show the
characteristic sharp peak at around -18ppm. Regarding the macrosubstituted
poly(allyl glycine)phosphazene, on the bottom left graph in Figure 14, a slight difference of the
peak shape can be seen in the *'P NMR spectra of the two methods, with a sharper peak for the
one pot approach, indicating a polymer with higher purity, whereas a broader peak hints at a
certain onset of degradation. Nevertheless, both peaks, again with a characteristic signal at
around O ppm, are a proof of a successful macrosubstitution. Subsequent experiments suggest
however, an increase in reaction time to avoid a small peak at around -10 ppm, stemming from
incompletely substituted Cl-atoms. The 'H NMR spectra of the polymerization from a separately
synthesized monomer, on the bottom right in Figure 14, is dominated by the distinct solvent peak
of chloroform at 7.26 ppm, and therefore, also the intensities of the normalized proton signals differ
between the two methods. Still, the signals of the two methods overlap, and the ratios between

the signals in each spectrum are identical. In conclusion, all three spectra comparisons are
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evidence of a successful synthesis of poly(organo)phosphazene via the one pot synthesis,
analogous to Wang,?® with comparable qualities to polymers synthesized from separately

polymerized monomer,
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Figure 14: NMR spectra comparison of polymers synthesized via the one pot synthesis and separately
synthesized monomer.

Yields of the poly(dichloro)phosphazene synthesis are assumed to be quantitative and following
macrosubstitution an overall yield of 29% has been achieved, lower than the yield of
poly(organo)phosphazenes stemming from a separately synthesized monomer with an overall
yield of 39%, 65% for the monomer synthesis and 60% for the macrosubstitution. What should be
noted again, is the problematic synthesis of the monomer, for which an exceptional high yield of
65% was accomplished for this thesis, which is most often not reached.

Analysis of the polymers synthesized via the one pot process has been carried out via dynamic
light scanning (DLS), also, but not only, due to problems during the characterization of the
polymers via gel permeation chromatography (GPC), mostly due to the GPC instrumentation. The
polymers have been analyzed in EtOH as solvent, due to the insolubility of
poly(allyl glycine)phosphazene in water. Additionally to the polymers synthesized via the one pot
approach, polymers produced via the phosphine mediated one pot synthesis, as described below,
have been analyzed and compared. First, polymers synthesized using the same approach but of
different batches have been compared. This was performed for the one pot synthesis as well as
for the phosphine mediated one pot synthesis. Then, the different synthesis methods, these are
separately synthesized monomer and subsequent polymerization, one pot synthesis, one pot

synthesis in CH,Cl, and phosphine mediated one pot synthesis, have been analyzed.
33



JXU

JOHANNES KEPLER
UNIVERSITAT LINZ

1,04 Polymer 1
0.9 Polymer 1 run 2
Polymer 2
Polymer 3
Polymer3 run 2

0,8

0,7

0,6
0,5

Volume

Q4;
Q3;
Q2;
01-

0,0

-011 T T T T 1
1 10 100 1000 10000

d /nm

LOL
09
Q8:
Q7:
Q6:
Q5:

Intensity

0,44
0,3
0.2
01-
0,0 -2

-0,1 T T T T 1
1 10 100 1000 10000

d /nm

Figure 15: DLS measurements with volume distribution (top) and intensity distribution (bottom) of
poly(allyl glycine)phosphazenes synthesized via a one pot approach.

The main peak of the volume distribution of the different batches for the one pot synthesis overlap
nicely at around 6 to 8 nm, Figure 15, despite smaller peaks below and above the main peak for
the individual measurements. In the intensity distribution, a broader distribution of the peaks along
the x-axis can be seen. Furthermore, it is noticeable that some peaks disappear after
transformation from the intensity to the volume distribution, indicating that these signals
correspond only to a low number of particles. The peak in the range from 100 to 1000 nm for
polymer 3 stems, most likely, from aggregation products, indicated by its disappearance during
the second run in the volume distribution due to dissociation of the accumulate.

The peaks in the intensity distribution, being the most exact representation, with the highest related
content in the volume distribution, meaning the highest number of particles of a certain size, are
taken for the determination of the hydrodynamic diameter. This gives a distribution of particle size

between 7 to 11 nm for the one pot synthesis.
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Figure 16: DLS measurements with volume distribution (top) and intensity distribution (bottom) of
poly(allyl glycine)phosphazenes synthesized via a phosphine mediated one pot approach.

For the phosphine mediated one pot approach, depicted in Figure 16, the intensity distribution
shows an even higher signal for a hydrodynamic diameter of around 200 nm, but again, these
peaks disappear upon transformation to the volume distribution, indicating just a small percentage
of these large, supposed aggregates in the sample. In the volume distribution, the size of the
polymers appears similar again at a diameter of around 4 to 6 nm. For the most exact estimation
of the hydrodynamic diameter, the peaks in the intensity distribution with the highest related peak
in the volume distribution are taken again. This gives a particles size between 5 to 8 nm for the
phosphine mediated one pot approach, lower than for the one pot synthesis without a phosphine

mediator.
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Whilst the intensity distribution of the different synthesis methods for poly(organo)phosphazenes,
depicted at the bottom in Figure 17, shows again a rather diffuse dispersion of the peaks, the
volume distribution, in the top graph in Figure 17, gives a clearer picture of the major particle size
of the different synthesis approaches. For the one pot synthesis, as well as for the phosphine
mediated one pot synthesis, averaged values of the measurements depicted in Figure 15 and
Figure 16 are taken, therefore, again the peak for the one pot synthesis in the range from 100 to
1000 nm from polymer 3 can be seen, as described above.

Since a different monomer:initiator ratio has been used for the one pot reactions compared to the
separately synthesized monomer, an expected increase in particle size from around 2-3 nm for
the polyphosphazenes produced from separately synthesized monomer to a particle size between
5-8 nm for the different one pot approaches can be determined, proving to be of similar size. A
clear trend for the different approaches of the one pot synthesis has not been determined, the
data indicate a decrease in size from the one pot synthesis to the phosphine mediated one pot,
nevertheless, as can be seen in Figure 15 and Figure 16, the particle size between different

batches of the same synthesis method also vary slightly, not allowing an unambiguous statement.
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Figure 17: Comparison of DLS data, volume distribution (top) and intensity distribution (bottom), between
the different synthesis methods for poly(organo)phosphazenes.

Nonetheless, the one pot synthesis is more straight forward than the procedure with isolated
monomer and produced polymers were of satisfactory quality for the applications described in this

thesis.
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The problems mentioned for the characterization of the polymer synthesized via the one pot
synthesis have called for a simpler and more reliable way to determine the number of repeating
units per polymer chain, characterizing the polymer sufficiently for the purpose presented in this
thesis. The use of commercially available tertiary phosphines, an already established method®?
and described in chapter 1.1.2.2. , utilized for the method of a separately synthesized monomer
and subsequent polymerization, can be applied. This allows for a straight forward determination
of the average number of repeat units via the ratio of substituent proton signals to the proton signal
stemming from the end-group.

For the monomer synthesis, non-polar solvents are used, such as diethyl ether or toluene, as are
for the one-pot synthesis,??® whereas for tertiary phosphines a polar solvent is necessary to yield
their ionized form [RsPCI]*Cl,?* complicating the adaption of the method of utilizing tertiary
phosphines. Thus, the one-pot synthesis itself was performed in CH.Cl> first, to proof its
practicability in polar solvents.

The change in solvent for the one pot synthesis has no detectable influence on the method
according to its NMR spectra, as becomes apparent from the graphs in Figure 18.

The *'P NMR spectra of the poly(dichloro)phosphazenes, depicted in the top graph in Figure 18,
shows no difference, with the identical characteristic peak in both spectra. This persists for the
signal of the *'P NMR spectra of the poly(allyl glycine)phosphazene at the bottom left corner in
Figure 18, showing a sharp, characteristic peak at around 0 ppm. An overlap of the signals in the
'"H NMR spectra can be seen at the bottom right, again the ratios between the signals in each

spectrum are the same.
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Figure 18: Comparison of NMR spectra of polymers synthesized via the one pot approach and the one pot

synthesis in CH2Cl2.
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Since the results have shown a proof of concept, the one-pot synthesis has been further adapted
towards the phosphine mediated one-pot synthesis, as described in the second half of
chapter 2.2.3.

Again, NMR analysis was used to compare the quality of the polymer with the one pot synthesis,
Figure 19. Despite an increased noise for the phosphine mediated one pot synthesis, the *'P NMR
spectra of poly(dichloro)phosphazene, depicted in the top graph, show the usual characteristic
peak at -18 ppm. Furthermore, the signal for the poly(allyl glycine)phosphazene at around 0 ppm,
shown in the bottom left graph in Figure 19, is evidence of a successful macrosubstitution for the
phosphine mediated one pot synthesis. Finally, comparing the '"H NMR spectra, which can be
seen at the bottom right corner in Figure 19, the great advantage of the phosphine mediation can
be seen at one glance, with the peak of the end group at 0 ppm for the trimethyl silyl residue of
the used phosphine now available for chain length determination.
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Figure 19: Comparison of NMR spectra of polymers synthesized via a one pot synthesis and a phosphine
mediated one pot synthesis.
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Highlighting this advantage, a '"H NMR spectrum of both the phosphine mediated one pot

synthesis, on the top, as well as of a polyphosphazene produced from a separately synthesized

monomer, on the bottom, can be seen in Figure 20.

Integrating the signals from the substituent and the end group and assigning correct values for

either one of them, allows the simple calculation of the chain length via the ratio of these two.

Normalized Intensity

Normalized Intensity
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'H-NMR spectrum of poly(allyl glycine)phosphazene
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Figure 20: Determination of the chain length of poly(organo)phosphazenes, synthesized by different
methods, via '"H NMR spectroscopy and the ratios between substituent and end group proton signals.
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For the phosphine mediated one pot synthesis, an average chain length of 31 repeat units can be
determined. When setting the integral for the signal of the trimethylsilyl group to its correct value
of 9 protons, an integral of 62 for the signal around 6 ppm, corresponding to one proton of the
substituent, and two substituents per repeat unit give a ratio 31:9 and hence a chain length of 31
repeat units. In the same fashion, a chain length of 20 repeat units can be derived for the
polyphosphazene synthesized from the isolated monomer, again two substituents per repeat unit

result in a ratio of 20:15 for a triphenylphosphine mediator with a correct integral of 15.

A schematic summary of the different synthesis approaches is depicted in Figure 21.

Monomer synthesis with subsequent polymerization to [NPCIZ]ﬂ;

- PCl3 , SO,Cl ,
LIN(SI(CH3)3)2—>L,CI C|2P-N(SI(CH3)3)2—>SO Cl3P=NSi(CH3)3
1 S0,

-CISiMe;,

+1n Cl3P=NSi(CH,)
Cl;P=NSiMe; m[PmP=N=PCI3]® 63—(3>Ph3P N{»P N]—
-CISi(CHa)s ~n CISi(CHa);

One pot synthesis:

toluene, 0°C ) SO,Cly, 0°C . trace PCI5
PCl3 + LIN(Si(CH)s)y —————— CLP-N(Si(CHz)s)y —————~ ClP=NSi(CHa); ClyP= N-fP N{—
-LiCl -S0, CIS i(CH3)3
-CISi(CH3)3

Phosphine mediated one pot synthesis:

Q ; C,Clg _Cl  Polymerization mediator
R — =2 . R PZ
s a T e

3
I
H3C-Si—/_
CHs
cl
CH,Cl,, 0°C , S0,Cl,, 0°C ,
PCl; + LIN(SI(CHa)s)y ———2—— CLP-N(Si(CHg)s)y ————— ClgP=NSi(CHg); —— R P=N{P=N{-
-Licl -S0, -CISi(CH3)s a n
-CISi(CH3)s
o)
R=
o} CHa
_\—s| CHs
CH,
Macrosubstitution of poly(dichloro)phosphazene:
o]
o HNRoe
=N APNf,
ca " THE Et,;N  NH
\n/o\/\
o)

Figure 21: Schematic summary of the different syntheses approaches for poly(dichloro)phosphazene and
the macrosubstitution to poly(organo)phosphazene; n designates the number of repeating units as
targeted by the monomer:initiator ratio.
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To further improve the yield of the described phosphine mediated one pot synthesis, the method
has been further adapted as described at the end in chapter 2.2.3. The filtration step between the
poly(dichloro)phosphazene synthesis and the subsequent macrosubstitution was omitted and
instead, the solvent from the one pot synthesis was directly removed under reduced pressure and
the poly(dichloro)phosphazene was further reacted with the macrosubstituents. Comparison of the
"H NMR as well as the *'P NMR spectra indicate no decrease in quality, depicted in Figure 22.
The chain lengths of both polymers deviate only minimal, with approximately 35 and 34 repeat
units for the filtered and the non-filtered approach, respectively, and the proton spectra show a
successful macrosubstitution, without any adverse effect of the omitted filtration step. The
¥IP NMR spectra show nearly identical peaks with no sign of an influence of the filtration step on
the purity of the polymer or an onset of degradation. Overall, the yield of the method was increased

to astounding 79% from 29% for the one pot synthesis.

12— "H-NMR spectra of poly(allyl glycine)phosphazenes . 31P-NMR spectra of poly(allyl glycine)phosphazenes
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Phosphine mediated one pot synthesis
Phosphine mediated one pot synthesis without intermediate filtration step

Figure 22: Comparison of poly(allyl glycine)phosphazenes synthesized via a phosphine mediated one pot
synthesis, once with an intermediate filtration step between poly(dichloro)phosphazene and the
macrosubstitution and once without.
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3.1.3. Improvement of polymer purification method
Dialysis of the polymer, to optimize the purification of the poly(organo)phosphazene, is carried
out, since an alternative to the laborious and time-consuming purification by precipitation has been
sought. To achieve successful removal of the EtsN-HCI impurities and excess of macrosubstituent,
but still ensure no degradation of the polymer backbone, dialysis, first in water followed by EtOH,
is used. Water ensures an effective purification from the EtsN-HCI impurities, yet only a short time
interval is chosen to prevent unwanted degradation. For the excess of macrosubstituent, EtOH is
best suited, circumventing the problem of degradation due to higher stability of the polymer in this
solvent. Accomplished purification has been determined by NMR spectroscopy with an overall
disappearance of impurity peaks. Furthermore, the dialyzed polymer has been compared with a
polymer purified by precipitation to ensure the same qualities of the polymer in regard to purity
and stability and showed no decrease in neither of them, with no increase in intensity of impurity
or degradation peaks. All in all, this makes dialysis an applicable purification method for

poly(allyl glycine)phosphazenes. Every polymer described in this thesis was purified by dialysis.

3.1.4. Poly(dichloro)phosphazene stability in diglyme
The stability of poly(dichloro)phosphazenes synthesized via the one pot approach has been
tested. For this purpose, one part of the polymer has been stored under argon at r.t., while a
second part of the same batch has been dissolved in diglyme under air and likewise stored at r.t..
NMR measurements have been performed to determine any degradation of the polymer backbone

over time, depicted in Figure 23 and Figure 24.
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Figure 23: 3'P NMR spectra of poly(dichloro)phosphazene, stored under argon, over a time interval of ten
days. Degraded polymer depicted in red.

The poly(dichloro)phosphazene stored under argon without solvent shows no sign of degradation
up to six days, indicated by the sharp peak at -18 ppm, characteristic for
poly(dichloro)phosphazenes, depicted in Figure 23. After ten days however, a clear degradation
of the polymer can be seen, highlighted in red. The sharp peak at -18 ppm diminishes and a shift
of the signal towards 0 ppm occurs. Nevertheless, storability of the polymer over the course of a

week was demonstrated.
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Figure 24: 31P NMR spectra of poly(dichloro)phosphazene, stored in diglyme, over a time interval of 5

months.

In diglyme, no degradation over the whole course of the experiment is observed for the

poly(dichloro)phosphazene. The NMR measurements were stopped after five months. The

characteristic peak at -18 ppm persists over the measured time interval, as depicted in Figure 24,

proving a storability of the poly(dichloro)phosphazene well up to five months in accordance with

Andrianov et al., reporting storage time of more than four years.'® In combination with the easier

scale up of the one pot synthesis, the storability of the poly(dichloro)phosphazene, either short-

term in argon or long-term in diglyme, both at r.t., enables large-scale experiments from one batch

of polymer, with polyphosphazenes of different properties gained after specific post-polymerization

modifications.
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3.2. Thiol-ene reactions: functionalization and cross-linking

Thiol-ene chemistry is the reaction chosen in this work for the functionalization and cross-linking
of the poly(organo)phosphazenes, due to its compelling properties of a rapid reaction process,
supposed air and moisture tolerant reaction conditions, and vast versatility. Therefore, the
functional monomer and the cross-linkers have been selected to incorporate a thiol group as one

selection criteria next to others discussed below.

3.2.1. Functional monomer selection and reaction
The functional monomer, at the heart of the imprinting process, has been selected not only for its
thiol group, but more importantly for the functional group interacting with the template propranolol.
With methacrylic acid (MAA) being the most prominent functional monomer for molecular

1283113118 3 thiol containing carboxylic acid has been sought.

imprinting, according to the literature,
Taking into consideration the aim of biocompatible MIPs, biological compounds, namely
glutathione or cysteine, have been investigated in more detail. The presence of two carboxylic
acid residues, as well as additional carbonyl and amine functionalities for the structure of
glutathione, see Figure 25, raises concerns about the number of functionalities and unforeseeable
influences on the imprinting process, stemming from the hydrogen bond forming groups. Since
the aim of this thesis is a proof of concept of a novel molecular imprinting system, a simple and
more understandable approach, meaning a clearer template-functional monomer interaction, is
wanted. Therefore, glutathione has been discarded as a possible functional monomer, and a more
straightforward functional monomer to template relation has been searched for. In this way,
cysteine has also been reviewed, Figure 25. Despite a considerable smaller size and lower
number of functional groups, cysteine still contains a primary amine as an amino acid, enabling
further influence on the imprinting process due to hydrogen bonding, and therefore, adding
another factor to the system. Thus, to simplify the functional monomer even more, and gain more
and more similarity with the established functional monomer MAA, thioglycolic acid (TGA) has
been chosen, Figure 25. Thioglycolic acid, also known as mercaptoacetic acid, satisfies the need
of both, a carboxylic functional group for template binding, along with a thiol group for cross-linking.
Besides these functionalities no further reactive groups are present, rendering thioglycolic acid a
suitable and simple functional monomer to start with molecular imprinting experiments and

developments towards the working system presented here.
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Figure 25: Chemical structures of possible functional monomers for the molecular imprinting process.

For the synthesis of the TGA-functionalized polyphosphazenes, as described in chapter 2.2.6. the
reaction process has been optimized due to problems regarding the insolubility of the product in
most solvents, complicating isolation and purification, and reactivity, despite the reported
properties of the thiol-ene chemistry as a rapid, quantitative reaction, even in the presence of
oxygen and moisture. Since thiol-ene chemistry is described as tolerant towards oxygen and air,
no further precautions have been taken in this regard, however, as the reaction did not yield
satisfying results, the synthesis was therefore adapted to bubbling argon through the reaction
solution for 20 minutes prior to the reaction in the UV-reactor. In addition, certain glass vials proved
incompatible with a UV-reaction. This became apparent after different experiments on varying
scales, utilizing different glass vials, have resulted in differing outcomes, even though the
packaging and description of the vials indicated no difference. To eliminate this problem, vials
have been checked under UV light, and only non-reflecting, transparent ones have been taken for
reactions.

Finally, the produced thioglycolic acid polymer is hardly soluble in standard solvents such as
dichloromethane, tetrahydrofuran or others, and solubility in high boiling solvents such as dimethyl
sulfoxide or dimethylformamide complicates further isolation. Thus, to circumvent the isolation
step and therefore enabling the use of high boiling solvents, a one vial reaction in DMF, in
resemblance to the one pot reaction, has been developed. The thioglycolic acid is reacted with
the poly(allyl glycine)phosphazene and subsequently cross-linked, according to chapter 2.3.

To ensure a quantitative reaction of the thioglycolic acid under the set reaction conditions, the ratio
of proton signals stemming from the thioglycolic acid and the allyl-glycine have been calculated,
as applied for the determination of the number of repeat units of the polymer, proving the presence

of the desired polymer.
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3.2.2. Cross-linker selection and cross-linking
A trithiol (3TH), namely trimethylolpropane tris(3-mercaptopropionate), and a divinyl ester (VE),
divinyl adipate, depicted in Figure 26, have been chosen as cross-linkers for initial experiments,
since both have been used successfully in previous research.'> Nevertheless, after preliminary
investigations of MIPs based on these cross-linkers, the selection has been adapted by addition
of two other functional molecules, namely pentaerythritol tetrakis(3-mercaptopropionate) (4TH)
and pentaerythritol tetraacrylate (4Acr), depicted in Figure 26, to gain pellets with a higher rigidity
due to a higher cross-linking, which has been considered to be the problem with the use of 3TH
and VE. All in all, different combinations of these cross-linkers have been tested, listed in Table 4.
Their effect is discussed in chapter 3.4. The absence of any double bond peaks, indicating

complete cross-linking, has been determined via FT-IR.
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trimethylolpropane tris(3-mercaptopropionate) divinyl adipate
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X
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pentaerythritol tetrakis(3 mercaptopropionate) pentaerythritol tetraacrylate
4TH 4Acry

Figure 26: Chemical structure of the different cross-linkers applied for the molecular imprinting process.

The cross-linking reaction itself is performed in a similar fashion as the functionalization with TGA.
Since it is designed as a one vial reaction, the cross-linkers, as well as the porogens and the
template, depending on the method, are added, and the reaction solution is placed in the
UV-reactor. Argon is not bubbled through the solution again.

Sodium chloride, toluene and chloroform are used as porogens and their influence on the
molecular imprinting process is investigated. Toluene and chloroform have been chosen to test
the influence of the molecular size of the porogenous solvents, and salt as a straight forward

approach to a porous material.

All in all, the adaption of thiol-ene chemistry for molecular imprinting opens up a different path
towards MIPs. No pre-polymerization complex of the template and the functional monomer is
formed, instead, the complex is composed of the template and the functionalized polymer which
is cross-linked subsequently. Furthermore, the highlighted versatility of the thiol-ene reactions
enables a quick adaption of the system towards different prerequisites, as has been shown above

by the change in cross-linkers to gain rigidity.
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A schematic of the functionalized and cross-linked polymer matrix is depicted in Figure 27
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Figure 27: Schematic of the functionalized and 4TH/4Acry cross-linked poly(allyl glycine)phosphazene.
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3.3. Propranolol

3.3.1. Deprotonation
Propranolol, allowing for a comparison with recent literature, was used as the template for
molecular imprinting. Successful deprotonation of the commercially available hydrochloride was
determined by the shift change of the proton signals stemming from the protons in vicinity of the

secondary amine. A comparison of the '"H NMR spectra can be seen in Figure 28.

Propranolol HCI
—— Propranolol

.._..U M__.J | lJ

_.LI_JJI J ik Jl

d/ppm

Figure 28: Comparison on 'H NMR spectra of propranolol hydrochloride and propranolol in chloroform.

3.3.2. Propranolol stability in methanol
Propranolol was stored as a powder in the fridge at 4°C, and no changes were observed over the
course of one month, Figure 29. However, the stability was also tested in methanol, i.e. the
rebinding solution, allowing to estimate a suitable time scale of the rebinding experiment and to

identify any influence of the solvent on the template during the procedure.

—— Overnight
—— 1 month
8 6 4 2 0

d/ppm

Figure 29: Stability of dry deprotonated propranolol stored in the fridge at 4°C over the course of one
month.
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Figure 30: Comparison of '"H NMR spectra of propranolol over the course of 42 days.

As can be seen in Figure 30, a change in the NMR spectra of propranolol can be already seen
after one day. The signal at around 1 ppm steadily decreases, whereas a signal around 1.3 ppm
appears and increases simultaneously with it. It is thought that this is possibly due to a combination
of protonation, since the signal appearing at 1.3 ppm strongly resembles the respective peak for
propranolol hydrochloride, and photo degradation, resulting in different degradation products like
N-formylpropranolol.”' A time scale of 48h for the rebinding essay was chosen, despite slight
changes in the proton NMR. This was selected to allow sufficient, complete adsorption of

propranolol by the polymers, whilst ensuring acceptable stability of the template at the same time.
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3.4. Molecular imprinting

The molecular imprinting effect of the different molecularly imprinted polymer and non-imprinted
polymer pairs, listed as MIP/NIP pairs in Table 7, has been tested via a rebinding essay and
subsequent HPLC analysis, described in chapters 2.4. and 2.5.

Table 7: Summary of different methods for MIP/NIP pair synthesis.

MIP/NIP pair | Method | Crosslinker / wt% PPz | Salt | Porogenous solvent
| wt% / uL

1 1 VE /34% 3TH /55% M1% |- -

2 1 VE /34% 3TH /55% 1% | Yes |-

3 1 VE /34% 3TH /55% 1% |- chloroform /100uL

4 1 VE /34% 3TH /55% 11% | Yes | chloroform /100uL

5 1 VE /34% 3TH /55% M1% |- toluene /100pL

6 1 VE /34% 3TH /55% 11% | Yes | toluene /100uL

7 2 4Acry 134% | 3TH /52% 14% | - -

8 2 4Acry 134% | 3TH /52% 14% | Yes |-

9 3 VE /39.5% | 4TH/49.5% | 11% | - -

10 3 VE /39.5% | 4TH/49.5% | 11% | Yes | -

11 4 4Acry 137% | 4TH /52% M1% |- -

12 4 4Acry 137% | 4TH /52% 1% | Yes |-

13 5 4Acry 142% | 4TH /58% - - -

14 6 VE /43% 3TH /57% - - -

The chromatographic peak corresponding to propranolol is integrated, and the mass determined
via a calibration curve. From this value, the amount of template adsorbed by the pellet can be
determined by subtraction from the concentration of propranolol in the rebinding solution. The
adsorption values are normalized to the amount of polyphosphazenes used for the synthesis of
the pellets and hence the amount of functional monomer, and, to analyze the corresponding MIP
and NIP, the adsorption of the NIP is set to 100% and the MIP compared to it. The results are
summarized in Table 8 and visualized in Figure 31. MIP/NIP pairs 1 and 2, corresponding to pellets
cross-linked with 3TH and VE, once in the presence of salt and once without, are not listed, as
they proved to not be working during preliminary tests, pairs 3 to 6 were synthesized using the
same method as 1 and 2, but with the addition of chloroform and toluene, respectively, and are

reported below to investigate the influence of the porogens.
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Figure 31: Rebinding results for the different tested MIP/NIP pairs.

As becomes apparent from Figure 31, all pairs, except 11 and 12, based on 4TH and 4Acry, do
not reveal an imprinting effect, on the contrary, most of them show a higher adsorption of the
template by the non-imprinted polymer. Furthermore, no clear effect of the use of sodium chloride
as porogen can be determined by the results above, as the adsorption difference between MIP
and NIP of the different pairs using NaCl as porogen are inconsistent. Pairs 4, 6 and 8, with salt,
show a higher adsorption of the MIP than the pairs 3, 5 and 7, without salt, suggesting a positive
influence of the salt as a porogen for the imprinting process, whereas pairs 9 to 14 indicate the
opposite. For toluene and chloroform, no effect can be determined either, both porogens result in
pellets with a higher adsorption for the non-imprinted polymer, with greater differences for
chloroform than for toluene, and are, as pair 1 and 2 on which they are based, non-working
systems.

Nevertheless, a successful imprint of propranolol has been achieved with pair 11 and pair 12
showing an adsorption of 179.12% and 142.69% compared to the NIP for pair 11 and 12,
respectively. This shows, first and foremost, the importance of a rigid pellet, as has been
suggested from the preliminary tests of the pellets cross-linked with 3TH and VE, since both pairs
are cross-linked with 4TH and 4Acry and hence, display a higher stiffness. And furthermore, it
hints on a negative effect of sodium chloride on the imprinting process as described above, yet a
clear statement cannot be made. The necessity of the polyphosphazenes and the functional
monomer for the imprinting effect becomes clear when looking at pair 13 in comparison with pair
12, since pair 13 is identical to pair 12 except no polyphosphazenes has been used during the
synthesis of the pellets, and hence, also no functional monomer was present. It should be noted
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that the adsorption values reported for pairs 13 and 14 are therefore also not normalized to the
amount of polyphosphazenes used and the comparison between MIP and NIP is hampered by a
slight difference in the mass of polyphosphazene used for the respective synthesis.

All'in all, a working system for molecularly imprinted polymers on the basis of polyphosphazenes
is reported with the MIP/NIP pair 11, synthesized with 4TH and 4Acry as cross-linkers and no

porogens.

BET analysis has been performed for all MIP/NIP pairs and the results are reported in the
attachments in Table 9. Briefly, the values for the specific surface of the polymers lie below the
threshold to allow for a valid analysis and are therefore not interpreted, yet, for the purpose of

completeness, attached at the end of the thesis.
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Table 8: Result summary of adsorption values for the different tested MIP/NIP pairs. Values reported for
pairs 13 and 14 correspond to the total amount of propranolol adsorbed by the pellet without
normalization.

Method MIP/NIP MIP/NIP m(Propranolol)/m(PPZ) | Adsorption normalized to
pair / ug*mg™’ (266nm) corresponding NIP / %
NIP 179.6 100%
1 ’ MIP 156.5 87%
] A NIP 283.3 100%
MIP 278.7 98%
NIP 276.2 100%
1 > MIP 196.3 71%
] 6 NIP 296.9 100%
MIP 244.0 82%
) . NIP 60.5 100%
MIP 54.3 90%
NIP 259.3 100%
? ° MIP 263.2 102%
NIP 139.9 100%
° ° MIP 160.0 114%
NIP 321.7 100%
3 10 MIP 253.2 79%
NIP 92.0 100%
4 11 MIP 164.9 179%
NIP 2454 100%
4 12 MIP 350.2 143%
NIP 2.2 100%
5 13 MIP 23 101%
NIP 3.9 100%
6 14 MIP 3.3 83%
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3.5. Degradation study

With the aim of degradable molecularly imprinted polymers, three MIP/NIP pairs have been
chosen as representatives for the different pairs to a degradation study, according to chapter 2.6.
The polymers were tested at pH 2 and pH 7 over two and four months, respectively, allowing a
confirmation on the influence of the pH on the degradation, and an estimation of the necessary
time interval for the pH 7 series. This was determined according to the degradation rate of the pH
2 series which was supposed to be faster than the one for pH 7.

The results are visualized in Figure 32 to Figure 35 and are attached in tabular form at the end of
the thesis, Table 10.

To test the reproducibility and systemic error of the method itself, triplicates of each a MIP and
NIP, synthesized according to MIP/NIP pair 1, were tested for the pH 2 series since a faster
degradation of the polymer was expected for this series and therefore, an earlier interpretation of
the results.
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Figure 32: Degradation of triplicates of a MIP, synthesized according to MIP/NIP pair 1, at pH 2.
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Figure 33: Degradation of triplicates of a NIP, synthesized according to MIP/NIP pair 1, at pH 2.
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Both, the MIP and the NIP, show a high fluctuation for the first 3 values, even overshooting 100%
of remaining weight, as depicted in Figure 32 and Figure 33. This may result from the low initial
weight of just around 20 mg of polymer and the, in comparison, enormous weight of the sintered
glass crucibles and the resulting error of the balance and the weighing process. In addition, for
the first 3 data points especially, despite all efforts to secure complete dryness, some residual
solvent may have falsified the measurement, explaining the rapid decrease in remaining weight
after one day and a subsequent, relative increase of remaining weight for the next two data points
compared to the first. Nonetheless, for the overall timescale, the method shows variations between

the triplicates of only roughly 5% and no difference between the MIP and NIP.

Comparison of the three MIP/NIP pairs, one synthesized according to MIP/NIP pair 2, based on
3TH and VE with salt as a porogen, and the other two according to MIP/NIP pair 1, based on 3TH
and VE without any additional porogen, once after rebinding and once without any previous
testing, shows no difference in degradation between the different pairs, depicted in Figure 34.
Fluctuations between the results can be seen, however all in a range of 10% and therefore, in
accordance with the findings from Figure 32 and Figure 33, in the range of £5%. Furthermore, all
pellets show the same fluctuations in remaining weight for the first three to four data points,

emphasizing the above proposed systemic error of the method in this time frame.

Pair 1 NIP Pair 1 MIP Pair 2 MIP Pair 2NIP  «=@==Pair 1 MIP; fresh  «=@==Pair 1 NIP; fresh
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Figure 34: Degradation of MIP/NIP pairs at pH 2. A fresh MIP/NIP pair corresponds to normally
synthesized pellets without a rebinding assay previous to the degradation study.

On the whole, a clear degradation down to approximately 80% to 85% of their initial weight can

be seen for all pellets over a time interval of two month at pH 2.
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Figure 35: Degradation of MIP/NIP pairs at pH 7. A fresh MIP/NIP pair corresponds to normally
synthesized pellets without a rebinding assay previous to the degradation study.

Comparing the degradation of the pellets at pH 7 depicted in Figure 35, the pellets show an even
broader fluctuation for the first two data points, especially the values for the pair 2 NIP seem out
of place with a degradation down to 78% and 61% after 1 and 7 days, respectively, compared to
degradation rates for pH 2 at these time intervals, however a clear explanation for this could not
be found. Despite these, again a clear trend can be seen for all 6 pellets alike, resulting in

degradation down to around 80% to 85% over a time interval of 4 month at pH 7.
All in all, both degradation series, at pH 2 and pH 7, indicate a degradable polymer and

degradation rates for the two, with a higher rate at the lower pH, are consistent with the hydrolytic

degradation mechanism described in chapter 1.1.3.
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4. Conclusion and outlook

In conclusion, the work presented herein reports substantial improvements in regard to
polyphosphazene synthesis in the form of the one pot synthesis, synthesizing
poly(organo)phosphazene from LiN[Si(CHs)s]. without any intermediate isolation step, and its
amendments towards a phosphine mediate one pot synthesis. This gives a combination of
advantages. On the one hand, the easier scale-up of the one-pot synthesis, and on the other hand,
a simple characterization of the polymers, via NMR-specroscopy, from the isolated monomer
approach. The latter is achieved using the functional end group of the polymer to determine the
number of repeat units by comparing the ratio of the proton signals from the end group to the
signals of the substituents. This was accomplished by the modification of the one pot synthesis
described by Wang,? by means of an alteration of the solvent towards higher polarity, specifically
dichloromethane, and the adoption of 4-diphenylphosphanyl benzoic acid-2-(trimethylsilyl) ethyl
ester as a phosphine, the polymerization mediator, instead of PCls as the polymerization initiator.??
Furthermore, the overall yield of the synthesis of the poly(organo)phosphazene, comprised of
monomer synthesis, polymerization of poly(dichloro)phosphazene [NPCI;], and subsequent post-
polymerization modification (macrosubstitution), via the one pot approach was increased from
29% to 79% without any negative influence on purity. This was accomplished by omitting the
intermediate filtration step between the polymerization of poly(dichloro)phosphazene and the
necessary macrosubstitution to avoid the hydrolysis of the polymer backbone. Nevertheless, the
stability of poly(dichloro)phosphazene under argon and in solution (diglyme) was tested,
investigating the possible storage period of [NPCI],, since the one pot synthesis promises a
simpler scale up and hence large-scale experiments from one batch of polymer, and stored
[NPCI2]» would allow for further variation during post-polymerization modification of the same
poly(dichloro)phosphazene. Further, a scale up in the synthesis of the utilized substituent, a
glycine allyl ester, was achieved as well as a simpler purification method of the synthesized
poly(allyl glycine)phosphazene in form of a split dialysis in water and EtOH, tested and verified by
NMR-spectroscopy.

Additionally, it was shown that poly(organo)phosphazenes are a suitable polymer backbone for
the synthesis of, and further developments towards, biocompatible degradable molecularly
imprinted polymers, enabling a tailored degradation rate by adjusting the substituent substituents
as well as customized chemical and mechanical properties. This was demonstrated by rebinding
essays with subsequent evaluation via HPLC of molecularly imprinted polymers specific for
propranolol, based on poly(allyl glycine)phosphazenes modified with thioglycolic acid as the
functional monomer, and subsequent cross-linking via thiol-ene chemistry. The influence of
different cross-linkers, namely trimethylolpropane tris(3-mercaptopropionate) (3TH), divinyl
adipate (VE), pentaerythritol tetrakis(3-mercaptopropionate) (4TH) and pentaerythritol
tetraacrylate (4Acry), as well as of different porogens, such as chloroform, toluene and sodium

chloride, on a successful imprint were investigated. Whilst a clear preference for a pellet of higher
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rigidity, cross-linked with 4TH and 4Acry, was proven to gain a specific imprint, results regarding
the influence of the different porogens were inconclusive. Degradation studies of representative
polymer pellets in MilliQ water with a pH of 7 and 2 showed a degradation of the pellets down to
around 80% to 85% over time intervals of four months (pH 7) and two months (pH 2), respectively,
with the expected influence of a lower pH resulting in a faster degradation rate. The application of
thiol-ene chemistry to functionalize and cross-link the polymer backbone opens up the door
towards easily adaptable molecular imprinting systems due to the great versatility of thiol-ene
reactions, allowing for almost any thiol or double bond functionality to be used. Thus, a modular
construction kit for biocompatible, degradable molecularly imprinted polymers has been

established.

In the future, the phosphine mediated one pot synthesis may be investigated in more detail in
regard to the set reaction conditions, namely temperature and reaction times, to achieve the higher
molecular weights and chain lengths reported for the one pot synthesis by Wang.?® Even more,
the potential of the one pot synthesis in regard to a scale up should be explored, and, in
combination with the storability of the poly(dichloro)phosphazenes, the chance of the construction
of a library of poly(organo)phosphazenes differing in substituent and functional monomer allowing
for a fast screening of possible candidates for molecular imprinting. This may also pose a
significant improvement in polyphosphazene synthesis for other research fields employing these
polymers. In addition, the prospect of a possible scale-up raises interesting opportunities for the
industry.

Likewise, with regard to the molecular imprinting, the rebinding analysis of the imprinted polymers
should be extended not only to investigate the total adsorption capacity of the MIPs and NIPs,
respectively, but also to study the difference in adsorption kinetics to disclose possible unobserved
differences between molecularly imprinted polymers and their non-imprinted counterparts. This
may be achieved by real-time nuclear magnetic resonance (RT-NMR) analysis or the use of
equilibrium dialysis and subsequent or direct injection of the spiked dialysis solvent into a HPLC
system, allowing for almost continuous examination of the adsorption of propranolol by the
polymers. Furthermore, different rebinding conditions, namely the template concentration, could
be tested to verify any further differences between the imprinted and non-imprinted polymers. In
addition, a distinct analysis of the binding properties of the polymers analyzed via an AFM as a
force meter may give further insight into the imprinting effect, directly observing the template-
binding pocket interactions.

To examine the adaptability of the modular construction kit, different functional monomers, for
example the discarded glutathione or cysteine, as well as a combination of cross-linker and
functional monomer in the form of e.g. dimercaptosuccinic acid, simplifying the imprinting process
by directly forming the template-functional monomer complex with the cross-linker itself, may be

targeted. In combination with additional, more exact degradation studies to deduce possible
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differences between the polymers, or also their behavior in other solvents and an evaluation of the
biocompatibility of the molecularly imprinted polymers, the herein presented method alongside the

proposed further experiments set forth a novel approach to molecular imprinting.
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Abbreviation Description

3TH trimethylolpropane tris(3-mercaptopropionate)

4Acry pentaerythritol tetraacrylate

4TH pentaerythritol tetrakis(3-mercaptopropionate)

ACN acetonitrile

AFM atomic force microscopy

allyl-Gly glycine allyl ester

ATP adenosine triphosphate

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

Boc-Gly-OH N-(tert-butoxycarbonyl)glycine

cAMP cyclic adenosine monophosphate

DLS dynamic light scattering

DMF dimethylformamide

DMPA 2,2-dimethoxy-2-phenylacetophenone

DMSO dimethyl sulfoxide

EtsN triethylamine

EtOH ethanol

FT-IR Fourier-transform infrared spectroscopy

GPC gel permeation chromatography

HPLC high performance liquid chromatography

JAK Janus kinase

JAK/STAT Janus kinase / signaling transducer and activator of transcritpion
protein

MAA methacrylic acid

MAPK mitogen-activated protein kinase

MeOH methanol

MIP molecularly imprinted polymers

NIP non-imprinted polymers

NMR nuclear magnetic resonance

PPz polyphosphazene

PTSD post-traumatic stress disorder

RT-NMR real-time nuclear magnetic resonance

SBSE stir bar sorption extraction

SERS surface enhanced Raman spectroscopy

SPE solid phase extraction

SPME solid phase micro extraction

SPR/FT-IR surface plasmon resonance / Fourier-transform infrared
spectroscopy

ss-NMR solid-state nuclear magnetic resonance

TFA trifluoroacetic acid

TGA thioglycolic acid

TGA-PPz thioglycolic acid poly(allyl glycine)phosphazene

THF tetrahydrofuran

TMSE- 4-diphenylphosphanyl benzoic acid-2-(trimethylsilyl) ethyl ester

triphenylphosphine

VE divinyl adipate
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