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Chapter 1: Introduction

1 Chapter 1 - Introduction

1.1 Controlled/living Radical Polymerization

The free radical polymerization (FRP) is one of the most applied systems for the synthesis
of commercial polymers. Indeed, almost the 50% of them, with application in many
commercial fields, is produced by using radical-chemistry based techniques.

FRP is a versatile technique that is tolerant to various monomers and this allows to
synthesize a wide range of homo and copolymers such as poly(styrene) and its copolymers
(with acrylonitrile, butadiene, etc.), poly(acrylate)s, poly(ethylene) and poly(vinyl
chloride). Furthermore, it can be applied industrially, using several techniques and it does
not require complex purification of reactants'.

Despite to these advantages, by FRP it is not possible to control the molecular weight,
the composition and the structure of the synthesized polymer because of termination and
transfer reactions that occur during the process>>.

During the last twenty years much efforts were made to develop polymerization
processes that could allow to obtain polymers with pre-determined chain length, structure
and PD and this was achieved developing different ‘Controlled-living’ radical
polymerizations (CLRPs)*!°. Living polymerization is defined as “a chain-growth
polymerization that propagates with no irreversible chain-transfer or chain-termination
reactions”’. For example, anionic and cationic polymerizations are living processes that
are well known since the first years of the ninety’s. The living character of polymers
synthesized by ionic polymerization techniques offers the possibility to synthesize block
copolymers. Unfortunately, this techniques can polymerize a limited range of monomers?>.
Matyjaszewski and co-authors reported that “free radicals, which are the growing species
in radical polymerization, very easily react with another one via coupling and/or
disproportionation. Thus, it is inherently impossible to imagine a living radical
polymerization. However, by careful adjustment of the reaction conditions, it is possible
to prepare well-defined polymers by a radical mechanism™!!. In subsequent years, the
study of controlled radical polymerizations led to different techniques that allow nowadays
to synthesize polymers with well-defined structure by CLRP!'>!3,

It is important to synthesize polymers with well-defined structure because only if the
polymers have uniform length, composition and functionality it is possible to control their

assembly in nanostructured materials. Moreover, the properties of materials with defined
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structure differ compared to the properties of polymers obtained with classical techniques
and no control over the polymer structure’.

It is worth noting that the development of CLRP also allowed to obtain materials with
different polymer architectures (Figure 1) allowing the study of its effect on the final

properties of the obtained material'*.

NaVa¥aVa) g y\fWV‘X ), @a¥aVaVal'q
End-functional  Di-end functional  Telechelic

NNN———— e
A-B diblock A-B-A triblock A-B-C triblock
I I Gradient copolymer
Eight-arm star Graft copolymer
T,
E AN AN
Hyperbranched polymer ~ Eight-arm star block Microgel

Dendridic polymer

Figure 1: Possible polymer architectures'.

During a radical polymerization, in order to maximize the control over the reaction and
obtain polymers with the desired structure and PD, the reactions of termination by
combination and disproportionation need to be negligible but they cannot be completely
eliminated, as it is for ionic living polymerization®®. As stated from Matyjaszewski,
“radical polymerizations can become controlled under conditions in which a low,
stationary concentration of the active species is maintained and a fast, dynamic equilibrium
is established between the active and dormant species™!".

The dormant species mentioned by Matyjaszewski are not able to react with monomers
but they are in equilibrium with the active species, in a system in which the propagating

radicals are formed intermittently. In a controlled radical polymerization, each time a

2
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dormant specie is converted into an active specie, this latter should react only with few
units of monomer and then it returns in the inactive dormant status. There are several type
of CLRPs, but all of them show a fast equilibrium between the dormant species and the
growing radicals!. Among CLRPs, the most studied and promising are the Atom Transfer
Radical Polymerization (ATRP), the Nitroxide Mediated Radical Polymerization (NMP)
and the Reversible Addition-Fragmentation chain Transfer (RAFT).

1.1.1 Atom Transfer Radical Polymerization (ATRP)

Among CLRP, ATRP is one of the most convenient, especially if a large scale process
has to be developed. Compared to other CLRP, indeed, being more versatile, it can be
applied to the polymerization of a wide range of monomers, not requiring any particular
purification of commercial reactants. Furthermore it allows the use of several solvent, even
water and it leads to the synthesis of macromolecules that can be easily end-
functionalized"!'>. Thus, during the last years, ATRP has led to the synthesis of polymers
with well-defined microstructure, functionality and composition, and some of the
developed materials have interesting potential commercial applications.

ATRP is one of the controlled living radical polymerization in which the control over the
concentration of the active species is based on the equilibrium between the growing radical
and a transition metal complex.

In a typical ATRP reaction four components are needed: monomer, initiator, transition
metal with two stable states of oxidation in the reaction conditions and a ligand that allows
the solubilization of the transition metal'®.

At the first stage of the process, the initiator and the transition metal give a reversible

oxidation reaction which generates radicals (R-) (Scheme 1).

(n) Kat g (n+1)
[ + Met™(L)y === R + Met (X)(L)y
deact

Scheme 1: ATRP initial redox reaction. I=Initiator, Met™=Reduced catalyst, L=Ligand, R =Radical,
Met™V=0xidized catalyst, X=halogen atom, K';.;/= Rate constant of activation and, K's.c;=Rate constant
of deactivation.

Usually, the X (in Scheme 1) is a halogen atom, such as bromine or chlorine, which could
be already present in the complex of the transition metal in its lower oxidation state, as

Cu(Br)(bpy)"*.
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The obtained equilibrium (K'act and K'geact), and thus the rate of this reaction, depends on
many factors: e.g. the stability of the complex between the transition metal and the ligand'?,
the temperature, the type of initiator, the stability of the two oxidation states of the
transition metal and of the generated radical, the solvent etc.

The generated radicals can react with the monomer and the reaction of polymerization

starts (Scheme 2).

R+ M —Niy P

Scheme 2: First reaction between monomer and radical generated by the initiator. R =Radical,
M=Monomer, P-=Propagating radical, K;=Rate constant of initiation.

The growing polymer chain is involved in a redox reaction with the oxidized metal that

converts the radical chain into a dormant specie (Scheme 3)!!:!8,

Kact
P-X + Met®(L), =—= P* 4 Met™)(X)(L),

Kdeact

Scheme 3: ATRP equilibrium between dormant and growing chain. P-X= dormant specie,
Met™=Reduced catalyst, L=Ligand, P-=Propagating radical, Met™*V=0Oxidized catalyst, X=halogen
atom, Kq= Rate constant of activation and, Kseac:=Rate constant of deactivation.

The ratio between Kact and Kgeact 1 called Katrp and it is strictly correlated to other four
constants: the constant of oxidation of the metal complex (Kox), the constant of reduction
of the halogen into halide ion (Kea), the constant of C-X bond homolysis in the alkyl halide
(Kbn) and the constant of association of the halide ion to the metal complex (Kx). How
these constants affect the value of Katrp will be shown later on'®.

Unfortunately, these are not the only reactions that occur but, for kinetic reasons, some

terminations might take place?>?!. The overall process is shown in scheme 4!,
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'
act

K
I+ Met™(L)y ——= Met™D(X)(L), + R
K'deact +

o
(n) Kaa (n+1) :
P-X + Met™(L)y, === Met™D(X)(L), + DH\/I

Kdeact

K

K, P
+P;;

P,-P

Scheme 4: ATRP mechanism. I=Initiator, Met™=Reduced catalyst, L=Ligand, R =Radical,
Met™V=0xidized catalyst, X=halogen atom P-X= dormant specie, P-=Propagating radical, M=Monomer,
K= Rate constant of activation, Kaeae:=Rate constant of deactivation, K,=Rate constant of polymerization

and K,=Rate constant of termination.

It was demonstrated that the absence of one component among ligand, initiator and
transition metal leads to a broader PD and a lower control over the molecular weight,
showing that these three components are equally important for the control over the
process'®.

The transition metal acts as halogen carrier (or pseudo-halogen carrier) while the ligand’s
task is to solubilize the inorganic salt in the reaction mixture but it also affects the value of
the equilibrium constants involved in the process'®.

A good control over the polymerization reaction can be achieved only with: a low
concentration of growing radicals, a fast redox reaction compared to those of termination
and disproportionation, and a rate of conversion in the dormant species comparable to that
of polymerization. In this way the growth of the polymeric chain can be uniform and no
more than a few percent of the polymer chains undergoes termination.

Practically, less is the concentration of radical species in the reaction mixture, less is the
rate of the termination and disproportionation reactions'®??. Unfortunately, the context is
more complicated; indeed, the K has the same magnitude order of the diffusion controlled
limit and it is higher than the propagation rate constant [K; = 107 + 10 1/(mol*s) and K,
10? + 10* I/(mol*s)]. Furthermore, the value of K'sxtis in the range of 10 + 107 5!, the
average value of decomposition of a classic radical initiator, and these are the reasons why

it is impossible to prevent some reactions of termination'?° .
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Once the conditions that lead to an overall control over the reaction are reached, several
demonstrations can confirm the success of the procedure.

The average molecular weight should follow Equation 1.

T [Mol-IM

men = gy MW ¥

Equation 1

M, n=Average theoretical molecular weight, [Mo]=Initial monomer concentration, [M]=Monomer
concentration, [1y|=Initial initiator concentration and MWy=Monomer molecular weight.

A well-controlled reaction means a reaction which leads to polymer with the desired
structure, molecular weight and low PD (lower than 1.4-1.5)!°.

Plotting In([Mo]/[M]) as a function of time, if the reaction is well controlled, a linear plot
should be the result, leading to the statement that the concentration of growing radical is
constant throughout the reaction'*>2!. The slope of the fitting line is the Kapp of the reaction.
Indeed, the reaction of polymerization is of the first order for both the concentration of
radical species and the concentration of monomer and being the concentration of radical

species constant, its value can be included in the Kapp value as seen in Equation 2 2!,

Equation 2 1 = Kp * [P] [M] = Kapp * [M]

r,=Rate of polymerization, K,=Rate constant of polymerization, P-=Propagating radical, M=Monomer,
Kopp=Apparent rate constant of polymerization.

A deviation from the linear dependence of In([Mo]/[M]) with the time means that some
reactions have reduced the concentration of radical species and the polymerization is not
controlled as desired.

If the conditions of the reaction are such as to allow a fast pre-equilibrium and therefore

a low PD, the kinetic laws are the ones stated in Equation 3 and Equation 43
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Kact _ [PI[MetT+Dx)(L)y]
Kgeact B [M€t(n)(L)x][P—X]

Equation 3 Karrp =

[Met™ (L), ][P-x]
[Met+D(X)(L),]

Equation4 1, = Kapp [M] = Kp [P][M] = Kp [M]Karrp [1o]

Kumrr=ATRP rate constant, K...= Rate constant of activation, Kqeac:=Rate constant of deactivation,
Kup=Apparent rate constant of polymerization, K,=Rate constant of polymerization, P-=Propagating
radical, M=Monomer, [Io]=Initial initiator concentration, Met™=Reduced catalyst, Met"""=0Oxidized
catalyst, X=Halogen atom, L=Ligand, P-X=Dormant specie.

In these kinetic laws the termination by radical coupling is not considered ([P-]=[Io]), but
it is a phenomenon that happens at the beginning of the polymerization and it allows the
establishment of the so called “persistent radical effect”. At time ’0’’ the concentrations
of oxidized metal end radicals are zero. During the initial stages of the polymerization if
the rate of deactivation reaction (that leads the radical to the dormant form) is lower than
the rate of termination, and this might happen because they are subject to two different
kinetics, the concentration of (propagating) radicals might be high enough to make the rate
of termination not negligible compared to the rate of polymerization and coupling reactions
may occur (Scheme 5). The fact that the coupling reaction is irreversible, implies that the
more coupling reactions occur the more the concentration of oxidized metal increases. As
a consequence of the fact that the product [M®D(X)(L),]*[P] (Equation 3) must be
constant, the concentration of radicals decreases, thus the rate of coupling reaction
becomes gradually lower than the rate of polymerization. This is possible for their
different dependence from the concentration of radicals (Equation 4 and Equation 5)"". This
system reaches an equilibrium in which the concentration of oxidized metal is sufficient to

make the rate of coupling reaction slow enough for a controlled polymerization to occur?'.

act

2 P-X +2 Met™(L), === 2 Met™D(X)(L),+ 2 P’
Kdeact

Kter

P-P + 2 Met™D(X)(L),

Scheme 5: Termination reaction between two propagating radical. P and P,"=Propagating radicals,
K:e»=Rate constant of termination and P-P,=Dead chain
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Equation 5 Tter = Keer * [P']z

re~=Rate of termination, K...=Rate constant of termination and P-=Propagating radical.

If termination reactions are negligible compared to the propagation ones during the
polymerization, and the rate of the reaction that leads to the formation of the dormant
species is fast, the degree of polymerization (DP) could be predetermined, because it is
directly related to the consumed monomer and to the initial concentration of initiator [My]

as established by Equation 6.

Equation 6 DP =

DP=Degree of polymerization, [My]=Initial monomer concentration, [M]=Monomer concentration and
[lo]=Initial initiator concentration.

Another proof that the conditions in which the reaction has occurred has led to a
controlled reaction should be provided by 'H-NMR analysis. Indeed, the result of such
analysis should show the presence of the chain end groups: the initiator residue and the
halide (or pseudo halide) at the end of the macromolecules. The presence of these groups
indicates that no reactions of termination (or just a negligible amount) occurred>.

Despite the advantages that ATRP offers, the production on a large scale might be
limited, mainly for three reasons:

- All the oxidants should be removed from the reactor in which the polymerization
occurs.

- The catalyst should be removed from the final materials and this could be expensive
24

- The transition metal catalysts used in this technique are toxic (i.e. Cu complex...)
and the disposal of huge quantity of this toxic material could be dangerous for the
environment 2,

These disadvantages can increase the cost of the ATRP process applied on a large scale
but the higher cost can be balanced by the added value of materials synthesized with this

technique.
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1.1.1.1 Reaction conditions

Matyjaszewski was one of the first researcher who studied the ATRP process, and he
found that a system consisting of 1-phenylethyl chloride as initiator, CuCl complexed by
2,2’-bipyridine as catalyst and monomers allows to synthesize polymers with narrow PD
(M,/M;<1.5) and a predetermined molecular weight®. The combination of initiator,
transition metal and ligand proposed in that article® is not the only possible one: a lot of
parameters can be changed to tune the reaction with the aim to obtain the researched goal
2122 The tuning of the reaction should be done because each monomer has its own rate of
polymerization, each couple metal/monomer has a different transition state and different
value of equilibrium constant and each metal-ligand complex has different solubility in the
reaction mixture; all these parameters, together with the concentration of every single
specie affect the concentration of growing radicals in solution!>7. Moreover, side
reactions must be taken into account during the study of a new reaction mixture.

Once the type of initiator, catalyst combined with the leaving group, ligand and monomer
have been chosen, the reactants molar ratios have to be optimized in order to control the
polymerization. The correlation between the reaction constant (Kapp) and the initial

concentration of the species is described by Equation 7.

Equation 7 Kapp = {7}/ v = Ko [I,]*[Met M1 [L,y]?

K4rp=ATRP constant, M=Monomer, t=Time, K,=Rate constant of polymerization, [ly]=Initial initiator
concentration, [Met™ ] =Initial reduced metal concentration and [Lo]=Initial ligand concentration.

The value of x, y and z show how the initial concentration of each component affects the
Kapp and therefore the rate of the reaction. To determine how each initial concentration
affects the rate of the reaction, In(Kapp) versus the natural logarithm of the concentration
of the species under investigation should be plotted. The slopes of the resulting plots
represent the values of x, y or z respectively. The initial concentration of the initiator is
linearly related to the value of Kapp because it affects the concentration of growing radicals
and its value for x is equal to one, while x and z should be determined for each specific
system. On the other hand, as the transition metal acts as a catalyst, only low concentration
of the metal in solution is needed to control the reaction'”. The PD is related to the

concentration of the oxidized metal as can be seen from Equation 82°.
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. . M__w _ i Kp[IO] 2 _
Equation 8 PD = T 1+ DP + (Kdeact[M(n+1)(X)(L)y]) * (conv 1)

PD=Polydispersity, M,,=Weight average molecular weight, M,=Number average molecular weight,
DP=Degree of polymerization, K,=Constant rate of polymerization, [Iy]=Initial initiator concentration,
Kaeaer=Constant rate of deactivation, Met™V=0Oxidized metal, L=Ligand, X=Halogen atom and
Conv=Conversion.

The concentration of the oxidized metal [Met™)(X)(L)y] depends on that one of the
reduced metal [Met™(L)x] which should be enough to obtain a low PD, even if it has no
effect on the rate of polymerization because this latter is correlated to the ratio of the

reduced and oxidized species (Equation 4).

1.1.1.1.1 Transition metal

The transition metal should be able to expand its coordination sphere and simultaneously
it has to be oxidized during the progress of the reaction®?.

The metal in the lower oxidation state has the exclusive role to remove the halogen atoms
from the inactive chains, in fact it does not react with the radical species present in solution.
The metal in the higher state of oxidation is the specie that control the concentration of
radicals in solution and, consequently, its presence is necessary to control the
polymerization®!,

To determine the importance of the oxidized metal, in one experiment, the transition
metal in the lower oxidation state was replaced with the same transition metal in its higher
oxidation state in presence of classical radical initiator'>. The resulting polymerization was
controlled, demonstrating that the oxidized metal has a more important role compared to
the metal in its lower oxidation state. The pathway of the reaction results so modified as

can be seen in Scheme 6.
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Initiation:
L —2 » 2r

I+ + Met™D(X)(L), Met™(L), + I-X

+

M

e

P+ Met™D(X)(L), Met™(L), + P-X
Propagation:

Met™(L), + P-X

P" .+ Met™D(X)(L), ===
@K

P

Scheme 6: ATRP reactions in presence of conventional radical initiator and oxidized catalyst. I-
I=Conventional radical initiator, I-=Radical, Met™=Reduced metal, X=Halogen atom, L=Ligand,
Met™"V=0xidized metal, I-X=Dormant initiator, M=Monomer, K;=Rate constant of initiation,
P-=Propagating radical, P-X=Dormant specie and K,=Rate constant of polymerization.

In this case, the control over the reaction, as well as the initiator’s efficiency, is enhanced
with the concentration of transition metal in the higher oxidation state, proving its central
role in ATRP'.

With the aim to reach an better control over the reaction, it is possible to add a certain
amount of oxidized metal, or leave traces of oxygen, in the initial reaction mixture thus
decreasing the rate of initial termination reactions'’.

Even if copper is one of the most efficient catalyst for ATRP and it is used to polymerize
a broad range of monomers in different media, a variety of transition metals, as Ti, Mo,

Re, Fe, Ru, Os, Co, Ni, Pd and Rh was successfully used!”2"-33,

1.1.1.1.2 Monomer

ATRP can be applied to the polymerization of vinyl monomers that can react with the
radicals generating other radical species still able to react with other monomers, and with
substituents that stabilize the radical after its formation. Monomers with complexing
properties can compete with the ligand during the solubilization of the catalyst, scavenging
it from the ATRP equilibrium and this does not allow to the system to establish a fast and

dynamic equilibrium between the dormant specie and the propagating chai. In order to
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polymerize monomers that can interact with the metal, it is necessary to use ligands with
high complexing efficiency that avoids metal-monomer interactions'>!,

Each monomer has its constant of C-X bond homolysis (Kun), and as said, this influences
the value of Karrp. As each Kpn could be significantly different from monomer to
monomer, it might happen that, in the same reaction conditions, different monomers have
different values of Katrp, leading to different reaction times to reach the same conversion,

or to uncontrolled reactions®®*’. So, for each specific monomer it is necessary to find the

best experimental conditions to reach the desired conversion in a reasonable time.

1.1.1.1.3 Solvent

The reaction could be carried out with or without solvent; in the first case various
solvents and different initial concentrations of the reaction mixture can be used. Being the
rate of the polymerization dependent on the concentration of the reactants, the dilution of
the system slows down the reaction but it could be useful to better solubilize all the
reactants and the resulting polymer®. A solvent is needed when the monomer is not a
solvent for the corresponding polymer*® or when the monomer is solid*>. The choice of
the solvent and its quantities should be determined as a function of the system under
investigation'®. Common solvents used for ATRP are THF*, 1,4-dioxan*!, toluene***? but
many others such as diphenyl ether** and 1,4-dimethoxybenzene** can be used.

In all the cases, in order to achieve a good control on the process, the reaction of
polymerization must be of the first order respect to the monomer and the concentration of
radical species should be constant?!.

The solvent has a strong effect on the value of the constant of reduction of the halogen
into halide ion (Kea), and that one of association of the halide ion to the metal complex
(Kx). As said, these two constants affect the value Katrp which becomes itself solvent
dependent®.

As halide ions are stabilized through solvation, the value of Ke, increases in polar
solvents*. For the same reason Ky decreases with the polar property of the solvent, because
of the stabilization of halide ion in the solution*’. These two considerations are in
agreement with the results of experiments in which, using protic polar solvents, the control
over the reaction was lost*®. This happens because the halide is slightly coordinated to the

oxidized catalyst and the process of deactivation does not happen with the frequency

needed to control the reaction®®.
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1.1.1.1.4 Ligand

During the years several molecules were proved to be good ATRP ligands; in Figure 2
some of the most common ones are shown and arrange in increasing activation rate
constant order'®. The complexing properties of a ligand depend on its structure and on the
number of atoms with complexing characteristics. As example, cyclic ligands can usually

establish stronger interactions with the metal compared to linear ligands'.

Figure 2: Structure of some ATRP ligands®.

Ligands are used to solubilize the transition metal salt in the reaction mixture but they
also influence the value of the constants involved in the equilibrium between the dormant
specie and the propagating radical. The amount of ligand which is necessary to control the
reaction depends on the reaction conditions and on the solubilizing ability of the ligand,
and it could be found doing different measures of the Kapp maintaining constant all the
parameters of the reaction except the concentration of ligand. Plotting the value of kapp
versus the concentration of ligand it could be noted that the constant rises since it reaches
a constant value corresponding to the optimum concentration of ligand in the experimental
conditions?!.

The ligand to metal stoichiometry affects also the structure of the complex in solution.
The dynamic equilibrium established in solution can involve several metal species whose
concentration depends on the relative quantity of ligand and transition metal. As an
example, using CuBr and bi-pyridine (byp) in 1:2 molar ratio, the specie which is present
in bigger quantity in solution is the monomeric complex [(byp).CuBr] (Figure 3).
However, if a 1:1 molar ratio is used, the specie with the highest concentration in solution
is either the bridged dimer [LCu(/-X),Cul], or 2:1 ligand-to-copper cation with a
dihalocuprate counteranion [LoCu] [CuX]%3!,

The relative stability of the complexes formed between metal, in both the oxidations

states, and ligand, affects the potential of oxidation of the catalyst and the value of KaTtrp.
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As a consequence, different ligands lead to different potential of oxidation and different
Katre. The more stable is the higher state of oxidation of the metal-ligand complex, the
more the metal in its lower state of oxidation is a strong reducing agent thus catalytically
active in ATRP. As already said, also the potential of reduction should lead to a fast
reaction of oxidation of the growing chain, carrying it to the dormant species.

In order to minimize the risk of ligand substitution with all the other species present in
the reaction mixture (monomers, polymers, solvents), it is convenient to have both the state

of oxidation of the metal strongly stabilized from the ligand*®>2.

Figure 3: ATRP equilibrium established using byp.

1.1.1.1.1 Initiator

In order to achieve a good control over the reaction, it is very important to find the
conditions that allow the optimum combination of equilibrium constants involved in the
reaction pattern. As the equilibrium constant is affected by the stability of the species
involved in the reaction, to obtain the proper number of radical species that start the
reaction of addiction of monomer, the stability of the radical derived from the initiator
must be evaluated. The initiators that lead to a proper number of radical species in the
reaction mixture are the ones which stabilize the radical product, e.g. initiator with
inductive or resonance stabilizing groups. In Figure 4 the structure of possible ATRP
initiators is shown. It was demonstrated that initiators like dichloromethane or butyl
chloride have poor efficiency at the initial step of the reaction, leading to PD higher than
1.6 because the initial reaction using these initiators is slow and not all the polymer chains
start to grow simultaneously. The efficiency could be seen as the ability of the initiator to
transfer the halide to the transition metal in the redox reaction; if the C-X bond is strong,

the formation of the radical is less favored and the efficiency of the initiator is low!”.

14



Chapter 1: Introduction
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Figure 4: Structure of some ATRP initiators>.

1.1.1.1.2 Leaving Group
As the efficiency of the initiator is related to the bond strength, it is clear that also the
leaving group of the initiator plays an important role in determining the efficiency of the

175354 " studied the effect of the leaving

process. In its articles Krzysztof Matyjaszewski
group on the control of the ATRP process. In particular by comparing bromine and chlorine
derivatives, they show that the first ones lead to a faster reaction and a lower PD, being C-
Br bond weaker than C-CI 7. So the more the leaving group is a good leaving group the
more the activation rate constant increases.

The halide ions are the most used leaving group, but also pseudo-halides, carboxylates
and non-coordinating triflate and hexafluorophosphate anions could be used™.

The katrp 1s influenced by different component present in the ATRP system, and it is not
possible to determine which is the best catalyst, solvent, ligand and so on for all the ATRP.
Each of them, indeed, has a different influence on the Katrp. To find the optimal conditions
of reaction, and the best species to use to obtain the maximum control over the reaction, a

screening should be done, changing one parameter in each experiment. At the end of this

screening the best conditions to polymerize a specific monomer should be found'.

1.1.2 Comparing ATRP with NMP and RAFT

ATRP is not the only CLRP that attracted significant interest. Also nitroxide mediated
polymerization (NMP) and reversible addition—fragmentation chain transfer (RAFT) are
two types of CLRP which are used to polymerize vinyl monomers.

The principle on which the NMP reactions are based on is the same of ATRP: a low

concentration of propagating radicals in solution that reduces bimolecular reaction
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between two growing radicals (termination). The two systems are different on how this
low concentration is achieved.

In a NMP an equilibrium between a dormant and a growing specie is still present and
this is established through a reaction between the growing radicals and a stable nitroxyl
radical as shown in Scheme 7%°.

NMP does not require any specific initiator but common radical initiators are used. Using
this latter technique other monomers like methyl methacrylate, methyl acrylate vinyl
acetate and so on can be synthesized in presence nitroxide scavenger®’. Once the radicals
have been formed they can react with the nitroxyl radicals, forming the alkoxyamines in
situ, and establish the equilibrium that allows to maintain a low concentration of growing
species in solution and start the controlled radical polymerization®>’. The dormant species
is not directly involved in the polymerization reactions while the radical derived from the
dormant specie can undergo two reactions: the polymerization, or the recombination with

the nitroxyl radical to form again the dormant specie (Scheme 7).

Scheme 7: Schematic representation of the characteristic NMP reactions’.

Some example of nitroxides employed in NMP are shown in Figure 5.

*O—N

"0—=N ; *0—N
P=0
EtO/ \OEt OTMS

DEPN TIPNO TEMPO TMS

»L }L oTMS

Figure 5: Structures of some NMP scavengers'.
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During RAFT a degenerative transfer process is involved and it allows to obtain
polymers with controlled molecular weight and narrow PD (usually < 1.2)* Respect to the
other two systems seen, in ATRP and NMP the rate of polymerization is determined by
the value of the equilibrium constant of the activation and deactivation reaction and by the
persistent radical effect. In RAFT there is no persistent radical effect and the activation
and de-activation reactions are chain-transfer reactions'®.

The three fundamental elements for a degenerative transfer process are: monomer, classic
radical initiator and a transfer agent. The degenerative transfer process can differ
depending on the used transfer agent’®®° In a RAFT process various dithioesters,
dithiocarbamates, trithiocarbonates and xanthates could be used as transfer agent*!°.

Common radical initiators are used in order to form radicals in solution that react with
the monomers. Once the radicals derived from the monomers are present in solution these
can react with the transfer agent and give rise to that equilibrium that characterizes the

reversible addition—fragmentation chain transfer (Scheme 8) *.
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Scheme 8: Schematic representation of the reactions that occur during RAFT.

If the starting monomer is able to thermal self-initiation, such as styrene, no radical
initiator is needed!®¢!. The growing radicals, obtained by radical initiation, could both react
with the monomer or with the RAFT agent that acts as scavengers. Once it reacts with the

scavengers it is carried in a dormant form and simultaneously a new radical (R’) is formed
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and it can react with the monomer continuing the polymerization. To avoid as much as
possible termination reactions, the reaction between growing radical and scavenger should
be faster respect to coupling reaction, so it should be very high. Only if the exchange
between dormant and active species is very high the polymerization has a living character,
resulting in polymers with defined and pre-determined structure, molecular weight and low
polydispersity*. As a consequence of its living character the resulting product still has the
RAFT end groups at the ends of the chain®,

The reactions conditions used during a RAFT process are the same as those used for a
conventional free-radical polymerization, so it can be carried out in bulk, solution,
emulsion or suspension, using well known radical initiators and a wide range of molecular
weight can be obtained*.

ATRP, NMP and RAFT have advantages and limitations. ATRP requires the use of a
catalyst that sometimes should be removed from the final product because it is toxic and it
colors the material. It should be mentioned that the development of this technique allowed
to use very low concentration of catalyst*’. In NMP and RAFT the mediating species are
bonded to the polymer and no metal catalyst are used'*. At the same time, the presence of
functional groups among the repeating units of polymers synthesized by NMP and RAFT
can cause some problems if the synthesized materials need to be modified by subsequent
reactions. As an example, the ester group which is present in block copolymers synthesize
by raft can be hydrolyzed and as a consequence of this reaction the polymer chains break®’.
Usually the purity of block copolymers synthesize by ATRP is higher.

ATRP uses commercially available reactants whilst NMP and RAFT require the use of
alkoxyamines and dithioesters that usually should be synthesized on purpose. ATRP is a
versatile technique that allows to polymerize a wide range of monomers'*, but the
polymerization of acidic monomers is still challenging and it requires protection or
neutralization. NMP of methacrylates and less reactive monomer is difficult and RAFT
cannot be used for the polymerization of basic monomers'.

Concluding, the three illustrated CRLP are complementary but ATRP, nowadays, is the

easiest to apply on a large scale®.
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2 Chapter 2 - ATRP of polar monomers: synthesis and
characterization of homo and copolymers

2.1 Introduction

2.1.1 Synthesis of random and gradient copolymers

The radical polymerization allows to synthesize random and gradient copolymers if two
(or more) monomers (M; and M) are present simultaneously in the reaction medium® -8,
In random copolymers the instantaneous composition (repeating unit sequence) does not
change along the polymer chain, while in gradient copolymers it changes passing from the
beginning to the end of the chain®®-7!, In order to obtain copolymers with the desired
structure and composition, it is necessary to know the rate constants involved. During a

radical polymerization the propagation reactions are generally four (Scheme 9).

a) P-M;+ M, MIML o P-M-M,

. K .
b) P-M;+M, —HM . p.M,-M,

¢) P-My+ M, —ML_ p MM,

d) P-M;+ M, MM o P-M,-M,

Scheme 9: Propagation reactions involved during copolymerization®.

During a free-radical polymerization also termination reactions occur influencing the
copolymer composition®®. In controlled radical polymerizations, other equilibrium
reactions are involved, affecting the resulting copolymer composition and structure, e.g.
the ATRP equilibrium that establishes the propagating radical concentration in solution
during an ATRP%"!,

Once the radicals are formed, the propagating reactions that determine the copolymer
composition are the ones shown in Scheme 9. Assuming a constant concentration of
propagating radicals, the composition of the copolymer which is formed at any chosen time

is described by Equation 972,
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Equation 9 %

oimry] ]+ (I, = (i) o [Mz]}/
o[M;] ~ [M] « {[M2] +

R22) + [ ]}

Kmi-m1/Kmi-m2 corresponds to the reactivity ratio of Mi (r1) and Kwma-m2/Kmo-mi
corresponds to the reactivity ratio of M (12). Their values allow to determine if the systems
tend to form random copolymers or homo/gradient (co)polymers’?.

Only when 11 and 2 are equal to 1 the copolymer composition is equal to the feed
composition. Unfortunately, usually the rate constants are not equal and the result is that
one of the monomer is preferably incorporated into the polymer. When this happens the
feed composition changes during the polymerization and so does the resulting polymer
composition. In order to obtain the desired polymer composition, it is possible to act on
the temperature, changing the values of the rate constants. It is also possible to act on the
monomer feed composition, working in a semi-batch system, feeding the correct amount
of monomers with the aim to maintain the feed composition that determine the desired
polymer®®7!. Depending on the values of the rate constants (Kmi-mi, Kmi-mz, Kva-mi and
Kwmo-m2) it is possible to obtain gradient copolymers using batch systems’>’* but sometimes
semi-batch systems are required’.

Several models, based on Equation 9, were developed in order to determine the monomer
reactivity ratios. These models rely on the determination of the copolymer composition
knowing the feed composition. During the polymerization the feed composition changes,
so it possible to assume a constant feed composition only when low monomer conversions
(5-10% mol/mol) are reached. As a consequence, for each copolymerization study, it is
necessary to determine several copolymer composition as a function of different co-
monomer feed, carrying out copolymerizations maintaining low conversion values.
Results are then interpreted within a specific context’>7%77,

Equation 9 relates the co-monomer feed to the copolymer composition and it can be

express in terms of mole fraction (Equation 10).

20



Chapter 2: ATRP of polar monomers

. . _ _ nffansf
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The limit of Mayo-Lewis equation (Equation 10) is that all the variables should be
measured instantaneously. Its integration gives the Meyer-Lewis equation (Equation 11)
which allows to determine copolymer composition running experiments until 25-30% of

monomer conversion.

: 78 1 [ AT [ LT, [fime-8]
Equation 11 X, =1 [f1—0 * [_fz—o] * [—f1—6 ]
Where X,,= conversion; o = —2—; B=—— y = Lty 5 - (7)) f1-0 and
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f2_o are the initial mole fraction of the monomers.

At higher conversions the basic assumptions done in order to integrate Mayo-Lewis
equation are violated. The basic assumptions are three:

- The polymerization is carried out in isothermal conditions.

- The volume of the reaction mixture does not change significantly during the

polymerization.

- Reactivity ratios are constant throughout the synthesis.

The last one is the reason why the conversion should be lower than 30%: at higher
conversion values, indeed, the diffusion limits can decrease the propagation rate
constants’®.

Mainly, three different approached were developed to estimate reactivity ratios: linear
regression (e.g. Finemann-Ross and Kelen-Tudos model), non-linear least square method
and error in variables model. The first one is usually not valid’>*!. In non-linear least
square the error associated to the independent variable should be negligible, so it is
necessary to determine exactly the co-monomer feed composition’**%32, Error in variables

models takes into account all the errors that can affect the variables®>.
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2.1.2 Aim of the project

Poly(N-vinylcaprolactam) (PNVCL) and Poly(N-vinylpyrrolidone) (PNVP) and their
copolymers (or derivatives) found applications in many fields, such as the synthesis of low
dosage clathrate inhibitors®*®8, biomedical®**®!, nanoparticle and nano-rod stabilizers®>**,
carbon nanotubes dispersants’*®°, bioconjugation and surface ligand immobilization®®.

PNVCL and PNVP are water soluble, amphiphilic, thermo-responsive, low-toxic and
biocompatible polymers. Furthermore, they are stable against hydrolysis. These
characteristics make them suitable for biomedical applications, indeed, production of
hydrogels is the most important field where they are applied. PNVCL and PNVP display
a lower critical solution temperature (LCST) which depends on the molecular weight of
the polymers (32-45°C)8%°%%7_ Their amphiphilic character allows them to form micelles
that can incorporate drugs®®®’. They also form reverse hydrogels upon heating above the
LCST of the polymers, offering the possibility to administrate drugs by injection of
polymeric solutions that form gels at the body temperature (targeted-administration) 307,

The properties of PNVCL and PNVP depend on the polymer structures. Thus the control
of the polymerization will allow to increase the fields of application and the efficiency of
PNVCL and PNVP-based systems.

NVCL and NVP can only be polymerized by radical polymerization, but the high
reactivity of their radicals makes the controlled radical polymerization of such monomers
quite challenging®!.

Being the final properties of a polymer strictly related to its structure and composition,
by using controlled radical polymerization (CRP) it is possible to obtain materials with
predetermined properties for application in specific fields.

NVCL and NVP, as other vinyl monomers, can be polymerized using a classic radical
initiator'%%!%! (e.g. AIBN) but the resulting material has high PD and no living chain-end.
As reported in literature, PNVCL or PNVP can be synthesized in a controlled way by
xanthate or dithiocarbamate mediated radical polymerization (RAFT/MADIX)!9%105 by
cobalt-mediated radical polymerization (CMRP)!%1%7 or by ATRP*#!8%108109 Being the
aim of the project the optimization of PNVCL and PNVP synthesis, different
polymerization techniques were evaluated, taking into account the cost of the overall
process and the characteristics of the obtained materials.

Among the three cited polymerization technique it was chosen to use ATRP because it

offers many advantages:
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- It is possible to use reactants that are commercially available!*. RAFT
requires to synthesize specific chain transfer agents and by CMRP it is necessary
to use a preformed alkylcobalt(I1l) adduct, increasing in both the case the synthetic
steps.

- Copper is less expensive compared to cobalt.

- By ATREP it is possible to polymerize different monomers(methacrylates,
acrylates, styrene, etc.)!¥, allowing the synthesis of block copolymers without
changing the polymerization mechanism or simply by adding a second monomer
when the polymerization of the first block reaches high conversions (~90%)
(single-step synthesis of block copolymers). Furthermore, being insensitive to
many functional groups and tolerant towards impurities present in solvent and
reactants, including water!', this technique can be industrially applied.

In this context, we retained of interest to shed some light on the ATRP of polar
monomers. In particular, a wide range of monomers, including N-vinylcaprolactam
(NVCL) and N-vinylpyrrolidone (NVP), were polymerized and copolymerized with the
aim to synthesize random and block copolymers with well-defined structures, paying
particular attention to the achievement of a scalable, safe and cheap synthetic procedure!*.

For this purpose, several kinetic studies were carried out changing the initial molar ratio
of monomers and initiator, the concentration, the solvent and the temperature with the aim
to set up a process that allows to obtain high monomer conversion. Furthermore, the
process was optimized to be carried out at 60-80°C in a solvent with high flash point which
can act also as carrier for the final material, thus decreasing the purification costs.

364111 guch as the absence

Unfortunately, ATRP requires particular operative conditions
of oxygen into the polymerization reactor, that increase the cost of the overall synthesis
process. At the same time, polymers with well-defined structure can exhibit specific

properties that can add value to the final synthesized material''.
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2.2 Results and discussion

2.2.1 Synthesis of homopolymers by ATRP

2.2.1.1 Synthesis of PNVP by ATRP
The controlled radical polymerization of NVP is difficult because, despite to other

monomers that are easily polymerized in a controlled way, such as styrene>>%!13:.114,

5,42,44,115,116 45,117-119

methacrylates , acrylates and so on, it generates an unstable not-
conjugated radical.

Several attempts of ATRP of NVP were carried out by using different reactant molar
ratio and N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) as ligand, CuBr as
catalyst, allyl-2-bromo-2-methylpropropionate (ABIB) as initiator in anhydrous THF.
Unfortunately, no evidences of the occurrence of polymerization were obtained. This could
be due to the low activity of PMDETA which is not able to break the CH-CIl bond of the
dormant specie formed by the PNVP propagating radicals.

Furthermore, experimentally it was observed that the monomer is able to solubilize the
catalyst even in absence of the ligand. Such a behavior suggests that the monomer may
interact with the ATRP system stopping the polymerization.

For these reasons we attempted the ATRP of NVP in presence of MesCyclam as ligand.
It is reported in the literature, indeed, that such a compound allows to promote the
controlled homopolymerization of several polar monomers*!#%105:120.121 'The reactions that
can occur during the ATRP of NVP are reported in Scheme 10. When the polymerization
is controlled, K¢ 1s negligible compared to K,. Using common ATRP conditions, the
initial reaction occurs and the radical generated by the initiator can react with the monomer.

Once the propagating radical is converted into the dormant specie the K'atrp is low and it

does not allow the establishment of the ATRP equilibrium.
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Scheme 10: Characteristic ATRP equilibrium of NVP with some possible termination that may occur
during the polymerization.

Thus, a series of polymerizations of NVP was carried out under ATRP conditions in
presence of MCP as initiator, and CuCl complexed by MesCyclam as catalyst in dry 1,4-
dioxan/n-propanol 98:2 v/v at room temperature (see procedure 1 in the Experimental
section). The initial monomer concentration ([Mo]) was 2.5 M.

The occurrence of polymerization involving the vinylic double bond was confirmed by
FT-IR, showing the disappearance of the absorption at 1630 cm™', ascribed to the stretching
vibration of the double bond in the monomer!?>'?*. Accordingly, in the 'H-NMR spectrum
of PNVP, the resonances at 4.44, 4.37 and 7.09 ppm related to the vinyl protons of NVP
monomer, are absent. 'H-NMR analysis of the final reaction mixtures allowed also the
determination of the monomer conversion by comparing the signals of the vinylic double
bond with those ones of the polymer.

A good control of the polymerization process could be achieved with these experimental
conditions, as demonstrated by the linear dependence of In([Mo]/[M]) as a function of time
(Figure 6). The conversion, in fact, shows a logarithmic dependence on the time and the
reaction follows a first order kinetics with respect to the monomer concentration reaching
a quite high monomer conversion (82%) when a [Mo]/[C]/[L]/[lo] (M=monomer,
C=catalyst, L=ligand and o= initiator) = 100/1/1/1 initial molar ratio is used. It is worth
noting that, by increasing the concentration of initiator ([Mo]/[C]/[L]/[10]=100/2/2/2), the
rate of polymerization decreases (Figure 6), suggesting a lower concentration of
propagating radicals. Such a behaviour could be ascribed to the occurrence of reactions of

termination at the initial step of the process, whose rate increases with the initiator
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concentration (see Equation 5) and which lead to the irreversible formation of Cu(Il)
(persistent radical effect'?). Thus the ATRP equilibrium shifts towards the dormant
species and decreases the rate of polymerization until an equilibrium, with a constant

concentration of propagating radical, is reached (see Equation 2)
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Figure 6: In([My]/[M]) as a function of time for the ATRP of NVP in dry 1,4-dioxan/n-propanol 98:2 v/v
([Mo]=2.5 M) at 25°C. [NVP]/[CuCl]/[MesCyClam]/[MCP] = 100/1/1/1 (o) and 100/2/2/2 (o).

The occurrence of such terminations is confirmed by the fact that, as shown in Figure 6,
the intercepts of the obtained straight lines do not pass through the origin, as expected.

It is worth noting that by replacing MCP with ABIB in presence of MesCyclam as ligand,
the polymerization did not occur. Such a behaviour could be ascribed to the more stable
tertiary radicals generated by ABIB which react faster with the catalyst leading to a higher
concentration of radicals at the initial step of the polymerization and thus to termination
reactions.

In order to get an insight into the ATRP polymerization mechanism of NVP, the reactants
addition order was modified. In particular, several polymerizations were carried out adding
the initiator as last reactant to the reaction mixture before the freeze-thaw cycles (see
procedure 2 in the experimental section). The process was studied also upon changing the
monomer to initiator ratio and keeping the concentration of all the other reactants
unchanged. The conversion after 4 hours of reaction was determined by 'H-NMR analysis

and reported in Table 1.
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Table 1:Conversion and PD after 4 hours of PNVP synthesized by ATRP using different initial molar
reactants ratio and procedures.

Polymerization Conv. after 4h
[Mo]/[CV/[L]/[To] PDP

procedure (% mol/mol)?
1 100/1/1/1 35 1.58
2 100/1/1/1 50 1.55
2 100/1/1/1.5 46 1.51
2 100/1/1/2 45 1.45
2 100/1/1/3 40 1.42

 Determined by '"H-NMR.
b Determined by GPC in DMF.

By comparing the data obtained by the two different procedures (1 and 2) with the same
initial molar ratio of reactants ([Mo]/[C]/[L]/[TIo]=100/1/1/1) it is clear that the addition of
the initiator as the last reactant leads to an increase in the reaction rate (monomer
conversion after 4h 35 and 50% respectively). The reason of this behaviour can be found
in the lowering of the termination reaction extent with procedure 2, since the addition of
initiator marks the actual polymerization beginning and its delay prevents any undesired
reactions in the uncontrolled initial preparatory stage. Thus the amount of radicals during
the propagation stationary stage of the polymerization increases and so does the
polymerization rate.

Moreover, when applying procedure 2, by decreasing the monomer to initiator ratio from
100/1 to 100/3, the conversion after 4 hours drops from 50 to 40% (Table 1) because of
the increased rate of termination reactions during the initial step of the polymerization.

All the obtained polymers were analysed by GPC in DMF in order to determine their PD
which is in the range 1.4-1.6. Furthermore, the molecular weight distribution is unimodal,
confirming that a negligible amount of terminations occurs during the stationary state of
the synthesis. Being the average molecular weight determined by GPC affected by error
because they depend on the hydrodynamic volume of the polymers, S?“M,, values will not
be taken into account.

It is known that polymers with amphiphilic character as PNVP7195197 can form
aggregates in solution. The presence of aggregates and the possible interactions between
the molecules and the stationary phase during the elution may increase the PD determined

by GPC. So the average molecular weight and the PD of some samples were determined
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also with MALDI-TOF; the results are summarized in Table 2 and, as an example, in

Figure 7 is shown the MALDI-TOF spectrum of PNVP synthesized in 4 hours of reaction,

using the polymerization procedure 2 in dry 1,4-dioxan/n-propanol 98:2 v/v ([Mo]=2.5 M)
at 25°C, [NVP]/[CuCl]/[MesCyClam]/[MCP] = 100/1/1/3.

Table 2:Conversion, M,, and PD of PNVP synthesized with different ATRP conditions.

Conv.
Polymerization Reaction Theor-pg | MALDIpF G,
[Mo]/[C)/[L/[To] % PD" PD¢
procedure time (h) (Da)°© (Da)® (Da)¢
mol/mol)?
1 100/1/1/1 1 35 4900 5000 1.22 | 10400 | 1.45
2 100/1/1/3 4 40 170 4300 1.11 | 9500 | 1.38

2 Determined by '"H-NMR.
® Determined by MALDI-TOF.

¢ Theoretical M, determined considering the monomer conversion and the monomer to initiator ratio.

4 Determined by GPC in DMF.

Counts

100

2000

4000

6000 8000
Mass (m/z)

10000 12000

Figure 7: MALDI-TOF spectrum of PNVP synthesized in dry 1,4-dioxan/n-propanol 98:2 v/v ([My]= 2.5
M) at 25°C. [NVP]/[CuCl]/[MesCyClam]/[MCP] = 100/1/1/3, polymerization procedure 2, reaction time

4h.

The data displayed in Table 2 show that the PD determined by MALDI-TOF is lower

than that one determined by GPC, confirming the presence of aggregates and interactions

during the elution in the column. Furthermore, procedure 2 allows to obtained materials

with lower PD thanks to the better control achieved adding the initiator as last reactant, but

also to the reached higher conversion. It is well known, indeed, that during the ATRP the
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PD decreases with the conversion reaching a stable and low value®. The presence of
termination reactions during the initial step of the polymerization is also confirmed from
the disagreement between the M,, determined by MALDI-TOF and the theoretical one
(Table 2), that can be determined considering the monomer to initiator ratio and the

conversion (see Equation 1).

2.2.1.2 Synthesis of PNVCL by ATRP
The ATRP of NVCL was carried out by procedure 2 at room temperature in 1.4-dioxan
([Mo]=2.5 M) in presence of MCP as initiator, MesCyclam as ligand, CuCl as catalyst and
with an initial molar ratio of [NVCL]/[CuCl]/[MesCyClam]/[MCP] = 100/1/1/1.
The occurrence of polymerization involving the vinylic double bond was confirmed by
FT-IR, showing the disappearance of the absorption at 1652 cm™! ascribed to the stretching

122" Accordingly, in the "TH-NMR spectrum of

vibration of the double bond in the monomer
PNVCL, the resonances at 4.40, 4.46 and 7.38 ppm related to the vinyl protons of NVCL,
are absent. Although a good control of the polymerization process could be achieved with
these experimental conditions, as demonstrated by the linear dependence of In([Mo]/[M])
as a function of time (Figure 8), the ATRP of NVCL results slower than that of NVP in
the same polymerization conditions (Kapp=0.022 and 0.064 h! respectively). Such a
behaviour could be ascribed to the higher hindrance of caprolactam moieties compared to
the pyrrolidone ones which makes more difficult the reaction between the double bond and
the radical of the propagating chain.

With the aim to study the effect that each component has over the entire polymerization
process, the kinetic of the ATRP of NVCL was studied in presence of oxidized catalyst
[Cu(II)] using polymerization procedure 3 {[Mo]=3.6M [Cu(I)]/[Cu(I])]=1/0, [Mo]=3.6M
[Cu(D)]/[Cu(Il)]=1/0.5 and [Mo]=1.8M, [Cu()]/[Cu(I])]=1/0.5} (Figure 8).

As reported in Figure 8, all the systems show a linear dependence of In([M]o/[M]) with
time thus indicating a first-order kinetics of the polymerization rate with respect to the
monomer concentration and a constant concentration of the growing species throughout
the whole process.

In presence of Cu(Il) the initial reaction should be more controlled and the ATRP
equilibrium should be balanced by the presence of oxidized catalyst. Furthermore, to
obtain a good control over the polymerization, the ratio between the rate of polymerization
and the rate of termination (see Equation 2 and Equation 5) is very important in order to

make negligible the second one compared to the first one. With this aim the ATRP of
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NVCL was studied using a monomer concentration of 3.6 M and [Cu(I)]/[Cu(I])]=1/0.5.
Then, the kinetic study was repeated decreasing the concentration to 1.8 M. It is important
to stress that one of the purpose of the project is to use the lowest amount of solvent in
order to decrease the cost of the entire process but at the same time it is important to study
the effect that each component has over the entire polymerization. Using polymerization
procedure 3 the catalyst is not solubilized in the system before to start the polymerization

and no termination reactions occur during the preparation of the mixture.
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Figure 8: In([M0]/[M]) as a function of time for the ATRP of NVCL in 1,4-dioxan at 25°C with
[NVCL]/[CuCl]/[CuCI2]/[Me6CyClam]/[MCP] = 100/1/0.5/1.5/1, [MO]= 3.6 M (m) and [MO]=1.8 M (4),
with{NVCL]/[CuCl]/[CuCI2]/[Me6CyClam]/[MCP] = 100/1/0/1/1, [M0]= 3.6 M (o) and with
[NVCL]/[CuCl] /[CuCI2]/[Me6CyClam]/[MCP] = 100/1/0/1/1, [M0O]=2.5 M (o).

As reported in Figure 8, where the dependence of In([My]/[M]) as a function of time for
the ATRP of NVCL using 50% of Cu(Il) and different initial monomer concentrations are
displayed the polymerization is faster in the more dilute system (Kappy= 0.082 h'! when
[Mo]=1.8M and Kapp= 0.061 h! when [Mo]=3.6M). This effect is mainly due to the lower
rate of termination that increases the amount of radicals in the solution and rise up the rate
of polymerization making the reaction faster than the one with higher reactants
concentration. The increased Kapp (0.082 h') is the demonstration that decreasing the
amount of terminations, the polymerization is faster.

The ATRP of NVCL was also attempted in absence of Cu(Il) ([Mo]=3.6M) and the

reaction resulted even faster (Kapp=0.22 h!), reaching 80% of monomer conversion in 7
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hours as demonstrated by the In([Mo]/[M]) as a function of time reported in Figure 8. Such
a behavior suggests that the presence of Cu(Il) decreases not only the rate of termination,
but also that one of polymerization. Indeed, without Cu(Il) in a very concentrated system
([Mo]=3.6M) it was expected to obtain a faster reaction. Unfortunately, in these conditions
the occurrence of termination reactions during the initial step of the polymerization cannot
be avoided and the monomer to initiator ratio changes. For this reason, when a precise
control over the molecular weight of the polymer is desired, it is necessary to use a suitable
amount of Cu(II) in the reaction mixture.

The kinetic studies demonstrate that it is possible to achieve a good control over the
process diluting the system and using Cu(II). Changing the initial monomer concentration
and the amount of Cu(II) it is possible to set up a controlled process that allows monomer
concentrations that are suitable for industrial application.

It is known that PNVCL aggregates®!?>!2¢ in solution and this might influence the
molecular weight and PD determination by GPC. In order to confirm the formation of
aggregates, PNVCL-7800 (PNVCL with M,=7800 Da) in water solution with different
concentration was analysed by DLS at room temperature. As reported in Table 3, this

material self-assembles in water at all the analysed polymer concentration (6,3 and 1

mg/ml).
Table 3: DLS results of PNVCL-7800 water solutions at 25°C.
Peak 1 Peak 2
Concentration Derived
Intensity Intercept
(mg/ml) d. (nm) | Intensity (%) d. (nm) Count Rate
(%)
6 40 66 260 34 10770 0.99
3 55 76 460 18 5630 0.96
1 45 71 150 26 2375 0.97

Being PNVCL a temperature-responsive materia

190,125,126

, increasing the temperature to

37°C the diameter of the aggregates increases (>1000 nm) and DLS is no more suitable for
the determination of their size. Thus it is reasonable to assume that PNVCL aggregates
also in DMF at 70°C, hence GPC analysis in these conditions cannot be considered

reliable.
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Unfortunately, the average molecular weight of the synthesized polymers cannot be
determined by '"H-NMR because, the signals of the initiator residue (MCP) are overlaid
with those of the backbone.

For this reason, some of the previously reported experiments were repeated by using allyl
2-chloropropionate (ACP) as initiator which has the same reactivity of MCP but contains
an allyl group whose related 'H-NMR signals at 5.93 ppm (1H, CH,=CH-CH>-O) and 5.32
ppm (2H, CH>=CH-CH»-0) are well identifiable (Figure 9). Thus, the comparison of their
integrals with respect to those ones of NVCL residue, allows to assess the number average

molecular weight (M,,) of the obtained materials (Table 4).
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Figure 9: 'H-NMR of PNVCL synthesized using ACP as initiator.

In order to better understand the mechanism of the initial step of the ATRP of NVCL
three polymerizations were carried out without using Cu(ll) and changing the
concentration of initiator into the initial solution. The results were compared with the ones
obtained polymerizing NVCL in presence of Cu(Il) and a monomer to initiator ratio of 100
to 1 (a typical molar ratio used during ATRP) (Table 4). The PD index and the shape of
the chromatograms determined by GPC in DMF were used as parameter to compare the
different systems of polymerization. Even if PD determined by GPC might be higher than

the real one it is a good parameter to compare the different polymers.
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Table 4: M,, determined by '"H-NMR and PD determined by GPC for the ATRP of NVCL in 1,4-dioxan at
25°C with [My]= 3.6 using polymerization procedure 3. Reaction time= 30min.

Theor. Xn at 100%
Polymer repeating
[Mo]/[CuCl)/[CuCL]/[L]/[Ts] | M, (Da)* PD? (mol/mol) of
units number
monomer conversion

100/1/0/1/1 15400 1.47 110 100
100/1/0/1/2 8400 1.47 60 50
100/1/0/1/4 4400 1.25 31 25
100/1/0.5/1.5/1 6300 1.34 45 100

4 Determined by 'H-NMR.
® Determined by GPC in DMF at 70°C.

The polymerizations were carried out for 30 minutes with an initial monomer
concentration of 3.6 M. As expected, M, (Table 4) decreases linearly by increasing the
monomer to initiator ratio thus allowing to predetermine the average molecular weight of
the synthesized material. At the same time PD decreases because the rate of termination
increases and Cu(I) oxidizes enhancing the concentration of Cu(Il) which slows down the
rate of polymerization. Thus the amount of radicals in the stationary state becomes lower,
a fast and dynamic equilibrium between dormant specie and propagating radicals is
established and the reaction results more controlled, as demonstrated by the unimodal
distribution of the molecular weights shown in Figure 10.

Comparing the polymer synthesized using Cu(Il) with the ones synthesized under the
same experimental conditions but no Cu(Il) the first one has lower PD and M,, (Table 4).
The lower PD, even at lower conversion, demonstrates that the use of Cu(Il) increase the
control over the polymerization. Furthermore, the polymerization with Cu(Il) is the only
one in which the repeating unit of the material is lower than the ratio between the monomer
and initiator moles, showing that increasing the control over the initial step of the

polymerization the number of terminations between the radical initiators decreases (Table

4).
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Figure 10: Normalized molecular weight distributions of the synthesized PNVCL determined by SEC in
DMF at 70°C. PDI reported in Table 4. [My]/[CuCl]/[CuClL]/[L]/[1o]= 100/1/0/1/1 (—),
[Mo]/[CuCl]/[CuCLy]/[L]/[1o] = 100/1/0/1/2 (---), [My]/[CuCl]/[CuCL]/[L]/[1o]= 100/1/0/1/4 (--),
[Mo]/[CuCl]/[CuCLy]/[L]/[1g] = 100/1/0.5/1.5/1 (--).

The reported results highlight that the control of the polymerization is also influenced by
the polymerization procedure and by the sequence in which the reactants are added into
the reaction mixture.

During the preparation of the reactions, when monomer, initiator, catalyst and solvent
are mixed together (polymerization procedure 3), CuCl is partially solubilized in the
medium the monomer amide group can interact with Cu(I) while CuCl: is solubilized in
the mixture only when the ligand is added to the flask. Being the initial reaction very fast,
it might happen that when Cu(I) reacts with the initiators forming the radicals, part of
Cu(II) does not take part to the reaction and the ATRP equilibrium is more shifted towards
the propagating radicals leading to some undesired termination reactions that should not
occur if Cu(Il) was completely solubilized. With the aim to confirm this assumption two
polymerization of NVCL were carried out under the same experimental conditions: one
using polymerization procedure 3 and one using polymerization procedure 4. In this latter
procedure the monomer, catalysts, ligand and solvent are mixed together and the reaction
starts when a degassed initiator solution is added to the reaction mixture. The
polymerization  were carried out using an initial molar ratio of

[Mo]/[CuCl}/[CuCL}/[L}[l]= 100/1/0.3/1.3/1, [Mo]= 3.6M for 3 hours; in Table 5,
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conversion and M,, determined by NMR are listed as a function of the polymerization

procedure.

Table 5: Theretical M, and conversion determined by NMR for the ATRP of NVCL in 1,4-dioxan at
25°C with [Mo]= 3.6, . [My]/[CuCI]/[CuCL]/[L]/[I)]= 100/1/0.3/1.3/1 using polymerization procedure 3
and 4. Reaction time 3h.

Conv. % M, Polymer Theoretical polymer
Procedure Sample
(mol)® (Da)* | repeating units® repeating unit
3 PNVCL-7800/3 35 7800 56 35
4 PNVCL-7800/4 45 7800 56 45

2 Determined by 'H-NMR.
b Determined from the monomer conversion.

The data reported in Table 5 demonstrate that the reaction depends on the way it is
prepared and not only on the synthesis conditions (concentration, temperature etc...).
Comparing the monomer conversion at the end of the polymerizations, the reaction is faster
(higher monomer conversion) when the initiator is added as last reactant to the flask. This
result confirms the presence of termination reactions that occur when Cu(Il) is not
completely solubilized and this decreases the rate of polymerization.  Using
polymerization procedure 3 the molecular weight of the polymer is far from the theoretical
one calculated considering the monomer conversion. Also using the polymerization
procedure 4 the molecular weight is not equal to the theoretical one but it is closer to it
compared to the polymer synthesized with procedure 3. The results demonstrate that
solubilizing Cu(I) and Cu(Il) before the addition of the initiator the reaction is more
controlled. It is so reasonable to suppose that under these conditions the Karrp does not
change during the initial step of the polymerization as it was using procedure 3.

Polymerization procedure 4 is the optimized method for the polymerization of NVCL

and it allows the synthesis of polymers with pre-determinable M,,.
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2.2.1.3 Proving the living character of PNVCL

With the aim to confirm the living character of the synthesized macromolecules,
PNVCL-7800/4 (Table 4) (PD 1.73, M,, 7800 Da) was used as macroinitiator for the further
polymerization of methyl methacrylate (MMA). The polymerization was carried out using
the same catalyst (CuCl), ligand (MesCyclam) and solvent (1,4-dioxan, [Mo]=3.3M) used
for the synthesis of the PNVCL macroinitiator, and initial reactants molar ratio of
[Mo]/[CuCIJ/[L)/[To]= 200/2/2/1. The occurrence of polymerization involving the
methacrylic double bond was confirmed by FT-IR, showing the disappearance of the band
at 1634 cm’!, related to the stretching vibration of the double bond in the monomer, and
the shift of the ester carbonyl stretching frequency from 1709 cm™ in the monomer to
higher frequencies (1729 cm) in the polymer, due to the reduced electron delocalization
determined by the reaction of the methacrylic double bond!?2. Accordingly, in the 'TH-NMR
spectra (Figure 11) of PNVCL-b-PMMA the resonances at 5.60 and 6.10 ppm related to
the vinylidenic protons of monomer are absent.

The conversion was determined by 'H-NMR of the purified block copolymer (Figure 11)
by comparing the integral of the signal at 3.6 ppm assigned to O-CH3 of PMMA and the
one at 4.4 ppm assigned to CH-N of PNVCL macroinitiator. In two hours of
polymerization 24% of conversion was reached corresponding to a polymer with a second

block of PMMA of 4500 Da.
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Figure 11: 'H-NMR of PNVCL-b-PMMA.

The conversion obtained in two hours of polymerization is consistent with the conversion

reported in the literature''® and confirms the good living character of the previously
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synthesized PNVCL. It was so confirmed that with the optimized polymerization system
of PNVCL it is possible to synthesize polymers with define structure and living character,
that can be used for the synthesis of different block copolymers.

The absence of consistent termination reactions and so the living character of PNVCL
can be checked also by 'H-NMR. The ATRP of NVCL was carried out for 48 hours in
order to reach the highest possible conversion and termination reactions occurred when the
monomer concentration was very low. When coupling reactions occur, the sequence of
repeating unit is not head to tail as along all the polymer chain but it should be head to
head. The chemical shift of CH-N that underwent coupling reactions is different from the
one of the repeating units and it could be clearly seen in the 'H-NMR spectrum of PNVCL
that underwent termination reactions (Figure 12). The signal at 5.3 ppm indicates the
presence of many termination reactions. It was so proved that 'H-NMR is a suitable

technique to determine the presence of termination reactions during the ATRP of NVCL.
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Figure 12: 'H-NMR of PNVCL that underwent termination reactions.
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2.2.1.4 Optimization of the ATRP of NVCL

The ATRP of NVCL was optimized in presence of 1,4-dioxan because it was known to
be a good solvent for this polymerization®'. Unfortunately 1,4-dioxan is not suitable for
industrial application because of its low flash point value (around 15°C'?"). Indeed,
industrially it is cheaper to set up a process which works at 60-80°C and remove the heat
of polymerization with water at room temperature, instead of working at 25°C and control
the temperature of the reactor with refrigerated liquids.

The polymerization of NVLC was so studied using poly(propylene glycol) (PPG) as
solvent which has a hydrophobic main chain but polar hydroxyl chain ends. Thus its
polarity depends on its molecular weight.

ATRP of NVCL was attempted using PPG with M,, of 425 Da (PPG-425) at 25 and 60°C
and in PPG with M, of 1000 Da (PPG-1000) at 60 and 80°C. The kinetics of the
polymerizations was studied and In([Mo]/[M]) as a function of time (Figure 13) was used
as parameter to compare the polymerization conditions. Using PPG-425 as solvent and
[Cu(D]/[Cu(1l)]=1/0.3 at 25°C In([Mo]/[M]) does not show a linear dependence with the
time (O-Figure 13), indicating that the Kapp of the polymerization decreases during the
process. Such a behaviour could be ascribed to high viscosity of the reaction mixture
which leads to the lowering of the diffusion coefficient’®. By increasing the temperature to
60°C in order to decrease the diffusion limits, In([Mo]/[M]) does not depends on the time.

The ATRP of NVCL was so attempted at 60°C, in presence of [Cu(I)]/[Cu(I])]=1/0.6 (o-
Figure 13). In these conditions the polymerization results controlled up to 40% of
monomer conversion. Then Kapp, of the polymerization slows down because the rate of
termination is no more negligible compared to the rate of polymerization and some
termination reactions occur forming Cu(Il) and shifting the ATRP towards the dormant
specie until the system reaches a new stationary state. The fact that increasing the
temperature it is not possible to control the process means that the rate of termination
increases more than the rate of polymerization. In order to decrease the hydrophilicity of
the solvent PPG-425 was replaced with PPG-1000. Indeed, it is known that decreasing the
polarity of the solvent the ATRP equilibrium shifts towards the dormant specie thus
decreasing the concentration of propagating radicals'®. It is so expected to increase the
control over the ATRP of NVCL in presence of PPG-1000. The ATRP of NVCL was
studied in PPG-1000 at 60°C with [Cu(I)[/[Cu(I])]=1/0.3. A good control of the
polymerization process is achieved with these experimental conditions, as demonstrated

by the linear dependence of In([Mo]/[M]) as a function of time (A-Figure 13) indicating the
38



Chapter 2: ATRP of polar monomers

presence of a constant concentration of the growing species throughout the whole process.
Increasing the temperature up to 80°C the ATRP of NVCL is still well controlled and the
rate of polymerization increases (Kappsosc= 0.87 h™!, Kappsocc= 0.34 h'') reaching 90% of

monomer conversion in 4 hours (V-Figure 13).
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Figure 13: In([My]/[M]) as a function of time for the ATRP of NVCL with [My]= 2.5 M.
[NVCL]/[CuCl]/[CuCl:]/[MesCyClam]/[ACP] = 100/1/0.3/1.3/2 in PPG-425 at 25°C (),
[NVCL]/[CuCl]/[CuCl;]/[MesCyClam]/[ACP] = 100/1/0.6/1.6/2 in PPG-425 at 60°C (0),

[NVCL]/[CuCl]/[CuCly]/[MesCyClam]/[ACP] = 100/1/0.3/1.3/2 in PPG-1000 at 60°C (A) and 80°C(V ).

2.2.1.5 Comparison of the ATRP kinetics of NVP and NVCL

In Table 6 the Kapp values of the ATRPs of NVP and NVCL are compared. The kinetic
studies on the ATRP of NVP demonstrated that, increasing the concentration of initiator,
the polymerization rate decreases, confirming, together with the disagreement between the
theoretical and real average molecular weights, the presence of termination reactions
before the system reaches its stationary state.

The kinetic studies on the ATRP of NVCL showed that the hindrance of caprolactam
compared to the one of pyrrolidone decreases the polymerization rate of the monomer.
Decreasing the rate of the initial reaction and decreasing the termination rate by adding
Cu(Il) into the reaction mixture or by using more dilute system it is possible to increase

the control over the reaction and the polymerization rate.
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Table 6Ky, as function of the monomer polymerized and polymerization conditions. L=MesCyclam,
1y»=MCP/ACP, Cu(l)=CuCl and Cu(ll)= CuCl..

Temp. | Polymerization | [Mo] Kapp
Monomer Solvent? [Mo]/[Cu(D)]/[Cu(ID)]/[L]/[To]
(°C) procedure M) (h'")
NVP 25 1 2.5 | dioxan/propanol 100/1/0/1/1 0.107
NVP 25 1 2.5 | dioxan/propanol 100/2/0/2/2 0.064
NVCL 25 2 2.5 | dioxan/propanol 100/1/0/1/1 0.022
NVCL 25 3 3.6 1,4-dioxan 100/1/0.5/1.5/1 0.061
NVCL 25 3 1.8 1,4-dioxan 100/1/0.5/1.5/1 0.082
NVCL 25 3 3.6 1,4-dioxan 100/1/0/1/1 0.221
NVCL 60 4 2.5 PPG-1000 100/1/0.3/1.3/2 0.340
NVCL 80 4 2.5 PPG-1000 100/1/0.3/1.3/2 0.870

# dioxan/propanol= 1,4-dioxan/n-propanol 98:2 v/v.

The results of the kinetic studies demonstrated that the most important parameter to
control during the ATRP of NVCL and NVP is the rate of termination reactions during the
initial polymerization steps. Decreasing them, the rate of polymerization increases and it
is possible to reach high conversion without lose the control over the polymerization.

The ATRP of NVCL was optimized also using PPG-1000 at 60 and 80°C, conditions
that can be safely applied industrially, obtaining polymers with living character and well-
defined structure.

On the basis of the kinetic studies results, it is reasonable to expect that increasing the
Cu(II) concentration or diluting the system, the rate of polymerization increases until the
effect of the increased amount of radicals is balanced by the shifting of the ATRP
equilibrium or by the effect that the dilution has over the reactant concentration (and so on

the rate of polymerization).
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2.2.2 Atom Transfer Radical Copolymerization (ATRCP)

Having optimized the ATRP of polar monomers that generate reactive and unstable
radicals whose polymerization is difficult control, the Atom Transfer Radical
Copolymerization (ATRCP) was applied for the synthesis of their corresponding random
copolymers. In particular, random copolymers were synthesized with the aim to obtain
polymers with tunable and different properties that depend on the copolymer composition.

Thus it was investigated the ATRCP of NVP or NVCL with more hydrophobic
monomers with the aim to synthesize defined random copolymers that contain polar NVCL
or NVP repeating unit and lipophilic repeating units. Synthesizing polymers with
increasing hydrophobicity and changing the hydrophobic/hydrophilic molar ratio of the
molecule it is possible to investigate the effect that the composition has on the final
properties of the synthesized materials. The reactivity ratios of monomers polymerized by
ATRCP are different compared to the ones of monomers polymerized by free-radical
polymerization because the radical concentration during a ATRCP is influenced by the
monomers Karrp!?® Furthermore, in order to obtain copolymers with high average
molecular weight and same monomers repeating units sequence the feed composition
should be kept constant throughout the synthesis. The ATRCP of NVP or NVCL with more
hydrophobic monomers were studied with the aim to be able to synthesize defined random
copolymers that contain polar NVCL or NVP repeating unit together with lipophilic units.
Synthesizing polymers with increasing hydrophobicity and changing the
hydrophobic/hydrophilic molar ratio of the molecule it is possible to investigate the effect

that each component has on the final properties of the synthesized material.

2.2.2.1 Random copolymers

The random copolymerization of NVP with butyl acrylate (BA) or butyl methacrylate
(BMA) and of NVCL with BA or vinyl acetate (Vac) were carried out in 1,4-dioxan, at
room temperature using the following reactant molar ratio:
[M]/[CuCl)/[CuCl2]/[MesCyClam]/[MCP] = 100/1/0/1/1. The monomers conversions
were kept below 15% in order to assume that the monomer feed was constant throughout
all the process and to correlate the copolymer composition to the feed. The occurrence of
polymerization involving the vinylic double bond was confirmed by FT-IR and 'H-NMR.
At the end of the polymerization the copolymers were purified and the compositions were

determined by 'H-NMR.
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2.2.2.1 ATRCP of NVP with BMA or BA
In Scheme 11 some of the possible reactions that may occur during an ATRCP feeding
NVP and BMA as monomers are shown.
As can be seen from the scheme, the number of reactions is high and it is difficult to

predict the exact composition of the resulting polymer.
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Scheme 11: Example of the possible reactions that occur during an Atom Transfer Radical

Copolymerization (ATRCP) of NVP and BMA.
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The copolymerization of NVP and BMA with different feed composition was carried out
and the data are reported in Table 7. "H-NMR analysis confirmed the presence of both co-
monomers and the different chemical shift of CH-N which overlaps with CH»-O signal in

the copolymer (Figure 14) confirms the presence of the expected random structure.

Chemical Shift (ppm)

Figure 14: 'H-NMR spectra of PNVP (black), PBMA (blue) and P(NVP-co-BMA) (red).

The GPC chromatograms of all the synthesized polymers in DMF at 70°C show
unimodal molecular weight distributions and low PDs (Table 7), suggesting the occurrence
of the copolymerization between NVP and BMA. Average molecular weight are not
reported because, as said before, the presence of aggregate does not allow the correct
determination of it by GPC. Furthermore, changing the composition of the polymer the
hydrodynamic volume changes so it is not possible to compare results of materials with

different composition.
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Table 7:Characterization data of P(NVP-co-BMA) and P(NVP-co-BA) copolymers

Copolymer composition
Monomer feed composition
PD? (%omol/mol)®
(%omol/mol)

NVP BMA
NVP 90 - BMA 10 1.45 1 99
NVP 75 - BMA 25 1.42 3 97
NVP 50 - BMA 50 1.37 5 95
NVP 25 - BMA 75 1.35 32 68
NVP 10 - BMA 90 1.28 45 55
NVP BA
NVP 90 - BA 10 1.46 16 84
NVP 75 -BA 25 1.42 27 73
NVP 50 - BA 50 1.46 41 59
NVP 25-BA 75 1.45 47 53
NVP 10 - BA 90 1.39 66 34

2 Determined by GPC

b Determined by '"H-NMR.

The molar final composition of copolymers was assessed by 'H-NMR (Figure 15 and Table
7) by comparing the integrated signals of C(O)-O-CH2 of BMA co-units located at 4.2-3.6
ppm, to that one related to the N-C(O)-CH2 of NVP co-units at 3.4-2.9 ppm, after
subtraction of the contribution given to the integral by the overlapped resonance of CH-N
proton in NVP co-unit. The results are listed in Table 7.
As reported in Table 7, the molar content of co-units in the copolymers does not reflect the
feed composition. The copolymerization diagram (Figure 15) clearly indicates an
appreciably larger reactivity of BMA with respect to NVP in all the copolymerization runs.

BMA generates a more stable tertiary radical which forms preferably compared to
secondary radical generated by NVP. This implies that the propagating radicals react
preferably with BMA than with NVP. Furthermore, the KaTrp,sma results higher than
Katrp of NVP and consequently its concentration is higher.

With the aim to obtain copolymers with composition which is similar to the co-monomer

feed molar fraction the copolymerization of NVP and BA was studied.
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'"H-NMR analysis confirmed the presence of both co-monomers and the different
chemical shift of CH-N which overlaps with CH»2-O signal in the copolymer confirms the
presence of the expected random structure.

The different behaviour in the copolymerization of NVP with BMA and BA is mainly
due to the different stability of the radical generated by BMA and BA. The Katre,Ba is
lower than the Katrp of BMA and it is less incorporated into the final polymer. Results
demonstrate that it is possible to synthesize copolymers of NVP and BA with composition
which is similar to the co-monomer feed molar fraction keeping the NVP molar fraction

in the feed below 0.5.

1,0
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Figure 15: Copolymerization diagrams.: molar fraction (F) of NVP co-units in P(NVP-co-BMA) (o) and
P(NVP-co-BA) (A)as a function of molar fraction of NVP in the feed (f).
[M]/[CuCl]/[CuCly]/[MesCyClam]/[MCP] = 100/1/0/1/1 in 1,4-dioxan at 25°C ([My]=2.5M
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2.2.2.2 ATRCP of NVCL with BA or VAc

The copolymerization of NVCL and BA with different feed composition was carried out
and the data are reported in Table 8. The GPC chromatograms of all the synthesized
polymers show unimodal molecular weight distributions and low PDs (Figure 13),
suggesting the occurrence of the copolymerization between NVCL and BA.

'H-NMR analysis confirmed the presence of both co-monomers and allowed to
determine the composition of copolymers (Figure 17 and Table 8) by comparing the
integrated signals of C(0O)-O-CH; of BA co-units located at 4.03 ppm, to that one related
to the CH-N of NVCL co-units at 4.8-4.0 ppm.

As reported in Table 8, the molar content of co-units in the copolymers show exactly the
same trend seen for the copolymerization of NVP and BA, as expected.

The random copolymerization of NVCL was also studied using VAc as co-monomer and
the data are reported in Table 8. 'H-NMR analysis confirmed the presence of both co-
monomers and the different chemical shift of CH-O which overlaps with CH-N signal in

the copolymer confirms the presence of the expected random structure (Figure 16).

6‘5‘4.5.2|"i'0
Chemical Shift

Figure 16: 'H-NMR spectra of PVAc (blue), PNVCL (black) and P(NVCL-co-VAc)-80 (red).

The molar final composition of copolymers was assessed by 'H-NMR (Figure 17 and
Table 8) by comparing the integrated signals of CH-O of VAc co-units located at 5.0-4.2
ppm, to that one related to the N-C(O)-CHz of NVCL co-units at 3.5-2.8 ppm, after
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subtraction of the contribution given to the integral by the overlapped resonance of CH-N
proton in NVCL co-unit.

As reported in Table 8, the molar content of co-units in the copolymers does not reflect
the feed composition. The copolymerization diagram (Figure 17) clearly indicates an
appreciably larger reactivity of NVCL with respect to VAc in all the copolymerization runs

because VAc generates a very unstable radical®’

, S0, as it was seen for the copolymerization
of NVP and BMA, during the copolymerization with NVCL this latter reacts faster with
the propagating radicals.

Also the random P(NVCL-co-VAc) copolymers containing show unimodal molecular
weight distribution and low polydispersity (<1.55) (Table 8), thus confirming that it is
possible to synthesize random copolymers of NVCL and VAc with different composition

by ATRCP.

Table 8: Characterization data of P(NVCL-co-BA) and P(NVCL-co-VAc) copolymers

Copolymer composition
Monomer feed
PD? (Yomol/mol)®
composition (% mol/mol)

NVCL BA
NVCL 90 — BA 10 1.55 14 86
NVCL 75 -BA 25 1.49 25 75
NVCL 50 - BA 50 1.45 43 57
NVCL 25-BA 75 1.46 50 50
NVCL 10-BA 90 1.42 68 32

NVCL VAc
NVCL 90 - VAc 10 1.51 22 78
NVCL 75 - VAc 25 1.52 46 54
NVCL 50 - VAc 50 1.35 77 33
NVCL 25-VAc 75 1.31 91 8
NVCL 10 - VAc 90 1.28 99 1

2 Determined by GPC
b Determined by 'H-NMR.
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Figure 17: Copolymerization diagrams: molar fraction (F) of NVCL co-units in P(NVCL-co-BA) (o) and
P(NVCL-co-VAc) (A)as a function of molar fraction of NVCL in the feed (f).
[M]/[CuCl]/[CuCly]/[MesCyClam]/[MCP] = 100/1/0//1/1 in 1,4-dioxan at 25°C ([My] =2.5M).

The copolymerization studies demonstrate that in order to control the copolymer
composition during the ATRCP of NVP or NVCL with more hydrophobic monomers it is
easier to use BA and VAc instead of BMA because NVP and NVCL have reactive ratios
that are more similar to those ones of VAc and BA. BA and VAc in the copolymerization
with NVCL or NVP generates polymer whose composition is similar but not the same as
the one of the feed. In order to obtain copolymers with the desired composition with high
molecular weight it is necessary to add fresh monomers solution into the reactor during the

synthesis.

2.2.2.2.1 NVCL and VAc random copolymers

NVCL was copolymerized by ATRP with VAc (polymerization procedure 4). A fresh
and degassed solution of monomers was added to the reactors during the synthesis in order
to maintain the desired feed composition. The initial monomer feed composition and the
amount of added solution was changed in each polymerization in order to obtain polymers

with different composition (Table 9).
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The copolymerizations were carried out at room temperature in 1,4-dioxan ([Mo]=1.4 M)
in presence of ACP as initiator, MesCyclam as ligand, CuCl and CuCl; as catalyst and
with an initial molar ratio of [NVCL+VAc]/[CuCl]/[CuCl;])/[MesCyClam]/[ACP] =
100/1/0.5/1.5/1. The reactions were carried out for 4 hours adding fresh monomer solution
at hourly intervals. Feed composition and the amount of added solution were calculated on
the basis of the previously studied monomer reactivity. At the end of the synthesis the
random copolymers were purified and the occurrence of the polymerization was confirmed
by FT-IR and NMR. M,, and the molar composition of all the synthesized copolymers
were determined by 'H-NMR by comparing the integrals of the allyl signals (5.9 ppm) to
those ones of VAc and NVCL residues at 4-5 ppm (CH VAc and NVCL) and 3.2 ppm
(CH>-C(O) NVCL) respectively.

Polymerization conditions and relevant data concerning the obtained copolymers are

summarized in Table 9.

Table 9: Characterization data of P(NVCL-co-VAc) copolymers.

Initial
Initial VAc Amount of
NVCL Polymer | MR
molar added L
Sample molar Xnven (Yo | M, | Tg(°C)¢ | TheorTy(°C)¢ | PD®
fraction solution
fraction mol/mol)® | (Da)®
(% mol/mol) (%)?
(% mol/mol)
P(NVCL-co-VAc)-82 75 85 9 82 5500 167 165 1.68
P(NVCL-co-VAc)-75 45 55 4.5 75 27600 150 155 1.71
P(NVCL-co-VAc)-53 25 75 3.7 53 41000 117 123 1.53
P(NVCL-co-VAc)-45 15 85 2.2 45 9400 96 111 1.69

4 Volume fraction of fresh solution over initial reaction solution. Monomers concentration= 7.8M,

XNVCL:0.987 and XVAc:0.0l 3.

b Determined by NMR.
¢ Determined by DSC.

4 Determined by Fox-Flory equation.

¢ Determined by GPC in DMF at 70°C.
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In these experimental conditions, NVCL reacts faster than VAc (see chapter 2.2.2.2). As
a consequence, in order to keep the correct monomer feed composition, it is necessary to
carry out the experiments in excess of NVCL. Adding a fresh and concentrated monomer
solution throughout the polymerization increases the monomer to initiator ratio allowing
to obtain polymers with high molecular weight (Table 9).

As expected the NVCL molar fraction in the final copolymer decreases with its
concentration in the feed. The good agreement between the expected and the obtained
composition confirms the reproducibility of the procedure. The GPC traces of the polymers
(Figure 18) show unimodal distribution of the molecular weights demonstrating the good

control achieved over the process.
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Figure 18: GPC traces of P(NVCL-co-VAc) with different content of VAc.

The thermal transitions of the copolymers were investigated by DSC and the obtained
data are summarized in Table 9. All P(INVCL-co-V Ac) samples display only one second
order transition ascribed to the glass transition as expected for random copolymers. The
Ty’s lie in between those of PVAc (30-40°C) and of PNVCL (190-200°C) and they
decrease with VAc content into the polymer. The experimental Tg values of the copolymers

well compare with the theoretical ones determined using Fox-Flory equation (Equation
12)(Table 9).
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1 v 1
Equation 12 — = + —=Z
Tg Tg1 Tg2

V= volume fraction in the polymer, T¢= glass transition temperature.

Although the theoretical T, were calculated using the mass fraction (determined by 'H-
NMR) and not the volume fraction, there is a good agreement between theoretical and
experimental data, confirming that the composition determined by 'H-NMR is correct.

The thermal stability of P(NVCL-co-VAc) copolymers was studied using TGA under
nitrogen atmosphere. TGA traces of the copolymers are displayed in Figure 19 together
with that of PVAc and PNVCL homopolymers. PVAc is stable up to roughly 270°C, then
shows a double stepwise degradation: the first degradation is consistent with acetic acid
elimination (weight loss= 70% w/w) while the second one can be ascribed to the polymer
backbone degradation. The solid residue (7%) observed at the end of the run is due to the
formation of a char residue, possibly owing to the lack of oxygen in the atmosphere where
the measurement is carried out'”. The degradation pattern of copolymers, instead,
depends on their composition. When the content of NVCL is high, such as in P(NVCL-co-
VAc)-82, the degradation starts at roughly the same decomposition temperature as
PNVCL, though the initial degradation is faster than the one in PNVCL because of the
formation of acetic acid from VAc that occurs concurrently with PNVCL degradation.
Increasing the temperature, the second degradation step practically overlaps PNVCL
degradation pattern because of the high fraction of NVCL comonomer in the polymer. In
the presence of homopolymeric blocks the degradation pattern should be different, with an
initial degradation at 300°C due to the decomposition of PVAc block. Hence, the initial
degradation temperature of P(NVCL-co-V Ac)-82 confirms the expected random structure.

Increasing the content of VAc in the copolymers the initial degradation temperature
drops down the one of PVAc (roughly 270°C). Indeed, all these polymers lose acetic acid
from VAc units during the first degradation step, and the entity of this weight loss is always
smaller than that registered in PVAc homopolymer. In the copolymers the second
degradation is tentatively attributed to the degradation of the residual backbone after acetic

acid elimination and to the degradation of NVCL.
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Figure 19: TGA curves of P(NVCL-co-PVAc) copolymers with different composition compared with TGA
curves of PNVCL (grey and, PVAc(black) homopolymers.

Hence, the reported experiments demonstrate the we obtained well defined random
copolymers with tailored composition that can be defined on the basis of the monomer

feed composition.

2.2.2.3 NVCL and PEGMEA random copolymers

Different random copolymers containing NVCL and PEGMEA were synthesized with
the aim to obtain polymers with different composition and molecular weight and high
PEGMEA content. PEGMEA with different PEG chain length were used in order to
understand the effect that the PEG side chain has on the properties of the final copolymer.

All the copolymers were synthesized at room temperature, with an initial monomer
concentration of 2.5 M and using polymerization procedure 3. Since the ATRCP of NVCL
with BMA demonstrated that the methacrylic co-monomer has a higher reactivity with
respect to NVCL (see chapter 2.2.1), all the polymerizations were set up with a very high
NVCL molar fraction in the feed.

Most of the polymerizations were carried out adding a degassed solution of monomers
during the polymerization in order to keep the desired monomer molar ratio during the
synthesis. Its concentration was the same as the one in the initial feed (2.5 M). In some

cases, in order to have high content of NVCL the starting feed was constituted by 100%
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NVCL. The copolymers were synthesized using different monomer to initiator ratio, feed

composition and reaction time. At the end of the reactions the polymers were purified and

the occurrence of polymerization involving the double bonds was confirmed by FT-IR and

NMR.

In Table 10 the characterization data of all the synthesized copolymers are reported.

Table 10: Characterization data of P(NVCL-co-PEGMEA) copolymers.

XnvcL in the

Initial Polymer L

[Mo]/[Cu(@)]/ | added solution | Reaction NMR M
Sample XnveL (Y% XnveL (% PD?

[Cu(ID]/[L}/[To] | (% mol/mol) time (h) (Da)
mol/mol) mol/mol)
(M/D)

P(NVCL-co-PEGMEA350)-99 99.5 60/1/0.6/1.6/1 - 1.5 99 5400 | 1.54
P(NVCL-co-PEGMEA350)-93 100 50/1/0/1/1 95 (50/1)° 1 93 2400 | 1.64
P(NVCL-co-PEGMEA350)-91 100 50/1/0/1/1 65 (50/1)° 1 91 1200 | 1.36
P(NVCL-co-PEGMEA750)-98 99 200/2/0/2/1 99 (100/1)4 5.5 98 10700 | 1.68
P(NVCL-co-PEGMEA2000)-95 99 100/1/0/1/1 99 (100/1)° 1 95 3400 | 1.68
P(NVCL-co-PEGMEA2000)-94 100 50/1/0/1/1 99 (50/1)° 1 94 16200 | 1.54
P(NVCL-co-PEGMEA2000)-86 100 100/1/0/1/1 99 (100/1)¢ 1 86 26000 | 1.36

2 Determined by GPC in DMF at 70°C.

b Two addition every 20 minutes.

¢ One addition after 10 minutes and one after 30 minutes.

4 One addition every hour.

¢ One addition after 30 minutes.

As an example, in Figure 20 the 'H-NMR spectrum of P(NVCL-co-PEGMEA350)-91 is

shown. In the spectrum the signals of the two repeating units can be clearly detected,

confirming the occurred copolymerization.
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Figure 20: 'H-NMR of P(NVCL-co-PEGMEA350)-91.

The composition and the molecular weight of the macromolecules were determined by
'"H-NMR comparing the integrals of the allyl signals (5.9 and 5.3 ppm) with respect to
those ones of NVCL and PEGMEA residues at 4.4 ppm (CH-N) and 3.6 ppm (CH>-CH>-
O) respectively.

The data reported in Table 10 show that, as expected, the average molecular weight of
the polymers increases with the reaction time and with the monomer to initiator ratio.
Furthermore, the copolymer composition is in agreement with the monomer feed and all
the polymers have PD<1.7 (absence of considerable termination reactions). Results
indicate that the polymerization conditions allow to achieve a good control over the
process.

The good agreement between the copolymer composition and feed and between the M,
and the monomer to initiator molar ratio together with the low PD demonstrate that the
polymerization system allows to control the composition and the molecular weight of the
polymers.

The chain mobility and phase behaviour of the copolymers were investigated by DSC
and the obtained data for all the analyzed polymers are summarized in Table 11. All
P(NVCL-co-PEGMEA350) samples display only one second order transition originated
by glass transition (Tg), whose position depends on the macromolecule’s composition. In
particular, the determined Ty are always between the T, of the two corresponding

homopolymers PPEGMEA350 (<-80°C) and PNVCL (190°C) and it decreases with the
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amount of PEGMEA350, confirming the composition trend determined by NMR. Such a
behavior suggests that these materials are random copolymers.

PEGMEA2000 copolymers show an endotherm transition around 45°C due to the
melting of PEG side chains (Table 11) but no T, can be observed. The melting enthalpy
(AH,,) of these materials depends on the amount and distribution of PEGMEA2000
incorporated into the polymer chains. Being the PEGMEA2000 repeating units separated
by NVCL units, the interactions between PEG is different compared to interactions that

occur in PPEGMEA2000 homopolymer.

Table 11: P(NVCL-co-PEGMEA) Ty and AH as a function of polymerization conditions.

Polymer Xnvcr NMR T T, Tm AH,,
Sample

(% mo/mol 1)* (Da)*® COP | O | g’
P(NVCL-co-PEGMEA350)-93 93 2400 169 - -
P(NVCL-co-PEGMEA350)-91 91 1200 56 - -
P(NVCL-co-PEGMEA350)-99 99 5400 181 - -
P(NVCL-co-PEGMEA750)-98 98 10700 169 - -
P(NVCL-co-PEGMEA2000)-94 94 16200 42 24.6
P(NVCL-co-PEGMEA2000)-95 95 3400 49 117.7
P(NVCL-co-PEGMEA2000)-86 86 26000 - 46 77.5

aDetermined by 'H-NMR.
b Determined by DSC.

The thermal stability of P(NVCL-co-PEGMEA) derivatives was studied by TGA. As
reported in Figure 21,. PNVCL is stable up to roughly 300°C, then shows a double stepwise
degradation pattern with a negligible residue at 500°C. P(NVCL-co-PEGMEA)
derivatives show similar degradation behaviour (Tq¢ around 270°C) though the first
degradation step is more pronounced and it is greater for copolymers containing
PEGMEA2000. It is know from the literature that poly(methacrylate)s depolymerize
around 250-300°C"*°. Depolymerization of these materials is promoted by the formation
of stable tertiary radicals at the chain end upon heating. In presence of a co-monomer that
does not generate stable radicals, such as NVCL, the depolymerisation of the methacrylic
moieties seems prevented, especially when PEGMEA molar fraction is low. Thus the first

weight loss can be ascribed to PNVCL degradation overlapped with that one of PEGMEA
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which might be due to depolymerisation and decomposition reactions of the ester side
chain. The second degradation step has the same trend as in PNVCL homopolymer so it

can be safely ascribed to PNVCL decomposition and degradation of PPEGMEA backbone.
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Figure 21: TGA curves of PNVCL (—), P(NVCL-co-PEGMEA350)-97 (M,,=10000Da, Xyvc1=97%) (--),
P(NVCL-co-PEGMEA2000)-95 (M,,=3400Da, Xyvc.=95%) ().

2.2.3 Synthesis and characterization of block copolymers

In order to synthesize block copolymers with different composition, a series of PNVCL
macroinitiators with living character were synthesized (Table 12).

The copolymerizations were carried out at room temperature in 1,4-dioxan in presence
of ACP as initiator, MesCyclam as ligand, CuCl and CuCl; as catalyst and with different
initial molar ratio of [NVCL]/[CuCl]/[CuCl2]/[MesCyClam]/[ACP], using polymerization
procedure 4. At the end of the synthesis the polymers were purified and the occurrence of
polymerization was confirmed by FT-IR and NMR. The macroinitiators were synthesized
using different initial molar ratios and different concentrations. M, was determined by 'H-
NMR by comparing the integrals of the allyl signal (5.9 ppm) to that one of NVCL residue
at 4.4 ppm (CH-N). The thermal properties of the different PNVCL were investigated by
DSC and TGA. All the polymers show the same glass transition temperature (190-200 °C)

and the same degradation pattern (Figure 19).
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The synthesis of PNVCL with different molecular weight and living character
demonstrate that it is possible to control the ATRP of NVCL, obtaining materials with

different M, by changing the operative conditions.

Table 12:Polymerization conditions and M,, determined by NMR of PNVCL macroinitiators.

Reaction | PNVCL "MRp,
Sample [Mo]/[Cu(D)]/[Cu(ID)]/[L]/[To] [Mo]
time (min) (Da)?
PNVCL-14000 200/1/0.7/1.7/1 2.5 18 14000
PNVCL-5700 40/1/0.5/1.5/1 3.6 90 5700
PNVCL-2800 100/1/0/1/1 3.6 30 2800
PNVCL-6400 100/1/0/1/1 3.6 70 6400
PNVCL-6800 100/1/0/1/1 3.6 90 6800
PNVCL-20600 250/1/0.5/1.5/1 3.6 17 20600

? Determined by 'H-NMR.

The M,, of PNVCL shown in Table 12 increases with the monomer to initiator ratio and
with the reaction time. As an example, PNVCL-2800, 6400 and 6800 were synthesized
using the same conditions and the M,, increases with the reaction time. Decreasing the
monomer to initiator ratios (sample PNVCL-5700) the M, of the resulting material
decreases (reaction time 90 minutes) as expected for a controlled polymerization.

All the polymers were successfully used as macroinitiators for the further polymerization
of different monomers. The resulting block copolymers did not show any traces of
unreacted macroinitiator demonstrating the living character of the polymers and the good

control achieved over the synthesis of PNVCL by ATRP.

2.2.3.1 Synthesis of PNVCL-b-PVAc
A series of PNVCL-b-PV Ac were synthesized using different polymerization conditions.
The polymerizations were carried out at 50°C, in 1,4-dioxan in presence of PNVCL as
macroinitiator, MesCyclam as ligand, CuCl and CuCl; as catalyst and with different initial
molar ratio of [VAc]/[CuCl]/[CuCl;])/[MesCyClam]/[PNVCL], using polymerization
procedure 3. [Mo], monomer to initiator ratio and reaction time were changed in order to

obtain polymers with different composition. At the end of the synthesis the polymers were

57



Chapter 2: ATRP of polar monomers

purified and the occurrence of polymerization was confirmed by FT-IR and NMR. M,
was determined by 'H-NMR by comparing the integrals of the signal of NVCL residue at
4.4 ppm (CH-N) to that one of VAc residue at 4.85 ppm (CH-O).

Although procedure 4 gave better results when applied for the ATRP of NVCL, it does
not allow the addition of the degassed macroinitiator solution which prevents oxygen to
enter inside the reactor. The presence of oxygen promotes the oxidation of Cu(I) and the
Katrp changes in an unpredictable and unreproducible way. Furthermore, dissolving the
macroinitiator directly into the reaction flask, termination reactions between polymeric
radicals are slower than termination reactions between small molecules. It can be so
assumed that no termination reactions occur between radical macroinitiator during the
initial step of the polymerization when procedure 3 is applied for the synthesis of block
copolymers. The different polymerization systems used for the synthesis of PNVCL-b-
PVAc require to use dilute systems and Cu(Il) in order to avoid termination reactions
caused by the high reactivity of VAc radical.

From the '"H-NMR spectra the signals of the two different blocks are clearly detectable
(Figure 22) and the molar final composition of the copolymers can be determined by
comparing the integrated signals of CH-O of VAc units located at 5.0-4.8 ppm, to that one
related to the N-C(O)-CH2 of NVCL macroinitiator at 4.8-4.0 ppm (Table 13).

VAc conversion

Arbitrary unit
o}
o:<

T

5 4
Chemical Shift (ppm)

Figure 22:'H-NMR spectra between 4 and 5.5 ppm of a series of PNVCL-b-PVAc copolymers with
increasing PVAc molar fraction.
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Table 13: Characterization data of PNVCL-b-PVAc block copolymers.

Reaction | PNVCL | PVAc | Polymer
[Mol/[Cu(D)]/ L L VAc conv. (%
Sample [Mo] time NMRAM | MMRM, | Xnve (Y
[Cu(IDJ/[L]/[To] mol/mol)?
(min) (Da)? (Da)* | mol/mol)*
PNVCL-b-PVAc-71 | 300/1/0.15/1.15/1 | 2.9 20 2800 700 71 3
PNVCL-b-PVAc-15 | 300/1/0.15/1.15/1 | 2.9 40 2800 9700 15 38
PNVCL-b-PVAc-37 | 300/1/0.15/1.15/1 | 2.9 40 6800 7200 37 28
PNVCL-b-PVAc-80 | 250/1/0.65/1.65/1 | 1.1 20 20600 3100 80 14
PNVCL-b-PVAc-90 | 250/1/0.65/1.65/2 | 1.1 60 14000 1000 90 9
PNVCL-b-PVAc-33 | 250/1/0.65/1.65/1 | 1.1 120 14000 17500 33 81
PNVCL-b-PVAc-44 | 300/1/0.65/1.65/1 | 1.1 20 5700 2200 44 8
PNVCL-b-PVAc-57 | 300/1/0.65/1.65/1 | 1.1 20 6400 3000 57 12
PNVCL-b-PVAc-47 | 300/1/0.65/1.65/1 | 1.1 40 6400 4400 47 17

? Determined by 'H-NMR.

As reported in Table 13 it can be seen that the monomer conversion increases with the
time as so does the PVAc chain length. Conversion also depends on the average molecular
weight of the initiator, indeed, the polymerizations carried out for 40 minutes and using
two different PNVCL (PNVCL-b-PVAc-15, 36) lead to two different PVAc molecular
weight. This effect is mainly caused by the molecular weight of the macroinitiator that
increases the viscosity and so the diffusion coefficient of the reactant and it reduces the
accessibility of the radical at the end of the polymer propagating chain.

Using a dilute system ([Mo]= 1.1 M) the VAc conversion increases with the
polymerization time up to 81% in two hours (sample PNVCL-h-PV Ac-33) showing that it
is possible to obtain block copolymers with high conversion of the second block using
short reaction time and demonstrating the good efficiency of initiation of the previously
synthesized PNVCL.

The thermal properties of PNVCL-b-PVAc copolymers were investigated by DSC and
TGA (Table 14).

All the PNVCL-b-PV Acs show an initial degradation temperature (Tq) at 255°C with the
exception of PNVCL-b-PVAc-90 which, having a very low content of PVAc, shows a
higher initial degradation temperature (285°C) though not as high as PNVCL (Figure 23).
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Previously it was demonstrated that, in random copolymers, Tq increases with the NVCL
content into the polymer. The first weight loss centred at 346°C is consistent with acetic
acid elimination'?®, due to the presence of PVAc, and confirms the occurred block
copolymerization. The second PV Ac characteristic degradation, that occur between 400
and 500°C in the homopolymer and involves the polymer backbone degradation, is
partially overlapped by PNVCL degradation that occurs at the same temperature. Being
these two events overlapped, the slope of the TGA curve of PNVCL-b-PVAc samples is
intermediate between the ones of PNVCL and PV Ac homopolymers and its value depends

on the copolymer composition.
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Figure 23: TGA curves of PNVCL-b-PVAc copolymers with different composition compared with TGA
curves of PNVCL (grey) and PVAc(black) homopolymers

The thermal transitions of the copolymers were investigated by DSC and the obtained
data are summarized in Table 14. All PNVCL-b-PV Ac samples display two second order
transition ascribed to glass transitions, as expected for block copolymers. The T, values
are close to the ones of the correspondent homopolymers (Tg, pvac=30-40°C and Ty,
pnveL=190-200°C) confirming the presence of two homopolymeric blocks.

In Figure 24 the DSC thermograms of some PNVCL-b-PVAc samples are shown and
compared with the ones of PNVCL and PV Ac homopolymers. In Table 14 the T, and ACp
determined by DSC are summarized; the latter were used to determine the composition of
the synthesized materials. The intensity of the transitions changes as a function of the

composition because the specific heat increment is due to the transition of one of the two
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blocks and it is an extensive parameter. The sample PNVCL-b-PVAc-90 show only one
transition temperature at 195°C, ascribed to PNVCL specific heat increment. The absence
of PVAc transition does not mean that there is no PVAc in the copolymer, but just that
DSC is not so sensitive to quantify very low specific heat increment such as the one that

can be ascribed to PVAc block in copolymers containing only 10% (mol/mol) of PVAc.

- PVAC _pNvCL-b-PVAC-33
PNVCL-6-PVAc-44

PNVCL-6-PVAc-65

PNVCL-b6-PVAc-90

Arbitrary unit

PNVCL
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Figure 24: DSC thermograms of PNVCL-b-PVAc copolymers with different composition compared with
the ones of PNVCL and PVAc.

The mass fraction of the two blocks in the copolymers can be determined by the ratio of
the ACp in the copolymer and the one in the homopolymer. ACp changes with the
molecular weight but if the M,, in the homopolymer is similar to the one in the block
copolymer ACp can be considered constant. Being DSC less precise than "H-NMR the
composition determined with the latter is more reliable but DSC can provide confirmation
of the values determined by 'H-NMR. The good agreement between the composition
values determined by 'H-NMR and the ones determined using the ACp (DSC) (Table 14)
demonstrates the reliability of the method developed for determining the molecular weight

of the polymers by 'H-NMR analysis.
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Table 14: Tg, ACp and Td values of PNVCL-b-PVAc copolymers and comparison between their
composition determined by NMR and DSC.

X PNVCL | X PVAc | Ta1(°C) [ACP | T2 (°C) [ACP | XPNVCL | Ta

Sample
(Yow/w)* | (Yow/w)* J/g*°C)IP J/g*°C)IP (Yow/w)© (°O)
PNVCL 100 - - 190 [0.27] - 300
PVAc - 100 32 [0.36] - - 270
PNVCL-6-PVAc-44 72 28 40 [0.10] 176 [0.20] 74 278
PNVCL-6-PVAc-65 88 12 36 [0.06] 178 [0.21] 78 275
PNVCL-b-PVAc-33 45 55 39 [0.23] 189 [0.14] 52 267
PNVCL-b-PVACc-90 93 7 - 195 [0.22] 81 277

? Determined by '"H-NMR
b Determined by DSC

¢ Determined by DSC as ACp(in the copolymer)/ ACp(homopolymer).

2.2.3.1.1 DLS measurements of PNVCL-b-PVAc-90 water solution

The PD of PNVCL-h-PVAc samples cannot be determined by GPC because of the
formation of aggregates during elution. The tendency of aggregation of PNVCL-b-PVAc
was investigated by DLS measurements of polymeric water solutions at different
concentrations. The diameter of the aggregates of the polymer solutions at different

concentrations is reported in Table 15.

Table 15: DLS results of PNVCL-b-PVAc-90 water solutions at 25°C.

Concentration Peak 1 Peak 2 Derived
Intercept
(mg/ml) d. (nm) | Intensity (%) | d.(nm) | Intensity (%) | Count Rate
6 560 91 30 6 30020 0.95
3 510 87 60 10 47010 0.97
1 400 84 60 10 12040 0.98

As reported above for PNVCL water solutions, DLS results highlight the presence of
aggregates whose size increases with the concentration of the solution. Increasing the

temperature to 37°C the diameter of the aggregates increases (>1000 nm) and DLS is not
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suitable for the determination of their size. The increased size of the aggregates can be
ascribed to the temperature responsiveness of PNVCL as said before.

PNVCL form aggregates but there is not a direct correlation between concentration and
size, maybe because the aggregates are not completely stable. The increased amphiphilic

character of PNVCL-b-PV Ac allows the formation of bigger and stable aggregates.

2.2.3.2 Synthesis of PNVCL-b-PDMAEMA

A series of PNVCL-b-PDMAEMA with different poly[2-(dimethylamino)ethyl
methacrylate] (PDMAEMA) chain length were synthesized. The polymerizations were
carried out at room temperature, in 1,4-dioxan ([Mo]= 1.5M) in presence of PNVCL-5700
as macroinitiator, Byp as ligand, CuCl as catalyst, with an initial molar ratio of
[DMAEMA]/[CuCl]/[Byp]/[PNVCL]=100/1/2/1 and using polymerization procedure 3.
The reactions were stopped after different reaction times in order to synthesize products
with different PDMAEMA chain length. The occurrence of the polymerization was
confirmed by FT-IR and NMR. M, was determined by 'H-NMR by comparing the
integrals of the NVCL residues at 4.4 ppm (CH-N) and the DMAEMA residues at 4.0 ppm
(CH2-0O).

In the "H-NMR spectra (Figure 25) of the synthesized materials, the signals of both
blocks, together with those ones of the initiator residue, can be clearly detected and by their

integration it is possible to determine the copolymer composition (Table 16).
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Figure 25: 'H-NMR spectrum of PNVCL-b-PDMAEMA-89.
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Table 16: Conversion, composition and PDMAEMA M,, determined by NMR of PNVCL-b-PDMAEMA
copolymers. (PNVCL M,, = 5700 Da)

Reaction | PDMAEMA | Polymer Xnve | DMAEMA conv.
Sample L
time (h) | ™RM, (Da)* | (% mol/mol)? (% mol/mol)?
PNVCL-b-DMAEMA-95 2 350 95 2
PNVCL-b-DMAEMA-89 4 800 89 5
PNVCL-b-DMAEMA-81 6 1500 81 10

2 Determined by 'H-NMR.

As can be seen from the data shown in Table 16 the reaction is very slow but the
conversion increases with the time as expected, allowing to obtain polymers with
increasing number of DMAEMA repeating units. The polymerizations were carried out
using CuCl/2Byp which is a common catalytic system used for the polymerization of
DMAEMA®! Byp is less active than MesCyclam'* and this might be reason why the
reaction is slow compared to the ones of VAc and MA. Furthermore, MesCyclam is a
stronger complexing agent compared to Byp so, PNVCL macroinitiator can compete with
the ligand and complex, at least partially, the catalyst which cannot take part in ATRP
equilibrium, thus decreasing the rate of polymerization.

The thermal stability of PNVCL-b-PDMAEMA derivatives was investigated by TGA
(Table 17). In Figure 26 the TGA curves of the block copolymers are displayed and
compared with the one of the macroinitiator PNVCL-5700.

PNVCL macroinitiator, as previously described, is stable up to 300°C then degrades in
two steps, the first centred at 324°C and the second one at 436°C. During the second step
the polymer lose almost 95% of its initial weight. All the block copolymers are stable up
to roughly 150°C then they show a sequence of stepwise degradations.

The first step, centred at 150-160°C, can be assigned to a low temperature
depolymerisation phenomenon of PDMAEMA, as reported in literature for other
polymethacrylates'*?. The degradation that occurs below 350°C cannot be assigned solely
to the degradation of the residual PDMAEMA, which did not completely depolymerize,
because the weight loss is higher than PDMAEMA weight fraction in the polymers.
PDMAEMA degradation can influence and promote PNVCL decomposition, so between
200 and 350°C several degradation processes might be involved, other than the already
cited depolymerisation of PDMAEMA and degradation of dimethylamino groups.
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Between 350 and 480°C the weight loss is mainly due to PNVCL decomposition and,

eventually, to the degradation of the PDMAEMA polymer backbone.
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Figure 26: TGA curves of PNVCL-5700 (), PNVCL-b-PDMAEMA-95 (), PNVCL-b-PDMAEMA-89
() and PNVCL-b-PDMAEMA-81 (-).

Table 17: Characterization data of PNVC-b-DMAEMA copolymers

T max | Weight | Tmax | Weight | T max | Weight | T max | Weight
X DMAEMA | Tu
Sample deg. 1 loss 1 deg. 2 loss 2 deg. 3 loss 3 deg. 4 loss 4
(% wiw) °C)
©O) | (%ow/w) | (°C) | (%w/w) | (°C) | (Yow/w) | (°C) | (%w/w)
PNVCL-5700 0 300 324 44 436 94.5 - - - -
PNVCL-b-DMAEMA-95 6 143 154 5.5 349 335 428 38.7 - -
PNVCL-b-DMAEMA-89 12 141 155 54 291 6.4 353 49.8 433 33.2
PNVCL-b-DMAEMA-81 21 136 157 7.3 289 11.2 353 29.9 434 44.1

The degradation centred at 150-160°C modify the polymer structure and it does not allow
to determine correctly the T, of PNVCL block by DSC. Adopting a DSC temperature
program that heats up to just 100°C (3 heating scans from -20 to 100°C, heating/cooling
rate 20°C/min under nitrogen atmosphere), a T of 17°C was determined for the sample
with higher content of PDMAEMA (PNVCL-b-DMAEMA-81). This stepwise heat
capacity increment can be ascribed to PDMAEMA block and it is consistent with data
reported in literature'**, confirming the presence of PDMAEMA block as determined by
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NMR, IR and TGA. In the other copolymers the T, of PDMAEMA cannot be detected
because of the low PDMAEMA chain length.

2.2.3.3 Synthesis of PNVCL-b-PPEGMEA

PNVCLs with different average molecular weight were used as macroinitiators for the
ATRP of poly(ethylene glycol) methyl ether methacrylate (PEGMEA) monomer with
different PEG chain length with the aim to obtain block copolymers with different
composition. The polymerizations were carried out at room temperature, in 1,4-dioxan in
presence of MesCyclam as ligand, CuCl as catalyst, with different initial molar ratio of
[PEGMEA]/[CuCl]/[MesCyClam]/[PNVCL] and using polymerization procedure 3 (Table
18). The reactions were stopped after different reaction times in order to synthesize
products with different PPEGMEA chain length. At the end of the synthesis the polymers
were purified and the occurrence of polymerization was confirmed by FT-IR and NMR.
M,, was determined by 'H-NMR by comparing the integrals of the NVCL residues at 4.4
ppm (CH-N) to that one of PEGMEA residues at 3.6 ppm (CH>-CH>-0).

Table 18: Characterization data of PNVCL-b-PPEGMEA block copolymers.

PNVCL | PPEGMEA Polymer PEGMEA
[Mo]/[Cu(D)]/ Reaction L L
Sample [Mo] NMR M, NMR©, XnvcL conv. (%
/[L}/[To] time (h)
(Da)? (Da)? (%omol/mol)* | mol/mol)*
PNVCL-b-PPEGMEA300-91 80/1/1/1 1.2 0.3 20600 4100 91 18
PNVCL-b-PPEGMEA300-80 80/1/1/1 1.2 18 20600 10400 80 46
PNVCL-b-PPEGMEA300-94 80/1/1/1 0.5 16 20600 2600 94 12
PNVCL-b-PPEGMEA300-73 100/1/1/1 0.4 60 20600 15400 73 54
PNVCL-b-PPEGMEA350-91 40/2/2/1 0.6 2 2800 850 91 5
PNVCL-b-PPEGMEA350-40 40/2/2/1 0.6 7 2800 12800 40 75
PNVCL-b-PPEGMEA2000-95 20/2/2/1 0.15 0.5 2800 2000 95 5
PNVCL-b-PPEGMEA350-88 40/2/2/1 0.6 3.5 6800 2800 88 16
PNVCL-b-PPEGMEA2000-94 20/2/2/1 0.15 2 6800 6400 94 16

? Determined by 'H-NMR.
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The data reported in Table 18 show that, as expected, the monomer conversion increases
with the reaction time, allowing to obtain copolymers with different PEGMEA chain
length. Furthermore, the rate of polymerization is consistent with the initial monomer
concentration. The range of composition of the synthesized compounds highlights that we
attained a good control over the polymerization.

In order to obtain a copolymer with an higher average molecular weight of
PPEGMEA300 block, PEGMEA300 was polymerized at room temperature, in 1,4-dioxan
([Mo]= 0.9M), in presence of CuCl as catalyst, MesCyclam ligand, ACP as initiator, with
initial molar ratio of [PEGMEA]/[CuCl]/[MesCyClam]/[ACP]= 100/1/1/1 and using
polymerization procedure 4. After 24 hours of polymerization (PEGMEA300
homopolymerization) a fresh and degassed solution of NVCL was added to the reaction
mixture (NVCL polymerization time= 1 hour). NVCL was added to the reaction mixture
without purifying the PPEGMEA300 macroinitiator synthesized during the first 24 hours
of reaction. The moles of NVCL added into the reactor were high enough to have an initial
NVCL to initiator ratio of 200/1. For the sake of comparison, the homopolymerization of
PEGMEA300 was carried out in the same conditions and stopped after 24 hours.

The obtained materials were characterized by FT-IR and NMR and the M, were
determined by comparing the integrals of the allyl signals (5.9 and 5.3 ppm) to those ones
of NVCL and/or PEGMEA residues at 4.4 ppm (CH-N) and 3.6 ppm (CH>-CH>-O)
respectively.

Reaching PPEGMEA300 homopolymerization a monomer conversion of 90% with an
average molecular weight of 34600 Da, it is reasonable to expect that, after the addition of
NVCL, the polymer chain of the copolymer (second block) is mainly composed of NVCL.
Thus we can assume that we obtained a copolymer named PPEGMEA-H-PNVCL-28,
constituted by a block of PPEGMEA300 (34600 Da) and a block of PNVCL (4900 Da).

It is worth noting that the ATRP of PEGMEA300 results faster in presence of ACP (90%
monomer conversion in 24 hours) than with PNVCL-20600 as initiator (PNVCL-b-
PPEGMEA300-73 shows a 54% of monomer conversion in 60 hours). It is evident that
using a macroinitiator the reaction is slower because of the hindrance of the molecule that
makes the radical less available to react with the monomer and because of the higher
viscosity (and higher diffusion coefficient) that the solution has when macromolecules are

dissolved in the reaction mixture.
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The thermal stability of PNVCL-b-PPEGMEAs was investigated by TGA. The TGA
traces of samples PNVCL-b-PPEGMEA300-91 and 80, compared with the ones of
PNVCL and PNVCL-co-PPEGMEA300-97 are shown in Figure 27.
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Figure 27: TGA curves of P(INVCL-co-PPEGMEA350)-97 (----), PNVCL-b-PPEGMEA300-91 (-+-),
PNVCL-b-PPEGMEA300-80 (---) copolymers compared with TGA curve of PNVCL-5700(—).

TGA was carried out to highlight the effect the polymer structure has on the thermal
behaviour, in particular thermal stability, of the synthesized compounds.

In presence of random copolymers containing NVCL and PEGMEA, the degradation
starts at the same temperature of PNVCL homopolymer (see chapter 2.2.2.3). PNVCL-b-
PPEGMEA300s have a degradation pattern which differs from PNVCL-co-
PEGMEA300s. Block copolymers show a first degradation around 250°C which is
ascribed to PEGMEA300 block because it is consistent with PEGMEA content in the
polymer. This degradation do not involve PEG side chains which are known to start
degrading at 380-400°C'*, hence can be ascribed, as seen for PDMAEMA block
copolymers, to PPEGMEA depolymerisation and subsequent reactions of the radicals with
the functional groups present in the macromolecules. However, if PPEGMEA
depolymerizes without further reactions, TGA would not be able to detect this event since
the single PEGMEA unit is not volatile. The first weight loss is due to the formation of
volatile products that may form after the reactions between radicals (generated after
depolymerisation) and PEG chains. The second degradation that can be seen from the TGA

curves is very similar to the one of PNVCL and it can be ascribed to the degradation of
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PNVCL block and of some non-volatile compounds which formed during the first weight
loss.

All the synthesized compounds behave analogously to PNVCL-b6-PPEGMEA300-91 and
80 with the first weight loss that increases with PPEGMEA content. TGA qualitatively
demonstrates the presence of the expected block copolymer structure and upon undertaking
a deep study of the degradation mechanism it would be possible to determine the
copolymer composition from the weight losses during the two degradation steps.

The chain mobility of PNVCL-b-PPEGMEA was studied by DSC. PNVCL-b-
PPEGMEA2000 copolymers show an endotherm event and a stepwise specific heat
increment while the other copolymers show only this latter. In Table 19 the glass transition
temperatures, with the specific heat increment, the melting temperature (taken at the
maximum of the endotherm), with its enthalpy, are summarized. The copolymer
composition was also determined by DSC, comparing the specific heat increment (Table
19). All the synthesized compounds have only one glass transition which can be ascribed
to PNVCL block. Its value is usually lower in the copolymers than in the homopolymer;
indeed, after the block polymerization, the glass transition of PNVCL can decrease to
168°C. This effect is caused by the presence of PEG side chains, that act as plasticizers for
the PNVCL block. The ACp values of this transition is always lower than 0.27 J/g*°C,
which is the specific heat increment associated to the glass transition of PNVCL
homopolymer. Determining the polymer composition using ACp values, the obtained data
are in agreement with the ones determined by NMR and, even if DSC is less precise
compared to NMR for determining the composition, the agreement demonstrate the
trustworthiness of the data.

The DSC of poly(ethylene glycol) methyl ether 2000 Da (PEG-2000) display a melting
event centred at 54°C (167.3 J/g). The block copolymers containing PEGMEA2000 show
an analogous transition centred at 51-52°C, with lower enthalpy. This transition is thus
ascribed to the melting of the PEG crystal phase, whose crystallinity is influenced by the
polymer structure.
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Table 19: T, ACp, Tm, AH of PNVCL-b-PPEGMEA copolymer and comparison between composition
determined by NMR and DSC.

X NVCL T (°C) Tm (°C) X NVCL
Sample
(Yow/w)? [ACp (J/g*°C)]P [AH (J/g)]° (Yow/w)*
PNVCL 100 190 [0.27] - 100
PNVCL-b-PPEGMEA300-91 84 184 [0.22] - 81
PNVCL-b-PPEGMEA300-80 66 177 [0.18] - 67
PNVCL-b-PPEGMEA300-94 89 195 [0.23] - 85
PNVCL-b-PPEGMEA300-73 57 189 [0.18] - 67
PNVCL-b-PPEGMEA350-88 71 168 [0.18] - 67
PNVCL-b-PPEGMEA350-91 77 185 [0.20] 74
PNVCL-b-PPEGMEA350-40 18 190 [0.04] - 15
PNVCL-b-PPEGMEA2000-95 58 173 [0.21] 51[25.9] 77
PNVCL-b-PPEGMEA2000-94 52 180 [0.13] 52 [28.8] 48

2 Determined by 'H-NMR
b Determined by DSC

¢ Determined by DSC as ACp(in the copolymer)/ ACp(homopolymer).

2.2.3.4 Synthesis of NVCL-b-PNVF
PNVCL was used as macroinitiator also for the ATRP of N-vinylformamide (NVF)
which is a polar monomer with an amide group bonded to the vinyl double bond as NVCL
and N'VP but it does not have the hydrophobic cycle chain as these latter. The structure of
NVF compared with the ones of NVP and NVCL is shown in Figure 28. Furthermore,
NVF has a carbonyl group in 3 to the vinyl double bond as VAc, NVCL and NVP. A series
of PNVCL-b-PNVF copolymers was so synthesized.

HN/\ N
g0 J 0 J

N-vinylformamide  N-vinylpyrrolidone ~ N-vinylcaprolactam

Figure 28: structure of NVF, NVP and NVCL monomers.
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The polymerizations were carried out at room temperature, in 1,4-dioxan ([Mo]= 1.4M)
in presence of PNVCL-14000 as macroinitiator, MesCyclam as ligand, CuCl and CuCl; as
catalyst, with different initial molar ratio of [NVF]/[CuCl]/[MesCyClam]/[PNVCL] and
using polymerization procedure 3. The reactions were stopped after different reaction
times in order to synthesize products with different PPEGMEA chain length. At the end of
the synthesis the polymers were purified and the occurrence of polymerization was
confirmed by FT-IR and NMR. From the 'H-NMR spectra of the synthesized compounds
the signals of the two different blocks are clearly detectable (Figure 29) and their final
molar composition can be determined by comparing the integrated signals of N-C(O)-H of
NVP units located at 7.9 ppm, to that one related to the N-C(O)-CH2 of NVCL
macroinitiator at 4.8-4.0 ppm (Table 20).

PNVF is a polar polymer and even if PNVCL-b6-PNVF copolymers are soluble in
chloroform, the '"H-NMR does not allow to detect and quantify properly the signal of
PNVF block. Being both the blocks of the copolymers soluble in water the NMR analysis
was carried out in D20O. As an example, in Figure 29 the '"H-NMR spectrum in DO of
PNVCL-b-PNVF-50 is shown.

h h
D2O f,g,h

f i T : T ' T 4 T ' T b T : T
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Chemical Shift (ppm)

Figure 29: 'H-NMR spectrum in D0 of PNVCL-b-NVF-50.
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Table 20: M,, and composition determined by NMR of PNVCL-b-PNVF copolymers.

PNVCL ™R | PNVF R | Polymer XnvcL NVF conv. | Reaction
Sample
M,, (Da)? M,, (Da)? (% mol/mol)® | (% mol/mol)* | time (h)
PNVCL-b-PNVF-69 14000 3200 69 15 0.5
PNVCL-b-PNVF-55 14000 5800 55 27 2
PNVCL-b-PNVF-50 14000 8100 50 33 3

a Determined by 'H-NMR

The PNVF chain length increases with the polymerization time as expected, and block
copolymers with different PNVF chain length were obtained.

In order to compare the properties of the synthesized compounds, an homopolymer of
PNVF was synthesized at room temperature, in 1,4-dioxan ([Mo]= 2.4M) in presence of
ACP as initiator, MesCyclam as ligand, CuCl and CuCl; as catalyst, with an initial molar
ratio of [NVF]/[CuCl]/[CuCl]/[MesCyClam]/[ACP]=200/1/0.7/1.7/1 and using
polymerization procedure 4. The reaction was stopped after 6 hours. At the end of the
synthesis the polymer was purified and the occurrence of polymerization was confirmed
by FT-IR and NMR. From the 'H-NMR spectra of the synthesized compound the signal
of the ACP residue (5.40-5.27 ppm, CH»=) is detectable (Figure 30). The comparison of
its integral with respect to those ones of NVCL residue, allows to assess the number
average molecular weight (M,,) of the obtained material which resulted being 2700 Da

corresponding to a monomer conversion of 19% in 6 hours.

D,0

I
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0O
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Figure 30: 'H-NMR spectrum in DO of PNVF-2700.
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The thermal behaviour of the PNVF and of the block copolymers was investigated by
TGA and DSC under nitrogen atmosphere. In Figure 31 and Table 21, the TGA curves and
relevant data about the thermal degradation of the block copolymers and reference
homopolymers are displayed. PNVF-2700 degrades in three degradation steps, one centred
at 260°C, one at 348°c and the last one at 430°C. The degradation profile of PNVF is
different compared to PNVCL, with the latter degrading in two steps and with a higher
initial degradation temperature.

For the block copolymers the initial degradation is centred at 251-255°C. This first
weight loss, which is not present in PNVCL homopolymers, occurs at the lowest
temperature for the copolymer PNVCL-b-PNVF-69 while it is comparable for the other
two copolymers with similar composition (PNVCL-b-PNVF-55 and 50). This is the same
pattern that can be detect in PNVF-2700 homopolymer. For these reasons the first weight
loss in the copolymers can be ascribed to PNVF block. The second degradation which is
centred at 431-436°C, both in PNVCL and in the PNVCL-b-PNVF block copolymers,
mainly corresponds to PNVCL block degradation.
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Figure 31: TGA curves of PNVCL-b-PNVF-69 (green), PNVCL-b-PNVF-55 (violet), PNVCL-b-PNVF-
50 (blue) copolymers compared with TGA curve of PNVCL(black) and PNVF (red).
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Table 21: Composition and TGA weight loss during the thermal degradation of the block copolymers
compared with the one of the macroinitiator PNVCL and PNVF (determined by TGA).

T max Weight T max Weight T max Weight
X NVF
Sample Ta (°C) deg. 1 loss 1 deg. 2 loss 2 deg. 3 loss 3
(% wiw)
©C) | (%owiw) | (°C) | (Yow/w) | (°C) | (Yow/w)
PNVCL-14000 300 0 324 4.4 436 94.5 - -
PNVF-2700 231 100 260 31.0 348 19.4 430 28.9
PNVCL-b-PNVF-69 240 19 254 6.9 433 86.6 - -
PNVCL-b-PNVF-55 232 29 255 10.7 434 80.8 - -
PNVCL-b-PNVF-50 228 37 251 10.2 431 79.5 - -

Results from the chain mobility investigation carried out by DSC are summarized Table
22. DSC of PNVF highlights the presence of a stepwise specific heat increment at 148°C
with a ACp of 0.44 J/(g*°C). All the copolymers display two stepwise specific heat
increment. The glass transition temperatures are typical of the presence of two polymeric
blocks. The T at lower temperature (140-150°C) can be ascribed to PNVF block. The T,
of PNVCL block (T in Table 22) decreases with PNVF content in the copolymer passing
from 188 to 164°C. Actually Tg; and Tg1 of PNVCL-b-PNVF are partially overlapped,
making trickier the determination of the transition. The decrease of T, values of PNVCL

block is mainly due to the plasticizing effect of PNVF block which has lower Tj.

Table 22: Ty and ACp of PNVCL-b-PNVF copolymers

Sample T (°C) [ACP (J/g*°C)]* | T2 (°C) [ACP (J/g*°C)]*
PNVF-2700 148 [0.44] -
PNVCL-14000 - 190 [0.27]
PNVCL-b-PNVF-69 150 [0.13] 188 [0.20]
PNVCL-b-PNVF-55 140 [0.27] 175 [0.11]
PNVCL-b-PNVF-50 140 [0.25]° 164 [0.191°
2 Determined by DSC

b Glass transitions are partially overlapped.

74



Chapter 2: ATRP of polar monomers

2.3 Conclusions

Optimized ATRP method was successfully employed for the polymerization of polar
monomers that generate reactive radicals, such as NVP and NVCL. The influence of the
parameters (initial molar ratio, presence of oxidized catalyst and so on) that can affect the
result of the synthesis was studied, understanding the mechanism of the polymerization.
The polymerizations were optimized in presence of difference solvents (e.g. PPQG),
attaining a good control over the living process up to 90% of monomer conversion,
applying conditions for the further development of the possible industrial process.

Several random copolymers containing NVCL or NVP and (meth)acrylate (BMA, BA
and PEGMEA) or VAc repeating units were synthesized by ATRP attaining a good control
over the composition of the final synthesized material. The results achieved over the
random copolymerization show that it is possible to predict the composition and the
structure of the polymers on the basis of the reactivity of the monomers. Moreover, the
ATRP optimized systems lack in considerable termination reactions that may occur during
a radical polymerization.

Furthermore, the synthesized PNVCL was used as macroinitiator for the further ATRP
of methacrylic monomers (MMA, DMAEMA and PEGMEA), VAc and NVF, obtaining
block copolymers with uni-modal molecular weights distributions and confirming the
livingness of the system.

These results were allowed by using a very active catalytic system composed of CuCl,
CuCl; and MesCyClam which allows to maintain a low concentration of propagating
species once radicals are formed, hence establishing a fast and dynamic ATRP equilibrium.

The synthetic system paves the way to an industrially scalable process for the production
of well-defined block and statistic copolymers containing NVCL and NVP that may find

a number of interesting applications.
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2.4 Experimental section

2.4.1 Physico-chemical characterization

'"H NMR spectra were obtained at room temperature, on 5-10% w/v CDCl;, DMSO or
DO solutions, using a Varian MercuryPlus VX 400 ('H, 399.9; 3C, 100.6 MHz)
spectrometer. Chemical shifts are given in ppm from tetramethylsilane (TMS) as the
internal reference.

FT-IR spectra were recorded on a Brucker Alpha Platinum-ATR spectrophotometer
equipped with ATR Diamond window.

Number average molecular weight of the polymers (M,,) and their polydispersity index
(PD = M,,/M,) were determined in THF or DMF solutions at 25 and 70°C respectively by
SEC using an HPLC Lab Flow 2000 apparatus equipped with an injector Rheodyne 77251,
a Phenomenex Phenogel 5-micron MXL and MXM columns (THF solutions,
monodispersed polystyrene standards 800-35000 and 13300-214000 Da, respectively) or
a Tosoh Bioscience TSKgel GMHpur-N 5-micron column (DMF solutions, monodisperse
poly(ethylene glycol) standards 400-20000 Da), and a refractive index detector model
Knauer RI K-2301.

The glass and melting transition temperature values (Tg and Tm) of polymers and the
cyclopentane hydrates formation were determined by differential scanning calorimetry
(DSC) on a TA Instrument DSC Q2000 Modulated apparatus adopting a temperature
program consisting of three heating and two cooling ramps starting from room temperature
(heating/cooling rate 20°C/min under nitrogen atmosphere) on 5-10 mg samples.
Thermogravimetric (TGA) measurements were carried out using a TA Instrument SDT
Q600 (heating rate 10°C/min) on 10-20 mg samples under nitrogen atmosphere with a 100
ml/min gas flow rate.

X-ray diffraction (XRD) analysis was carried out by means of a PANalytical X Pert PRO
diffractometer equipped with a fast X’Celerator detector. Ni-filtered CuKa radiation was
used. For phase identification and structure refinement the 20 range was investigated from

15 to 50 20 degrees with a step size of 0.033° and time/step of 250 s.
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2.4.2 Materials

N-vinylpyrrolidone (NVP) (Sigma-Aldrich, >99%), N-vinylformamide (NVF) (Sigma-
Aldrich, 98%), vinyl acetate (VAc) (Sigma-Aldrich, >99%), 2-(dimethylamino)ethyl
methacrylate (DMAEMA) (Sigma-Aldrich, 98%), butyl methacrylate (BMA) (Sigma-
Aldrich, 99%), butyl acrylate (BA) (Sigma-Aldrich, >99%), methyl methacrylate (MMA)
(Sigma-Aldrich, 99%), methyl acrylate (MA) (Sigma-Aldrich, 99%), methacryloyl
chloride (Sigma-Aldrich, >97%) and acryloyl chloride (Sigma-Aldrich, 97%) were
distilled under reduced pressure in the presence of traces of 2,6-di-tert-butyl-p-cresol as
polymerization inhibitor just before use.

Poly(ethylene glycol) methyl ether methacrylate M,,=300 Da (PEGMEA300) (Sigma-
Aldrich) and 2-chloropropionyl chloride (Sigma-Aldrich, 97%) were eluted through a
column filled with neutral alumina to remove the inhibitor.

1,4-Dioxane was distilled over potassium in presence of benzophenone!*>.

CuCl (Sigma-Aldrich, >99%) and CuBr (Sigma-Aldrich, >98%) were washed with
glacial acetic acid (three times) and diethyl ether and then dried under vacuum.

5,5,7,12,12,14-Hexamethyl-1,4,8,11-tetraazacyclotetradecane =~ (MesCyClam)  was
synthesized as previously reported'.

Dichloromethane (DCM) was distilled over P2Os just before use!>.

N-vinylcaprolactam (Sigma-Aldrich, 98%) (NVCL), Pentamethyldiethylenetriamine
(PMDETA) (Sigma-Aldrich, >98%), CuCl» (Sigma-Aldrich, 99%), allyl alcohol (Sigma-
Aldrich, >98.5%), 2-chloropropionyl chloride (Sigma-Aldrich, 97%), poly(ethylene
glycol) methyl ether M,=2000 Da (PEG2000) (Sigma-Aldrich), poly(ethylene glycol)
methyl ether M,,=750 Da (PEG750) (Sigma-Aldrich), poly(ethylene glycol) methyl ether
M, =350 Da (PEG350) (Sigma-Aldrich), cyclopentane (Sigma-Aldrich, 98%) 2.2'-
bipyridyl (byp) (Sigma-Aldrich, >98%), sorbitan sesquioleate (Span83) (Sigma-Aldrich),

and others solvents (Aldrich) were used as received without further purification.

2.4.3 Synthesis of allyl 2-chloropropionate (ACP)

A solution of 2-chloropropionyl chloride (9.7 ml, 12.7 g, 0.1 mol) in dry CH>Cl (50 ml)
was added dropwise to an ice-cooled stirred solution of allyl alcohol (6.8 ml, 5.8 g, 0.1
mol) and triethylamine (13.9 ml, 10.1 g, 0.1 mol) in 40 ml of dry CH2Cl,. The mixture was
stirred for 2 hours, then left at room temperature for 24 hours. At the end of the reaction

the triethylammonium chloride by-product was filtered off and the resulting solution was
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concentrated under reduced pressure. The organic solution was then washed with 0.1 M
HCL, 0.1 M NaOH and finally with water in that order. The organic layer was dried
(Na2SOs4) and the solvent was removed under reduced pressure. The obtained yellow,
transparent liquid was purified by distillation under reduced pressure (Teb. 44°C, 7 mmHg).
Yield 80%.

'"H NMR (400 MHz, CDCls, 6, ppm): 5.93 (m, J = 6.8 Hz, 1H; CH=), 5.40-5.27 (2m,
2H, CH>=) 4.68 (d, J=5.7 Hz, 2H; CH:0), 4.43 (q,J = 7.0 Hz, 1H; CH(CH3)(Cl)), 1.71 (d,
J=17.0 Hz, 3H; CH3).

2.4.4  Synthesis of poly(ethylene glycol) methyl ether methacrylate (PEGMEA):
PEGMEA350, PEGMEA750 and PEGMEA2000.

A solution of methacryloyl chloride (0.01 mol) in dry CH2Cl> (10 ml) was added
dropwise to an ice-cooled stirred solution of poly(ethylene glycol) methyl ether (0.01 mol)
and triethylamine (0.02 mol) in 250 ml of dry CH>Cl>. The mixture was stirred for 2 hours,
then left at room temperature for 24 hours. At the end of the reactions the
triethylammonium chloride by-product was filtered off and the resulting solution was
concentrated under reduced pressure. The organic solution was then washed with 0.1 M
HCI, 0.1 M NaOH and finally with water in that order. The organic layer was dried
(Na2S0Os) and the solvent was removed under reduced pressure. The obtained PEGMEA-
2000 was then precipitated into n-hexane (yield 76%) whilst the obtained PEGMEA-350
and PEGMEA-750 were dried under vacuum (yield 86% and 72% respectively).

"H NMR (400 MHz, CDCls, 6, ppm): 6.13 (s, 1H; CH>=), 5.58 (s, 1H; CH,=), 4.30 (4,
J=4.9 Hz, 2H, C(O)O-CH>-), 3.66 (b, 4H, CH2-CH2-O PEG main chain), 3.38 (s, 3H; O-
CH3), 1.95 (s, 3H; methacrylic CH3).

ATR FT-IR (polymer in powder): 2945 (vas CHz), 2882 (vs CHz), 1734 (vs C=0), 1634
(vs CH=C(CHa)), 1466 (85 CHa), 1279, 1240, 1098 (vas C-O-C) cm’'.

2.4.5 Polymerization procedures

The polymerization kinetics were studied preparing several reactions and carrying out
the synthesis under the same experimental conditions. Reactions were stopped at different
times and the monomer concentration was determined by '"H-NMR of the final reaction

mixtures. The polymers were purified by filtration on basic aluminium oxide followed by
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repeated precipitation. The materials were finally dried under vacuum until constant
weight. The products were characterized by FT-IR, SEC, DSC, TGA and 'H NMR.
During the synthesis of random copolymers, fresh solutions of monomers were added to

the flask.

For the polymerizations different procedures were followed:

Polymerization procedure 1.
Catalyst, monomer, initiator, solvent and ligand were introduced into the vial under
nitrogen atmosphere. The reaction mixture was submitted to several freeze-thaw cycles,

heated the desired temperature and stirred.

Polymerization procedure 2.

Catalyst, monomer, solvent, ligand and initiator were introduced into the vial under
nitrogen atmosphere, paying attention to add the initiator as last reactant. The reaction
mixture was submitted to several freeze-thaw cycles, heated the desired temperature and

stirred.

Polymerization procedure 3.

Catalyst, monomer, solvent, and (macro)initiator were introduced into the vial under
nitrogen atmosphere, paying attention to add the initiator as last reactant. The reaction
mixture was submitted to several freeze-thaw cycles, heated the desired temperature and
stirred. A solution of ligand was added using a gastight syringe even under nitrogen

atmosphere.

Polymerization procedure 4.

Catalyst, monomer, solvent, and ligand were introduced into the vial under nitrogen
atmosphere, paying attention to add the initiator as last reactant. The reaction mixture was
submitted to several freeze-thaw cycles, heated the desired temperature and stirred. A

solution of initiator was added using a gastight syringe even under nitrogen atmosphere.
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2.5 Polymer characterization

PNVP: 'H NMR (400 MHz, CDCls, d, ppm): 3.5-4.1 (1H, CH-N ), 3.4-3.0 (2H, CH2-N),
2.5-2.1 (2H, CH»-C(0)), 2.1-1.9 (2H, -CH>z- side chain), 1.9-1.3 (2H, -CHz- polymer
backbone).

ATR FT-IR (polymer in powder) (cm): 2922-2855 (vcu aliph.), 1622 (vc-o amide
group), 1475 (8cu polymer backbone), 1194 (vcn amide group).

PNVCL: 'H NMR (400 MHz, CDCl;3, 6, ppm): 5.93 (m, J = 6.8 Hz, 1H; CH= ACP
residue), 5.40-5.27 (2m, 2H, CH>= ACP residue), 4.7-4.1 (1H, CH-N), 3.5-2.8 (2H, CH»-
N), 2.7-2.1 (2H, CH»-C(O) ), 2.1-0.8 (8H, CH2-CH2-CH>- side chain and CH»- polymer
backbone).

ATR FT-IR (polymer in powder) (cm™): 2924 and 2855 (vcn aliph.), 1615 (vc=o amide
group), 1476, 1440 and 1419 (8cu polymer backbone), 1194 (vcn amide group).

PNVF:'H NMR (400 MHz, D0, 6, ppm): 8.2-7.5 (1H, C(O)H), 5.93 (m, J] = 6.8 Hz,
1H; CH= ACP residue), 5.40-5.27 (2m, 2H, CH,= ACP residue), 3.8 (1H, CH-N), 2.0-1.0
(2H, CH2 polymer backbone);

ATR FT-IR (cm™): 2997-2789 (vcu aliph.), 1652 (vc=o0 amide group), 1532 (8cu), 1235

(vcn amide group).

PVAc: 'H NMR (400 MHz, CDCls, J, ppm): 6.41 (1H, CH-CI end-group), 5.93 (m, J =
6.8 Hz, 1H; CH= ACP residue), 5.25-4.75 (1H, CH-0), 4.68 (2H, CH»-O ACP residue),
2.15-1.95 (3H, C(0)-CH3), 1.95-1.40 (2H, CH> polymer backbone);

ATR FT-IR (polymer in powder) (cm™): 2981 and 2925 (asymm vcp aliph. CH3 and
CH»), 2850 (symm vcn aliph. CHz), 1729 (vc-o ester group), 1433 (Scn polymer
backbone), 1370 (Scu;, side chain), 1225 (vc-o ester group), 604 (vc-ci end-group).

PPEGMEA:'H NMR (400 MHz, CDCl3, 6, ppm): 5.93 (m, J = 6.8 Hz, 1H; CH= ACP
residue), 5.40-5.27 (2m, 2H, CH,= ACP residue), 4.09 (2H, C(0)-O-CH>»), 3.9-3.5 (4H
CH»-CH»-O PEG repeating unit), 3.38 (3H, O-CH3), 2.2-1.5 (2H, CH; polymer backbone),
1.3-0.5 (3H,methacrylic CH3);

ATR FT-IR (cm™): 2869 (vcu aliph.), 2850 (symm vcp aliph. CHz), 1725 (vc=o ester
group), 1450 (Ochz2), 1245 and 1101 (vc-o ester group).
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PNVCL-b-PVAc:'H NMR (400 MHz, CDCl3, 6, ppm): 5.93 (m, J = 6.8 Hz, 1H; CH=
ACP residue), 5.25-4.75 (1H, CH-0), 4.7-4.1 (1H, CH-N), 3.5-2.8 (2H, CH»-N), 2.7-1.9
(CH2-C(0O)-N and C(O)-CH3), 2.1-0.8 (CH2 polymer backbone and CH,-CH>-CH>- NVCL
side chain);

ATR FT-IR (polymer in powder) (cm™): 2920 and 2854 (vcn aliph.), 1737 (vc=o ester
group), 1630 (vc=n amide group) 1475, 1439 and 1418 (6cn), 1366 (6cny VAc side chain),

1230 (vc-o ester group), 1194 (vcn amide group).

PNVCL-5-PNVF:'H NMR (400 MHz, D-0, 6, ppm): 8.2-7.5 (1H, C(O)H), 5.93 (m, ] =
6.8 Hz, 1H; CH= ACP residue), 5.40-5.27 (2m, 2H, CH,= ACP residue), 4.5-3.9 (1H, CH-
N NVCL), 3.8 (1H, CH-N NVF), 3.5-2.7 (2H, CH»-N), 2.7-2.0 (2H, CH>-C(0)), 2.0-1.0
(CH2-CH2-CHz2- NVCL side chain and CH»- polymer backbone);

ATR FT-IR (polymer in powder) (cm™): 2921 and 2854 (vcn aliph.), 1600-1750 (vc-o
NVCL and NVF amide group), 1476, 1439 and 1420 (cu polymer backbone), 1194 (ven
NVF and NVCL amide group).

PNVCL-b-PDMAEMA: 'H NMR (400 MHz, CDCls, J, ppm): 5.93 (m, ] = 6.8 Hz, 1H;
CH= ACP residue), 5.40-5.27 (2m, 2H, CH,= ACP residue), 4.7-4.1 (1H, CH-N), 4.05
(2H, C(0)-O-CH2), 3.5-2.8 (2H, CH2-N NVCL side chain), 2.7-2.0 (CH2-C(O)-N NVCL
side chain, N(CHsz)2 and CH>-N DMAEMA), 2.0-1.0 (CH2-CH2-CHz- NVCL side chain
and CH»- polymer backbone), 0.9 (3H, methacrylic CH3).

ATR FT-IR (polymer in powder) (cm™): 2923, 2854 and 2769 (vcn aliph.), 1728 (vc=o0
DMAEMA ester group), 1631 (vc=o NVCL amide group), 1475, 1440 and 1420 (dchn),

1194 (vcn amide group) 1149 (vc.o ester group).

PNVCL-b-PPEGMEA: 'H NMR (400 MHz, CDCls, 6, ppm): 5.93 (m, J = 6.8 Hz, 1H;
CH= ACP residue), 5.40-5.27 (2m, 2H, CH>= ACP residue), 4.7-4.0 (1H, CH-N and C(O)-
0O-CHb»), 3.66 (4H CH»-CH»-O PEG repeating unit), 3.5-2.8 (O-CH3z and CH»-N), 2.7-1.0
(CH2-C(O)-N, CH2-CH2-CH»- NVCL side chain and CH»- polymer backbone), 0.9 (3H,
methacrylic CH3).

ATR FT-IR (polymer in powder) (cm™): 2882 (vcnaliph.), 1722 (vc=o ester group), 1631
(vc=0 amide group), 1466 (dcu polymer backbone), 1241 (vc.o ester group), 1146 (ven

amide group).
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P(NVCL-co-VAc): 'H NMR (400 MHz, CDCls, &, ppm): 5.93 (m, J = 6.8 Hz, 1H; CH=
ACP residue), 5.25-4.75 (1H, CH-O), 5.0-4.2 (CH-N and CH-0O), 3.5-2.8 (2H, CHz-N),
2.7-2.1 (CH2-C(O)-N and C(0O)-CH3), 2.1-1.0 (CH2-CH»-CH>2- NVCL side chain and CH»
polymer backbone);

ATR FT-IR (polymer in powder) (cm™): 2920 and 2854 (vcu aliph.), 1733 (vc=o ester
group), 1627 (vc-~ amide group) 1475, 1440 and 1418 (dcn), 1368 (dcw;,), 1232 (ve-o ester

group), 1194 (vc.n amide group).

P(NVCL-co-PEGMEA): 'H NMR (400 MHz, CDCls, &, ppm): 5.93 (m, J = 6.8 Hz, 1H;
CH= ACP residue), 5.40-5.27 (2m, 2H, CH>= ACP residue), 4.7-4.0 (1H, CH-N and C(O)-
0-CHb»), 3.66 (4H CH2-CH»-O PEG repeating unit), 3.5-2.8 (O-CH3z and CH»-N), 2.7-1.0
(CH2-C(O)-N, CH2-CH2-CH»- NVCL side chain and CH»- polymer backbone), 0.9 (3H,
methacrylic CH3).

ATR FT-IR (polymer in powder) (cm™): 2882 (vcualiph.), 1722 (vc=o ester group), 1631
(vc=o amide group), 1466 (dcu polymer backbone), 1241 (vc.o ester group), 1146 (ven

amide group).

P(NVCL-co-BA):'H NMR (400 MHz, CDCls, J, ppm): 4.8-4.2 (1H, CH-N), 4.03 (2H,
C(0)-0-CH»), 3.4-2.9 (2H, CH»2-N), 2.45 (CH2-C(O)-N), 2.3-1.2 (CH2-CH2-CH2- NVCL
side chain, CH>-CH> BA side chain and CH»- polymer backbone), 1-0.8 (3H, CH3).

ATR FT-IR (polymer in powder) (cm™): 2922 and 2852 (vcn aliph.), 1727 (vc=o ester
group), 1652 (vc=o0 amide group), 1466 (dcu polymer backbone), 1388 (dch;), 1268 and

1238 (vc-o ester group), 1147 (vcn amide group).

P(NVP-co-BMA):'H NMR (400 MHz, CDCls, §, ppm): 4.2-3.6 (1H, CH-N and C(O)-
O-CH>), 3.4-2.9 (2H, CH»-N), 2.45 (CH2-C(O)-N), 2.3-1.2 (CHz- NVP side chain, CHo-
CH:> BMA side chain and CH;- polymer backbone), 1-0.8 (6H, CH3 BMA side chain and
methacrylic CH3).

ATR FT-IR (polymer in powder) (cm™): 2922 and 2852 (vcn aliph.), 1727 (vc=o ester
group), 1652 (vc=o0 amide group), 1466 (8cu polymer backbone), 1388 (3cw,), 1268 and

1238 (vc-o ester group), 1147 (vcn amide group).
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P(NVP-co-BA): 'H NMR (400 MHz, CDCls, §, ppm): 4.2-3.6 (CH-N and C(0)-O-CH>),
3.4-2.9 (2H, CH2-N), 2.5-1.2 (CH2-C(O)-N, CH2 NVP side chain, CH»-CH> BA side chain
and CHz- polymer backbone), 1-0.8 (3H, CH3).

ATR FT-IR (polymer in powder) (cm™): 2922 and 2852 (vcn aliph.), 1727 (vc=o ester
group), 1652 (vc=0 amide group), 1466 (Scu polymer backbone), 1388 (8cw,), 1268 and

1238 (vc-o ester group), 1147 (vcx amide group).
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3 Chapter 3 - Straightforward synthesis of well-defined
poly(vinyl acetate) and its block copolymers by atom transfer
radical polymerization

3.1 Introduction and scope

Poly(vinyl acetate) [PVAc] and its hydrolyzed derivative, poly(vinyl alcohol) [PVA],
which is biodegradable, biocompatible and water soluble, are used in a number of different
fields such as for the production of hydrogels, coating, pharmaceutical, textile, fiber,
adhesive and in photographic industries'*”!3®. Whereas PVAc is synthesized, as most of
the polymers, by radical polymerization of the corresponding monomer'*®, PVA is
commonly produced by hydrolysis of PVAc!'* being vinyl alcohol monomer unstable at
room temperature. This compound, indeed, tends to form acetaldehyde by keto-enol
tautomerization.

While the free radical polymerization of VAc monomer is a well-established process, in
the past few years copious studies were reported attempting a controlled radical
polymerization (CRP) approach®®63141-146 " though it is still a challenge to polymerize
monomers that generate very reactive radicals®’.

CRP would allow to synthesize polymeric materials with low polydispersity and pre-
determined molecular weight and structure (such as block, gradient, star, brush, copolymer
and so on). Being the final properties of a polymer strictly related to its structure and
composition, by using these living techniques it is possible to obtain materials with
predetermined properties for application in specific fields.

Among CRP, Atom Transfer Radical Polymerization (ATRP) results one of the most
interesting processes because of its versatility, being suitable to polymerize a wide range
of monomers (methacrylates, acrylates, styrene, etc.), insensitive to many functional
groups and tolerant towards impurities present in solvent and reactants, including water.
Thus, this technique, thanks to its robustness, can be industrially applied.

As reported in the literature, PV Ac was obtained in a living and controlled way, e.g. by
Cobalt-Mediated Radical Polymerization (CMRP)!%>146 and by Reversible Addition-
Fragmentation Chain Transfer (RAFT)%. However, the synthesis of well-defined block
copolymers using these PVAc as macroinitiators could only be achieved by an ATRP

follow-up for the production of the second block®*!#>146_In particular, using the CMRP
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method, a modification of the end-living group of PV Ac macromolecules was required!*’
while, when RAFT is applied, the opportune and specific synthesis of a convenient di-
functional initiator suitable for both RAFT and ATRP® is necessary. Recently it was
reported a direct living chain extension from PVAc to PMMA and PS by hybridization of
CRMP and ATRP!#, Anyway, all these approaches need additional synthetic processes
and purifications and utilize two different consecutive polymerization techniques.

Moreover, by using RAFT, being the PVAc connected to the second part of the
copolymers via a hydrolyzable linkage, it cannot be converted by classical hydrolysis into
PVA since the process would tear apart the two blocks. All these disadvantages could be
overcome using directly ATRP for the synthesis of both copolymer blocks.

To the best of our knowledge, just one paper reports the ATRP synthesis of PVAc!'#
though the process described is still far from optimized and difficult to control as
demonstrated by the quite high PD (around 1.6) of the final material. In this context, the
optimization of a facile synthetic route, such as ATRP, to obtain PVAc and its relative
block copolymers could be of potential interest for several advanced application fields. In
fact, it can also pave the way to the industrial production of block copolymers containing
PVA, thus increasing applications of PVA derivatives and optimizing their use in
biomedical fields, such as for cartilage replacement, in meniscal applications'* and for the

production of hydrogels'?’

. Moreover, materials containing a hydrophilic block of PVA
and a hydrophobic block of another biocompatible polymer can form micelles to be used
for drug delivery systems'*3,

Thus, the present paper reports the development of an ATRP system based on the use of
a very active catalytic system composed of CuCl, CuCl» and the ligand 5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane (MesCyClam) that, for the first time, is able
to polymerize VAc with a good control over the process. For this aim several kinetic
studies at different temperatures were carried out and the process optimized in order to
obtain living PVAc with low polydispersity. To confirm the living character of the
obtained macromolecules with terminal chlorine, different block copolymers were
synthesized using 2-hydroxyethyl methacrylate (HEMA), butyl methacrylate (BMA) and
methyl methacrylate (MMA) as co-monomers (Scheme 12). Furthermore, being the
different blocks connected by a hydrolytically stable linkage, by methanolysis of the PVAc
block we obtained amphiphilic block copolymers which can act as nanostructured

materials (Scheme 12). Additionally, the thermal properties of the resultant polymers were

characterized by DSC and TGA.

85



Chapter 3: Well-defined poly(vinyl acetate) and its block copolymers by ATRP

NH HN 1-CuBr/PMDETA
CuCliCuCl 2-CuCl/MegCyclam
o)

y )J\
0 o)
AN .

m CuCl/Byp

PVAc

O
YJ\O/

CuBr/PMDETA

0O

Ao

/\/OM
n

O
poly(VAc-b-BMA)-1
poly(VAc-b-BMA)-2

EONex

(@)
/_/*OX

Br
Cl

0]
poly(VAc-b-HEMA)
0 OH
)J\O
o
/\/ &r
o] (o] 0]
poly(VAc-b-MMA) |
MeONa
OH
0}
AN Br
m P
o] o] (l)

poly(VA-b-MMA)

Scheme 12: ATRP synthesis of the investigated polymers.
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3.2 Results and discussion

3.2.1 Kinetic polymerization studies

Common ATRP conditions have been proven not to allow the polymerization of VAc in
a controlled and living way>’. The process, in fact, results hampered because of the high
reactivity of the generated radicals that shifts the ATRP equilibrium towards the dormant
species hence promoting classical termination (k) and side reactions®’, such as

decomposition (ks) of the dormant species and radicals oxidation (kex) (Scheme 13)!!414°,

0 0
P S N
R W + Cu((L)X =—= +Cu(l(L)Xy
n X kdeacr W
lkd l k \ Termination

ox

0} O

)X\+/[ko 0 )LO OJ\
R RLA e

+Cu(l)(L)X

Scheme 13: Characteristic ATRP equilibrium of VAc with some possible termination and side reactions
that may occur during the polymerization.

With the aim to minimize termination reactions with respect to propagation, thus
improving the control over the ATRP process, it is necessary to establish a fast and
dynamic ATRP equilibrium that maintains a low concentration of propagating species once
radicals are formed, according to Equation 3 and Equation 5. For this reason, we attempted
the polymerization of VAc with a high monomer/initiator ratio [300:1] and in presence of
a very active complex composed of CuCl, CuCl, and the ligand MesCyClam!'>°, which, as
previously reported by Huang® allows to polymerize N-vinylcaprolactam, despite the
presence of very reactive radical species. Huang demonstrated that, in these conditions, the
use of an active ligand is able to maintain a particularly low concentration of propagating
species, hence establishing a fast and dynamic ATRP equilibrium. Thus, a series of
polymerizations of VAc was carried out under ATRP conditions in presence of ACP as
initiator (synthesized by a novel procedure) and CuCl complexed by MesCyClam as
catalyst in 1,4-dioxan/n-propanol 98:2 v/v as solvent at 50°C. The initial monomer

concentration ([Mo]) was 2.70 mol/l. The occurrence of polymerization involving the
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vinylic double bond was confirmed by FT-IR, showing the disappearance of the absorption
at 1653 cm™!, ascribed to the stretching vibration of the double bond in the monomer, and
the shift of the ester-carbonyl stretching frequency from 1790 cm™! in the monomer to 1729
cm’! in the polymer'??. Accordingly, in the "TH NMR spectrum of PV Ac, the resonances at
4.56, 4.87 and 7.27 ppm related to the vinyl protons of VAc monomer, are absent.
Nevertheless, no control of the polymerization process could be achieved with these
experimental conditions, as demonstrated by the non-linear dependence of In([Mo]/[M]) as
a function of time (Figure 32). The conversion, in fact, shows no dependence on the time
and the reaction does not follow a first order kinetics with respect to the monomer
concentration. Such a behaviour could be ascribed to a still too high concentration of the

propagating radicals which promotes terminations (see Equation 5).
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Figure 32: Kinetic plot of In([My]/[M]) vs time for the ATRP of VAc in 1,4-dioxan /n-propanol 98:2 v/v
([Mo]=2.70 mol/l) at 50°C. [VAc]/[CuCl]/[CuCly]/[MesCyClam]/[ACP] = 300:1:0:1:1 (A),
300:1:0.15:1.15:1 (©) and 300:1:0.35:1.35:1 (e).

In order to further shift the ATRP equilibrium towards the dormant species, the
polymerization was performed in the presence of different amount of CuCly
([CuCl}/[CuCl2]=1/0.15 and 1/0.35 mol:mol) which, as previously reported by

114

Matyjaszewski' '“, allows to decrease the propagating radicals concentration in the process,

according to Equation 3.
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As reported in Figure 1, in presence of CuCl; a linear dependence of In([M]o/[M]) with
time could be observed during the first hour accounting for a first order kinetics of the
polymerization rate with respect to the monomer concentration and a roughly constant
concentration of the growing species throughout the process. Despite that, after one hour
of reaction the control is lost. Such a behaviour cannot be ascribed to the low concentration
of monomer in the solution (the final monomer conversions are just 38 and 42%,
respectively), but it might be due to the occurrence of termination reactions which reduce
the concentration of propagating radicals, decreasing the Kapp value (see Table 23) and thus
the polymerization rate. It is worth noting that, by increasing the Cu(II) amount, the
polymerization results faster during the first hour of reaction (Figure 32 and Table 23),
probably due to a lower amount of termination reactions during the initial steps (well
known as persistent radical effect)'?* and thus to the higher concentration of radicals. By
proceeding the polymerization (after about 1 hour), the monomer concentration decreases

and termination rate becomes relevant, thus losing the process control.

Table 23: Values of Kapp of the kinetic studies carried out at 50°C, in 1,4-dioxan /n-propanol 98:2 v/v as
solvent with different amount of Cu(Il). [My] = 2.7 mol/l. [VAc]/[CuCl]/[CuCl;]/[MesCyClam]/[ACP]=
300:1:0.15(0.35):1.15(1.35):1.

[CuCl]/[CuCly] Kapp up to 1h (h!) 2 Kapp after 1h (h)®
1/0.15 0.477 0.230
1/0.35 0.549 0.122

2 Determined by linear fitting of the experimental data recorded within the first reaction hour.
b Determined by linear fitting of the experimental data recorded after the first reaction hour.

By diluting the system [from [Mo]=2.70 mol/l to 0.98 mol/l] it is possible to maintain
the control over the polymerization for a longer time, reaching a conversion of about 65,
77 and 92% using 1/0.1, 1/0.5 and 1/0.65 [CuCl]/[CuCl;] molar ratio, respectively. As
reported in Figure 33 indeed, the latter system shows a linear dependence of In([M]o/[M])
with time thus indicating a first-order kinetics of the polymerization rate with respect to
the monomer concentration and a constant concentration of the growing species throughout

the whole process.
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Figure 33: Kinetic plot of In([My]/[M]) vs time for the ATRP of VAc in 1,4-dioxan /n-propanol 98:2 v/v
([Mo]=0.98 mol/l), at 50°C. [VAc]/[CuCl]/[CuCly]/[MesCyClam]/[ACP]=300:1:0.1:1.1:1 (e),
300:1:0.5:1.5:1 (A) and 300:1:0.65:1.65:1 (m).

It is worth noting that with [CuCl]/[CuCl>] molar ratio of 1/0.5, In([Mo]/[M]) increases
linearly with time but, when linearly fitting the experimental data, the intercept of the
obtained straight line does not pass through the origin, as expected. Such a behaviour can
be explained assuming that, during the initial steps of the reaction, when the concentration
of propagating radicals did not yet reach a constant and sufficiently low value to allow the
control of the process, termination and propagation occur simultaneously, decreasing the
rate of polymerization. Instead, in the presence of a [CuCl]/[CuClz] molar ratio of 1/0.65
the amount of termination reactions during the initial step of the polymerization decreases
and the polymerization kinetics is faster with a linear dependence of In([M]o/[M]) with the
time.

Nevertheless, although the high reactivity of the generated radicals, we demonstrated
that applying convenient experimental conditions, such as the use of CuCl, and with a
dilute system, it is possible to synthesize PVAc by ATRP with a good process control and
high conversion. The amount of Cu(Il) compared to Cu(]) is quite high but the experiments
demonstrate that it is necessary to compensate the high activity of the ligand that promotes
the propagating radical formation and its high reactivity.

In order to demonstrate the reproducibility of the ATRP optimized conditions of VAc

polymerization, we repeated this last kinetic study at different polymerization time. The

90



Chapter 3: Well-defined poly(vinyl acetate) and its block copolymers by ATRP

obtained data well compare with the previously obtained ones (Figure 34), thus confirming

the reliability of the process.
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Figure 34: Comparison of two kinetic experiments reported plots of In([My]/[M]) vs time for the ATRP
of VAc in 1,4-dioxan /n-propanol 98:2 v/v ([My] =0.98 mol/l), at 50°C.
[VAc]/[CuCl]/[CuCly]/[MesCyClam]/[ACP]= 300:1:0.65:1.65:1. 1. Data related to filled symbols (m) are
the same appearing also in Figure 33.

In Figure 35 the actual measured M, are compared with the theoretically expected ones,
as calculated on the basis of conversion. Within the experimental values they fit nicely
with the theoretically expected ones further confirming the attained good process control
at least up to 90% of conversion. The polydispersity index is observed to decrease with
conversion down to constant and low value (roughly 1.3) as expected on the basis of a

controlled/living polymerization.
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Figure 35: Experimental M, determined by 'H-NMR vs conversion for the ATRP of VAc in 1,4-dioxan
/n-propanol 98:2 v/v ([Mo] =0.98 mol/l), at 50°C. [VAc]/[CuCl]/[CuCly]/[MesCyClam]/[ACP]=
300:1:0.65:1.65:1. The straight line corresponds to the theoretical expected M, vs conversion.

Upon raising the temperature (from 50 to 70°C), the reaction is faster (25% respect to
41% of monomer conversion reached in 1 hour at 50°C and 70°C, respectively, with all
the other parameters unchanged). Unfortunately, the process is no more under control due
to the higher concentration of propagating radicals thus increasing the terminating
processes. Hence, in order to keep the livingness of the polymerization, a specific tuning

of reaction conditions is required for each applied temperature.

3.2.2 Synthesis of block copolymers

In order to confirm the living character of the synthesized PVAc macromolecules with
terminal chlorine, they were used as macroinitiators for the further polymerization of
several monomers (BMA, HEMA and MMA) (Scheme 12). In particular, PVAc
synthesized in conditions which allow the best control of the ATRP process {{M]= 0.98
mol/l, [VAc]/[CuCl]/[CuCL])/[MesCyClam]/[ACP] = 300/1/0.65/1.65/1, at 50°C in 1,4-
dioxan /n-propanol 98:2 v/v}, was fully characterized (Figure 36) in order to allow a further
comparison of the starting macroinitiator PVAc properties with those of the resulting
block-copolymers. As shown in Figure 36, 'H-NMR spectrum of PVAc displays the
resonances of the allyl protons of the ACP initiator residue at 4.68 ppm (2H, CH,=CH-
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CH>-0) and 5.93 ppm (1H, CH>=CH-CH>-O) together with the one of the CH-CI end-
group at 6.41 ppm.
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Figure 36: 'H-NMR of PVAc macroinitiator.

Thus, the identification of both the chain end moieties allowed, by comparing the integral
of the allyl NMR signals with respect to those of VAc group, to precisely assess the number
average molecular weight M, (Table 26 in the experimental section) which could appear
to be in disagreement with those ones determined by SEC. This discrepancy may be
attributed to the use of monodispersed polystyrene and PEG standards for SEC calibration,
which are both unsuitable for an accurate determination of samples having a very different
hydrodynamic volume, though can still provide good comparative data.

Moreover, SEC is able to provide the polydispersity (PD) of the analyzed samples, and
the obtained values (Table 26 in the experimental section) are very low considering the
high reactivity of the monomer and, to the best of our knowledge, they are among the
lowest obtained by ATRP of VAc!® thus confirming that a good process control was
reached.

The further ATRP copolymerizations of MMA and BMA in presence of PVAc as
macroinitiator were performed in mild conditions (CuBr/PMDETA as catalytic system).
The polymerization of HEMA was performed with CuCl/Byp as catalytic system in 2-
butanone /n-propanol (7:3 v/v) (Scheme 12).
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The occurrence of the polymerization was confirmed, in all cases, by 'H-NMR analysis
which displays, besides the already discussed signals of PVAc, the ones of the second
block. As an example, the spectrum of PVAc-b-PHEMA (Figure 37) shows the resonances
at 3.59 and 3.90 ppm related to the O-CH»-CH>-O of HEMA.

DMSO

Chemical Shift (ppm)
Figure 37: 'H-NMR of PVAc-b-PHEMA.

For the synthesis of block copolymers by ATRP the reactivity of the macroinitiator
should be higher than ATRP reactivity of the growing/dormant methacrylate chain ends.
Despite the lower reactivity of the CH-CI living group of PVAc compared to the ones of
PBMA, PHEMA and PMMA, we obtained block copolymers with well-defined structure
and low polydispersity, thus proving the living character of PV Ac macromolecules.

"H-NMR analysis allowed also to determine the second monomer conversion and the
molar composition for each synthesized copolymers, which are reported in Table 26. The
obtained conversion data allowed to compare the polymerization performance of each
applied system. In particular, given the same monomer to initiator molar ratio ([M]/[I] =
200/1), the use of PMDETA/CuCl as catalytic system allows to reach higher monomer
conversions with respect to MesCyclam/CuBr within the same timespan (58% and 46%
for PVAc-b-PBMA-1 and -2, respectively), resulting in a faster reaction. Indeed, despite
PMDETA is known to establish an ATRP equilibrium more shifted towards the dormant
species with respect to MesCyclam'4, its combination with the very active catalyst CuBr

and the higher temperature applied (90°C vs. 25°C) lead to an enhancement of the
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polymerization rate. Furthermore, the data reported in Table 26 display a further increasing
of the monomer conversion by passing from PVAc-b-PBMA-1 to PVAc-b-PMMA (whose
spectra are shown in Figure 38 and Figure 39 respectively), maintaining all the other
parameters unchanged. Such a behaviour could be explained considering the different
hindrance of BMA with respect to MMA. The data obtained for PVAc-b-PHEMA cannot
be compared with the other ones because of the different monomer/initiator ratio used

during the synthesis ([M]/[1] = 400/1).
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Figure 38: 'H-NMR of PVAc-b-PBMA-1.
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Figure 39: 'H-NMR of PVAc-b-PMMA.
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Although the values of average molecular weight obtained by SEC and by 'H-NMR
(Table 26 in the experimental section) do not agree, they show the same trend, confirming
the increase of M, when passing from the macroinitiator to the block copolymers.
Furthermore, the low polydispersity of all the synthesized copolymers (PD<1.4) and the

absence of shoulders in the chromatograms (Figure 40), confirm the living character of the

polymerization and the attained process control that lacks of coupling reactions also during

the synthesis of the second block.
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Figure 40: Normalized molecular weight distributions of the synthesized PVAc, PVAc-b-PMMA and
PVA-b-PMMA as determined by SEC in DMF at 70°C.

Hence, the reported experiments demonstrate the possibility to synthesize well defined

block copolymers by a two-step pathway by using specific catalytic systems tailored for

each of them.
Furthermore, the possibility to use the same catalytic system (CuCl/Me¢Cyclam) and
reaction condition both in the synthesis of PV Ac macroinitiator and BMA additional block

was successfully investigated. This outcome results particularly interesting for industrial
applications, because it demonstrates that it is possible to synthesize the PVAc-b-PBMA

block copolymer simply adding a fresh and degassed solution of BMA at the end of the

polymerization of VAc, without any intermediate purification.
Furthermore, with the aim to obtain an amphiphilic block copolymer, PVAc-b-PMMA

was fully hydrolysed by sodium methoxide as previously described'*! obtaining PVA-b-
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PMMA (Table 26 in the experimental section and Scheme 12). The occurred methanolysis
was confirmed by the '"H-NMR analysis which shows the absence of the signal at 5.25-
4.80 and 2.25-1.50 ppm related to the CH-OCO and C-(O)-CHj3 of PV Ac respectively, and
the presence of the signals at 4.71-4.13 ppm related to the hydroxylic groups of vinyl
alcohol repeating units'>? hence reasonably assuming that the hydrolytic cleavage was

taken to completion. The 'H-NMR spectra od PVA-b-PMMA is shown in Figure 41.
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Figure 41: 'H-NMR of PVA-b-PMMA.

The occurred methanolysis was also confirmed by IR. As can be seen from Figure 42,
where the IR spectra of PVAc-b-PMMA and PVA-b-PMMA are compared, after
methanolysis the IR spectra show the signal ascribable to OH stretching at 3412 cm™ and
the signal at 1725 cm™! has lower intensity compared to the one in PVAc-b-PMMA because
after hydrolysis only the C=0 stretching of PMMA can be detected.
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Figure 42: FT-IR spectra of PVAc-b-PMMA (——) and PVA-b-PMMA (—).

The methanolysis of the PVAc-co-PMMA to PVA-b-PMMA should lead to
macromolecules with an amphiphilic character, hence able to self-organize in micelles in
a convenient solvent. With the aim to detect the existence of such self-assembled
structures, the behavior of PVA-b-PMMA in water was investigated by DLS, displaying
the presence of aggregates. The number size distributions of nano-objects forming in PVA-
b-PMMA water solutions at three different concentrations reported in Figure 43 confirm
the formation of polymeric self-assemblies composed of hydrophobic core related to block
of PMMA stabilized by a hydrophilic corona related to block of PVA, with a uni-modal
distribution and with size increasing from 60 nm to 160 nm with the polymer

concentration.

98



Chapter 3: Well-defined poly(vinyl acetate) and its block copolymers by ATRP

30
= 20
=
@
2
@
=
=
w10
=
2
=

0

1 10 100 1000
size (d.nm)

Figure 43: DLS intensity size distribution of PVA-b-PMMA in water solutions at different
concentrations: 0.312 mg/ml (—), 0.156 mg/ml (---) and 0.078 mg/ml ().

3.2.3 Thermal characterization

The PV Ac macroinitiator and its block copolymers were analysed in order to assess their
thermal behaviour.

The thermal stability of the investigated polymers was studied using thermogravimetric
analysis (TGA). TGA traces of the copolymers are displayed in Figure 44 together with
that of the starting PV Ac macroinitiator and the obtained data are reported in Table 24.
PVAc macroinitiator is stable up to roughly 300°C, then shows a double stepwise
degradation pattern with a first weight loss up to 400°C corresponding to 70.2% wt. of the
initial weight (named Weight loss 2 in Table 24) and the second one centred at 450°C
where the sample loses 19.5% of its weight. The first degradation is consistent with acetic
acid elimination'? and indeed acetic acid’s molecular weight makes up 69.8% wt. of the
VAc repeating unit in the polymer. The second weight loss corresponds to the polymer
backbone degradation'?’. The solid residue observed at the end of the run might be
attributed to the formation of a char residue owing to the lack of the stoichiometric oxygen
required for the total oxidation and volatilization of the carbon-based polymeric backbone,

once the acetic acid has been released.
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Table 24: Composition and TGA weight loss during the thermal degradation of the block copolymers
compared with the one of the macroinitiator PVAc.

Sample wei\;:tc i!l):locctli(on’l ll)\;loect ll(u;:ggl;lct T 'zsxcd)eg'l lo‘;Zelig(l;/to) T 'Zoaxcd)eg'z lo‘;zezig(l;/t)
(%) fraction (%)

PVAc 100 (70) ; 329 30
PVAc-b-PHEMA 27 (19) 73 256 10 318 32
PVAc-b-PBMA-1 36 (25) 64 198 7 335 46
PVAc-b-PBMA-2 42 (29) 58 231 4 333 38
PVAc-b-PMMA 34 (24) 66 214 9 318 38

PVA-b-PMMA 18 82 227 3 338 57

2 Determined by '"H-NMR. The number in brackets represents the actual acetic acid weight fraction in the

polymer calculated from the stoichiometry of the VAc repeating unit.
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Figure 44: TGA curves of the synthesized samples: a) PVAc; b) PVAc-b-PHEMA; ¢) PVAc-b-PBMA-1;
d) PVAc-b-PBMA-2; e) PVAc-b-PMMA; f) PVA-b-PMMA.

When the PVAc fragment is used to obtain block copolymers, its degradation pattern is

expected to be found in the TGA traces of the corresponding copolymer together with the

additional features deriving from the second added block. Indeed, the TGA curve of the

copolymer with PHEMA displays, a 6.6% weight loss during a degradation process centred
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at 256°C (labelled Weight loss I in Table 24) that is not present in the PV Ac thermograms
and, according to the literature!®’, is attributed to the depolymerisation of the PHEMA
block. During a second degradation centred at 318°C (named Weight loss 2 in Table 24)
the polymer loses 60.0% of its weight: this temperature range well compares with the
position of the previously discussed acetic acid elimination though the entity of the loss is
greater than expected based solely on the VAc unit content (19% w/w). Worth noting is
that the depolymerisation of PHEMA block during the low temperature decomposition is
incomplete hence, based on literature reports, the additional mass loss can be safely
attributed to the decomposition reactions of the ester side chain in PHEMA that is still
present after the initial depolymerisation'?>!*?, The last degradation step, occurring
between 400 and 550°C, can be once again ascribed to the degradation of the aliphatic
polymer backbone.

All the methacrylic co-units containing copolymers show a degradation pattern similar
to that previously discussed for PVAc-b-PHEMA and both Weight loss 1 and Weight loss
2 registered for all the copolymers are reported in Table 24. The literature reports a low
temperature (150-250°C) depolymerisation phenomenon for PBMA!*? too and, in
agreement with the composition determined by NMR, the compound with a higher BMA
fraction displays a more intense Weight loss 1, because of the higher amount of volatile
monomer produced. During Weight loss 2 the evolvement of acetic acid from PVAc and
the degradation of the ester side chain moiety of PBMA occur simultaneously'?%!*, with
the loss extent which is now higher, the higher the fraction of VAc. The last degradation
step corresponds once again to the degradation of the polymer backbone.

The described mechanism of degradation was confirmed by the FT-IR analysis of the
gases evolved during the thermal degradation of the samples. As an example, in Figure 45
FT-IR spectra of the volatile degradation products obtained at different temperatures
during the TGA of PVAc-b-PBMA-1 are displayed; these spectra are representative of the
gas evolved along the whole degradation process and are taken at Tmax deg 1 and T max deg 2
respectively, i.e. at 198°C (a) and 335°C (b), in order to maximize the concentration of the

evolved species.
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1640
1737

a.u.

17991773 1737

; T (! T s T z T 3 T .5 T
4000 3500 3000 2500 2000 1500 1000
Wavelength (cm™)

Figure 45: FT-IR spectra of the gases evolved during Weight loss 1 (a) and Weight loss 2 (b) of PVAc-b-
PBMA-1. Spectra are representative of the gases evolved along the whole degradation process and are
taken at Tpax deg 1 and Tpax deg 2, Tespectively.

During the degradation centred at 198°C (Weight loss 1) the previously cited
depolymerisation mechanism is confirmed by the presence of C=C stretching signal at
1640 cm™!, ascribed to the methacrylic double bond from the BMA monomer; the other
absorptions well compares with the expected butyl methacrylate structure, such as the ones
at 1737 and 1164 cm! related to C=0 stretching and C-O bending respectively. During the
degradation centred at 335°C (Weight loss 2) the evolution of acetic acid in gas phase is
confirmed by the presence of O-H stretching and bending (in and out of plane) absorptions
centered at 3580, 1408 and 980 cm™! respectively and by the presence of C=O stretching
signal in the region 1799-1780 cm™'*3. During this high temperature degradation, the
signals of C=C and C=0, seen during Weight loss 1, are still present, thus confirming that
depolymerisation occurs simultaneously with acetic acid formation. The presence of the
characteristic asymmetric stretching signal of carbon dioxide at 2350 cm™ and the presence
of three C=0 stretching around 1700-1800 cm™" highlight the presence of other degradation
compounds in the gases evolved during high temperature degradation that can be
associated to ester side chain and polymer backbone degradation products. All the spectra
(not shown) recorded for the other copolymers along the TGA run well compare with the
spectra recorded and discussed for PVAc-b-PBMA-1.

As previously stated, the thermal degradation of PVAc-b-PMMA behaves analogously
to the previously discussed methacrylic copolymers (Figure 44 and Table 24). The
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corresponding hydrolyzed copolymers PVA-b-PMMA, instead, shows a different
degradation pattern: first of all, PVA-b-PMMA early initial degradation (Weight loss 1) is
not only ascribed to depolymerisation of PMMA but also to the dehydration phenomenon
that is prone to occur in the PVA block upon heating!'>*. The process continues with the
degradation of the polymer backbone residue, with no trace of the weight loss
corresponding to acetic acid elimination, according to a complete hydrolysis of VAc units
prior to the TGA run.

The chain mobility and phase behaviour of the (co)polymers were investigated by DSC

and the obtained data for all the analyzed polymers are summarized in Table 25.

Table 25: Tg, ACp, Trand AH determined by DSC of the synthesized polymeric derivatives.

Sample Ty first block PVAc (°C) T second block (°C) Tm (°C)
[ACp (J/g °O)] [ACp (J/g °O)] [AH (J/g)]
PVAc 271[0.51] - -
PVAc-b-PHEMA 33 [0.26] 122[0.39] -
PVAc-b-PBMA-1 30 [0.25] - -
PVAc-b-PBMA-2 311[0.28] - -
PVAc-b-PMMA - 94 [0.31] -
PVA-b-PMMA - 122 [0.30] 209 [0.68]

All the (co)polymers display at least a stepwise specific heat increment, and the number,
position and intensity of the observed transitions vary depending on the macromolecule’s
composition. More than one stepwise transition, or additional endotherms, can be indeed
observed for some samples, as reported in Table 25 and further discussed.

The starting PV Ac homopolymer shows a single stepwise transition, ascribed to the glass
transition (Tg), located at 26°C. No sign of endotherms can be observed accounting for the
lack of any crystal phase.

PVAc-b-PHEMA shows two Ty, the first at 33°C and the second at 122°C. The first T,
well compares with the PVAc one previously discussed and is thus ascribed to the PVAc

block!®®. This attribution is also confirmed by the lowered ACp value that accounts for a
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decrease in the overall fraction of material undergoing this transition in the block
copolymer. The second one, instead, is consequently assigned to the PHEMA block in
agreement with literature data'>®. The slight increase in the PVAc block Ty is due to the
addition of a second rigid block covalently bound at one side of PVAc macromolecules,
that makes the overall macromolecular structure more rigid.

The copolymers PV Ac-b-PBMA show only one stepwise signal in the DSC thermogram,
and the reason may be the closeness of the two blocks independent glass transitions, with
the PBMA homopolymer that is known from the literature to have a T, close to 20°C!"7,
However, the ACp value observed for the Ty seems to be coherent with the observed
transition being attributed to the PVAc block, since the specific heat variation is almost
halved with respect to the homopolymer PVAc and ACp value increase with increase the
fraction of the PV Ac block. The glass transition of PVAc occurs in a temperature range of
9°C whilst in PVAc-b-PBMA copolymers, the overlay of PVAc and PBMA glass
transition widens slightly the glass transition temperature range (11°C) in both the
copolymers. The copolymer PV Ac-b-PMMA shows only one T, at 94°C which, according
to the literature, is related to PMMA block'*®. The DSC scan highlights that hydrolysing
PVAc block to PVA the T; of PMMA increases from 94°C up to 122°C because of the
change in the polymer structure, and the PVA block, which is partially crystalline, melts
at 209°C. The heat of fusion (0.68 J/g) is lower compared to what expected from the
homopolymer of PVA (>10 J/g)'*’ since that the presence of a second non-crystalline block
interferes with the ability to crystallize of the PVA fraction lowering its ability to
crystallize in the block copolymer.
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3.3 Conclusions

Optimized and facile ATRP method was successfully employed for the first time to
polymerization of VAc attaining a good control over the living process up to 90% of
monomer conversion. This result was allowed by using a very active catalytic system
composed of CuCl, CuCl, and MesCyClam which allows to maintain a particularly low
concentration of propagating species once radicals are formed, hence establishing a fast
and dynamic ATRP equilibrium.

The synthesized narrowly polydispersed PV Ac was used as macroinitiator for the further
ATRP of several methacrylic monomers (BMA, MMA and HEMA), obtaining block
copolymers with uni-modal molecular weights distributions and confirming the livingness
of the system. Furthermore, by the methanolysis of PVAc-b-PMMA, it was possible to
obtain an amphiphilic block copolymer, which, in water solution, arranges in micelles with
a volume that depends on the polymer concentration.

In particular, this synthetic system paves the way to an easy industrially scalable process
for the production of well-defined PVA based complex structures that may find a number
of interesting applications such as in drug delivery systems or in biomedical devices.

A schematic representation of the obtained results is shown in Scheme 14.
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Scheme 14:: Schematic representation of the obtained results.
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3.4 Experimental section

3.4.1 Physico-chemical characterization

"H-NMR spectra were obtained at room temperature, on 5-10% w/v CDCl; or DMSO
solutions, using a Varian MercuryPlus VX 400 ('H, 399.9; 13C, 100.6 MHz) spectrometer.
Chemical shifts are given in ppm from tetramethylsilane (TMS) as the internal reference.

FT-IR spectra were recorded on a Brucker Alpha Platinum-ATR spectrophotometer
equipped with ATR Diamond window.

Number average molecular weight of the polymers (M,,) and their polydispersity index
(PD = M,,,/M,,) were determined in THF or DMF solutions at 25 and 70°C respectively by
SEC using an HPLC Lab Flow 2000 apparatus equipped with an injector Rheodyne 77251,
a Phenomenex Phenogel 5-micron MXL and MXM columns (THF solutions,
monodispersed polystyrene standards 800-35000 and 13300-214000 Da, respectively) or
a Tosoh Bioscience TSKgel GMHur-N 5-micron column (DMF solutions, monodisperse
poly(ethylene glycol) standards 400-20000 Da), and a refractive index detector model
Knauer RI K-2301.

The glass transition temperature values (Tg) of polymers were determined by differential
scanning calorimetry (DSC) on a TA Instrument DSC Q2000 Modulated apparatus
adopting a temperature program consisting of three heating and two cooling ramps starting
from room temperature (heating/cooling rate 20°C/min under nitrogen atmosphere) on 5-
10 mg samples. Thermogravimetric (TGA) measurements were carried out using a TA
Instrument SDT Q600 (heating rate 20°C/min) on 10-20 mg samples under nitrogen
atmosphere with a 100 ml/min gas flow rate. Tmax-deg 1S the temperature of maximum
weight loss rate determined as the peak temperature from the first derivative curve of the
weight loss profile. The gases evolved during TGA were guided towards an heated gas cell
into a FT-IR spectrophotometer Varian Cary 660 via an heated transfer line for the in situ
time-resolved analysis of the gas components. Both the transfer line and the gas cell were
kept at 280°C and the gas channelled into the spectrophotometer is taken at a flow rate of
70ml/min.

The hydrodynamic radii of micelles were determined by dynamic light scattering (DLS)
using a Malvern Zetasizer Nano ZS equipped with a 173° backscatter detector and a He-
Ne laser (633nm). The solutions were placed into poly(styrene) 4 optical faces cuvettes

with 1 cm optical path. The solutions were prepared by successive dilution of a 0.312
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mg/ml starting solution of the polymer in water. The solutions were prepared and filtered

(45 pm filter) one day before the DLS analysis in order to allow the micelles formation.

3.4.2 Materials

Vinyl acetate (VAc) (Sigma-Aldrich, >99%), butyl methacrylate (BMA) (Sigma-
Aldrich, 99%) and methyl methacrylate (MMA) (Sigma-Aldrich, 99%) were distilled
under reduced pressure in the presence of traces of 2,6-di-fert-butyl-p-cresol as
polymerization inhibitor just before use. 2-Hydroxyethyl methacrylate (HEMA) (Sigma-
Aldrich, 97%) and 2-chloropropionyl chloride (Sigma-Aldrich, 97%) were eluted through
a column filled with neutral alumina to remove the inhibitor. 1,4-Dioxane was distilled
over potassium in presence of benzophenone. CuCl (Sigma-Aldrich, >99%) and CuBr
(Sigma-Aldrich, >98%) were washed with glacial acetic acid (three times) and diethyl
ether and then dried under vacuum. 5,5,7,12,12,14-Hexamethyl-1,4,8,11-
tetraazacyclotetradecane (MesCyClam) was synthesized as previously reported!3®.

Dichloromethane (DCM) was distilled over P>Os just before use.
Pentamethyldiethylenetriamine (PMDETA) (Sigma-Aldrich, >98%), CuCl, (Sigma-
Aldrich, 99%), allyl alcohol (Sigma-Aldrich, >98.5%), 2,2"-bipyridyl (byp) (Sigma-
Aldrich, >98%) and others solvents (Aldrich) were used as received without further

purification.

3.4.3 Synthesis of allyl 2-chloropropionate (ACP)

A solution of 2-chloropropionyl chloride (9.7 ml, 12.7 g, 0.1 mol) in dry CH>Cl (50 ml)
was added dropwise to an ice-cooled stirred solution of allyl alcohol (6.8 ml, 5.8 g, 0.1
mol) and triethylamine (13.9 ml, 10.1 g, 0.1 mol) in 40 ml of dry CH2Cl,. The mixture was
stirred for 2 hours, then left at room temperature for 24 hours. At the end of the reaction
the triethylammonium chloride by-product was filtered off and the resulting solution was
concentrated under reduced pressure. The organic solution was then washed with 0.1 M
HCL, 0.1 M NaOH and finally with water in that order. The organic layer was dried
(Na2SOs4) and the solvent was removed under reduced pressure. The obtained yellow,
transparent liquid was purified by distillation under reduced pressure (Teb. 44°C, 7 mmHg).

80% yield.
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'"H-NMR (400 MHz, CDCls, 6, ppm): 5.93 (m, J = 6.8 Hz, 1H; CH=), 5.40-5.27 (2m,
2H, CH»>=) 4.68 (d, J=5.7 Hz, 2H; CH»0), 4.43 (q, J = 7.0 Hz, 1H; CH(CH3)(Cl)), 1.71 (d,
J=17.0 Hz, 3H; CH3).

3.4.4 Kinetic studies of the PVAc homopolymerization

All polymerization reactions of VAc were carried out in glass vials using ACP as
initiator, MesCyclam as ligand and dry 1,4-dioxan/n-propanol 98:2 v/v as solvent at 50°C.

In a general procedure, CuCl, CuClz, vinyl acetate and ACP in the desired proportions
were added to dry 1,4-dioxan/n-propanol 98:2 ([Mo] =2.70 or 0.98 mol/l ) and the solution
was introduced into the vial under nitrogen atmosphere. The reaction mixture was
submitted to several freeze-thaw cycles, heated at 50°C and a solution of MesCyclam in
1,4-dioxane was added using a gastight syringe even under nitrogen atmosphere. The
reactions were stopped after different times immerging the vials into liquid nitrogen and a
sample was withdrawn via gastight syringe for "H-NMR analysis with the aim to estimate
the monomer conversion vs polymerization time. The obtained polymers were purified by
filtration on basic aluminium oxide followed by repeated precipitation in hexane. The
materials were finally dried under vacuum until constant weight. All the polymeric

products were characterized by FT-IR, SEC and 'H-NMR.

3.4.5 Synthesis of the optimized PVAc macroinitiator

The ATRP of VAc was carried out in a glass vial using ACP as initiator, MesCyclam as
ligand and dry 1,4-dioxan/n-propanol 98:2 v/v as solvent. [Mo] = 0.98 mol/l; initial molar
ratios [VAc]/[CuCl])/[CuCl:]/[MesCyClam]/[ACP] = 300/1/0.65/1.65/1.

CuCl, CuClz, VAc and ACP were added to dry 1,4-dioxan/n-propanol 98:2 and the
solution was introduced into the vial under nitrogen atmosphere. The reaction mixture was
submitted to several freeze-thaw cycles, heated at 50°C and a solution of MesCyclam in
1,4-dioxane was added using a gastight syringe even under nitrogen atmosphere. The
reaction was stopped after 85 minutes immerging the vial into liquid nitrogen and a sample
was withdrawn via gastight syringe for 'TH-NMR analysis. The polymer was purified by
filtration on basic aluminium oxide followed by repeated precipitation in hexane. The
material was finally dried under vacuum until constant weight. The conversion was

determined gravimetrically and the product characterized by FT-IR, SEC, DSC, TGA and
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'H-NMR. Relevant data concerning the obtained PVAc macroinitiator are reported in
Table 26.

"H-NMR (400 MHz, CDCl3, 6, ppm): 6.41 (1H, CH-CI end-group), 5.93 (m, J = 6.8 Hz,
1H; CH= ACP), 5.25-4.75 (1H, CH-O polymer backbone), 4.68 (2H, CH»-O ACP), 2.15-
1.95 (3H, C(0)-CH3 VAc side chain), 1.95-1.40 (2H, CHz polymer backbone); IR (cm™):
2981 and 2925 (asymm vch aliph. CH3 and CH»), 2850 (symm vcn aliph. CH3), 1729 (vc=o0
VAc ester group), 1433 (6cu polymer backbone), 1370 (8cn, VAc side chain), 1225 (vc-o

VAc ester group), 604 (vc-c1 end-group).

3.4.6 Synthesis of copolymers

The copolymerization reactions were carried out in glass vials. Catalyst, monomer,
PV Ac macroinitiator and dry solvent in the right proportions, were introduced into the vial
under nitrogen atmosphere. The reaction mixture was submitted to several freeze-thaw
cycles, heated at the desired temperature and a solution of the ligand in 1,4-dioxane was
added using a gastight syringe under nitrogen atmosphere. The stirred mixture was allowed
to polymerize for 180 minutes and the reaction was stopped immerging the vial into liquid
nitrogen. At the end of the reaction a sample was withdrawn via gastight syringe for 'H-
NMR analysis.

The copolymers were purified by filtration on basic aluminium oxide followed by
repeated precipitation in hexane. The materials were finally dried under vacuum until
constant weight. The conversions were determined gravimetrically and all the products
characterized by FT-IR, SEC, DSC, TGA and '"H-NMR. Specific synthetic conditions are
reported below and the relevant data concerning the obtained copolymers are reported in

Table 26.
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Table 26.: Characterization data of polymeric derivatives.

_ _ - VAc Methacrylic
Catalytic M, M, NMRM,, Monomer
Sample PD molar molar
system (g/mol)| (g/mol) (g/mol) conv. (%)
fraction fraction
CuCl/CuCly | 16000% | 19700°* | 1.23¢
PVAc 9200 © 1 - 36
MecCyclam | 11600° | 14100 | 1.21°
PVAc-b-PHEMA CuCl/Byp 16300 | 21700® | 1.332 | 33900 ¢ 0.364 0.644 48
CuBr/
PVAc-b-PBMA-1 67800°¢ | 75200¢ | 1.11¢ | 25700°¢ 0.48°¢ 0.52¢ 58
PMDETA
CuCl/
PVAc-b-PBMA-2 62500° | 68900° | 1.10° | 22150°¢ 0.54¢ 0.46° 46
MesCyclam
CuBr/
PVAc-b-PMMA 26700° | 33900° | 1.31° | 27600° 0.42°¢ 0.58 ¢ 85
PMDETA
PVA-b-PMMA - 24900° | 33900° | 1.36° | 22400 F 0.42f 0.58f -

2 Determined by GPC in THF at room temperature (MXL column).
b Determined by GPC in DMF at 70°C.
¢ Determined by '"H-NMR in CDCl;.

4 Determined by 'H-NMR in DMSO.

¢ Determined by GPC in THF at room temperature (MXM column).
"Determined by "H-NMR in DMSO assuming that all VAc was converted in VA.

3.4.6.1 PVAc-b-PHEMA

[M]= 1.07 mol/l. [HEMA]/[CuCl]/[Byp]/[PVAc] = 400/3.3/6.6/1. Temperature: 60°C.

Solvent: 2-butanone /n-propanol 7:3 v/v. Reaction time: 180 minutes. Monomer

conversion: 48%.

'"H-NMR (400 MHz, DMSO-ds, 6, ppm): 5.10-4.65 (1H, CH-O, polymer backbone VAc
block), 4.20-3.75 (2H, CH»2-O-C(O), HEMA side-chain), 3.75-4.45 (2H, CH>.-OH HEMA
side-chain), 2.25-1.20 (C(O)-CH3 VAc side-chain, CH», polymer backbone), 0.95-0.78
(3H, CH3 polymer backbone HEMA block); IR (cm™): 3367 (von HEMA side chain), 2936
(asymm. vcu aliph. CHz), 2873 (symm. vcn aliph. CH3), 1724 (vc=0 VAc and HEMA ester
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groups), 1447 (dcu polymer backbone), 1372 (6cuy VAc side chain), 1225 vc.o Vac ester

group), 1152 (vc.o HEMA ester group), 604 (vc.ci end-group).

3.4.6.2 PVAc-b-PBMA-1
[M]= 1.56 mol/l. [BMA]/[CuBr]/[PMDETA]/[PVAc] = 200/1/1/1. Temperature: 90°C.

Solvent: 1,4-dioxan. Reaction time: 180 minutes. Monomer conversion: 58%

3.4.6.3 PVAc-b-PBMA-2

[M]= 1.56 mol/l. [BMA]/[CuCl])/[MesCyClam]/[PVAc] = 200/2/1/1. Temperature:
25°C. Solvent: 1,4-dioxan. Reaction time: 180 minutes. Monomer conversion: 46%.

'"H-NMR (400 MHz, CDCls, J, ppm): 5.25-4.75 (1H, CH-O, polymer backbone VAc
block), 4.25-3.80 (2H, CH2-O, BMA side-chain) 2.15-1.95 (3H, C(O)-CH3, VAc side-
chain), 1.95-1.25 (CHa, polymer backbone, CH>, BMA side-chain), 0.95-0.88 (6H, CHzs,
BMA backbone and BMA side-chain); IR (cm): 2958 (asymm. vcu aliph. CH3), 2930
(asymm. vch aliph. CHy), 1725 (vc=o VAc and BMA ester groups), 1447 (dcu polymer
backbone), 1372 (6cny VAc side chain), 1225 (vc.o VAc ester group), 1144 (vc.o BMA

ester group), 605 (vc-ci end-group).

3.4.6.4 PVAc-b-PMMA

[M]=2.08 mol/l. [MMA]/[CuBr]/[PMDETA]/[PVAc] =200/1//1/1. Temperature: 90°C.
Solvent: 1,4-dioxan. Reaction time: 180 minutes. Monomer conversion: 85%.

'"H-NMR (400 MHz, CDCls, J, ppm): 5.25-4.75 (1H, CH-O, polymer backbone VAc
block), 3.90-3.30 (3H, C(O)-O-CHs3, MMA) 2.25-1.50 (C(O)-CH3 VAc side-chainCHo,
polymer backbone), 0.95-0.88 (3H, CH3, polymer backbone MMA block); IR (cm™): 2958
(asymm. vcy aliph. CH3), 2930 (asymm. vcn aliph. CH»), 1725 (vc=0 VAc and MMA ester
groups), 1447 (8cu polymer backbone), 1372 (8cn, VAc side-chain), 1225 (vc-o VAc ester

group), 1143 (vc.o MMA ester group), 605 (vc-ciend-group).
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3.4.6.5 Synthesis of PVA-b-PMMA

A 10% methanol solution of sodium methoxide (3.5 mL; 4 M equiv to the VAc structural
units) was added dropwise to a solution of PVAc-b-PMMA (300 mg) in dry THF (12 ml)
and the mixture was stirred for 3 hours at 40°C under nitrogen atmosphere. The reaction
was quenched by adding acetic acid (0.7 mL) and methanol (25 mL), and the copolymer
was purified by dialysis (Spectrum Laboratories membrane; molecular weight cutoff 3500
Da) in water for 48 hours. The copolymer was recovered by evaporation of water,
dissolution of the polymer in THF, precipitation in hexane and subsequently dried under
vacuum.

'"H-NMR (400 MHz, DMSO-ds, J, ppm): 4.8-4.1 (1H, mm, mr, rr OH VA block)!*?,
3.90-3.82 (1H, CH-O VA block), 3.70-3.48 (3H, C(0)-O-CH3, MMA), 1.77-1.24 (2H,
CHaz, polymer backbone), 0.95-0.78 (3H, CHs, polymer backbone MMA block); IR (cm’
1): 3416-3358 (von VA); 2958 (asymm. vcn aliph. CH3), 2930 (asymm. vcp aliph. CH»),
1722 (vc=o MMA ester group), 1435 (dcu polymer backbone), 1240 (vc.o VA), 1146 (vc-
o MMA ester group).
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4 Chapter 4 - Synthesis and characterization of pH and
temperature-sensitive polymers as carriers for drug-delivery

system

4.1 Introduction

4.1.1 Pluronic block copolymers

Pluronic is the commercial name of triblock copolymers, with a central block of

poly(propylene glycol) (PPG) and two external blocks of poly(ethylene glycol) (PEG).

Their properties depend on the molecular weight and on the PEG/PPG ratio in the

polymeric chain'®®. Table 27 provides name, molecular formulas, average molecular

weight and other physicochemical properties of some commercially available Pluronics.

Table 27: Characteristics of some commercially available Pluronic polymers'’.

M, Average no. | Average no. CMC
PLURONIC Cloud point (°C) ¢
(g/mol) * of EG units ? of PG unit ® M)
Lé61 2000 4.6 31.0 24 1.1 *10°
L62 2500 11.4 34.5 32 4.0 *10°
Lé64 2900 26.4 30.0 58 4.8 *10
Fo68 8400 152.7 29.0 >100 4.8 *10
L81 2750 6.2 42.7 20 2.3 *10
P84 4200 38.2 43.4 74 7.1 *10°
P85 4600 52.3 39.7 85 6.5 *10
F87 7700 122.5 39.8 >100 9.1 *10
F88 11400 207.3 39.3 >100 2.5 *10
L92 3650 16.6 50.3 26 8.8 10"
F98 13000 236.4 44.8 >100 7.7 *10°
L101 3800 8.6 59.0 15 2.1 *10
P103 4950 33.8 59.7 86 6.1 *10°
P104 5900 53.6 61.0 81 3.4 *10
P105 6500 73.9 56.0 91 6.2 *10°
F108 14600 265.4 50.3 >100 2.2 *10
L121 4400 10.0 68.3 14 1.0 *10°
P123 5750 39.2 69.4 90 4.4 *10
F127 12600 200.4 65.2 >100 2.8 *10°

2 Number average molecular weight provided by the manufacturer (BASF, Wyandotte, MI)
b Calculated using the average molecular weights

¢ Determined in 1% aqueous solution by the manufacturer

4 Critical Micellar Concentration determined using pyrene probe.
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4.1.1.1.1 Formation of micelles and gels in Pluronics water solution

The different hydrophilicity of PEG and PPG makes Pluronics behaving as surfactants
in water and allows them to form micelles, micro-emulsions and liquid-crystalline phases
(gels) (Figure 46), whose properties can be modulated by changing the PEG to PPG molar
ratio and the molecular weight of the copolymer 169162,
Figure 46 reports a phase diagram showing the typical transitions that occur in Pluronic

solutions as a function of polymer concentration and temperature.
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Figure 46: Schematic representation of the characteristic transitions that occur in Pluronic solution
163,164

The critical micellar concentration (CMC) and the critical micelle temperature (CMT)
are the most important parameters that characterize the behavior of amphiphilic
compounds. The CMC is the concentration above which, at a constant temperature,
molecules are forced in a defined structure (micelles). The CMT is the temperature above
which, at a constant concentration, the micelles form. Typically, CMT decreases by
increasing the Pluronic concentration, and CMC decreases by increasing the temperature.
CMC and CMT can be determined by different techniques, e.g. surface tension
measurements, chromatography, light scattering, small angle neutron scattering (SANS),

small angle X-ray scattering (SAXS), differential scanning calorimetry (DSC),
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viscosimetry and others. Different techniques, however, may provide different value of
CMC and CMT for the same sample'®!.

In Pluronics solutions CMC and CMT decrease by increasing the molecular weight of
the investigated compound'®’.

At low temperature (<15°C) both PEG and PPG blocks are water-soluble and Pluronic
macromolecules are present as unimers (Figure 46). Unimers can also be considered as
unimolecular micelles because the less hydrophilic PPG adopts a more compact
conformation than the more water-soluble PEG. Increasing the temperature above the
CMT, PPG becomes insoluble in water producing spherical micelles where a 4-5 nm PPG
core is surrounded by a corona of hydrated PEG!%*!%* (Micelle in Figure 46).

The micellization process thermodynamics could be described using the mass-action
model which considers that there is an equilibrium between micelles and unimers in
solution. The free energy of micellization (AG) (Equation 13) is defined as the standard
free energy change for the transfer of one mole of unimers from the solution to the micellar

phase.

Equation 13 AG = RT In(X¢pe)

Where R is the gas law constant, T the absolute temperature and Xcwmc the critical
micellization concentration in mole fraction.

The standard enthalpy of micellization can be obtained from Equation 14-a and,
assuming that the aggregation number (that is the number of unimers forming a micelle) is

not dependent on the temperature, it can be expressed as in Equation 14-b.

Equation 14-a H _ T« [d(G/R*T)]
Rx*T dT Pn
j - _ 2 dln(Xcmc)] _ [d ln(XCMC)]
Equation 14-b AH = —R*T*x [ o A R * —a .

Plotting CMT! versus the natural logarithm of the copolymer concentration (in mole
fraction) a linear plot is obtained confirming the good fitting between experimental and
theoretical values derived from Equation 14!, The entropy change associated to the

micellization process can be derived from its dependence by AG and AH (Equation 15).
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Equation 15 AS = (AH — AG)/T

During micellization, unimers are forced in a defined structure and their entropy
decreases (ASunimers<0). Furthermore, micellization is an endothermic process (AH>0). So,
taking into account only the endothermicity of the process and the entropy difference
ascribed to unimers during micellization, the process should not be thermodynamically
favored (AG should be >0). Micelles formation occurs upon increasing the temperature or
the concentration of the polymer in solution and this event is due to the fact that the
solubilization of unimers in water causes a significant decrease of the entropy of water
molecules, suggesting an increase in the degree of structuring of the water around the
polymer. When unimers aggregate in order to form micelles, the release of bound water
around the PPG blocks increases the water entropy (ASwater>0), overcoming the entropy
loss due to the localization of the hydrophobic chains in the micelles (unimers forced in a
defined structure). As a consequence, the difference between the entropy of the overall
system before and after micellization results positive (ASunimerstASwater>0), making the
process thermodynamically favored above a certain temperature which is characteristic of
the system under investigation'®’,

The temperature affects the Pluronics micellar size (increasing temperature it increases)
and its self-assembly in 3D structure, which is generally referred to micellar gels.

Above a critical combination of concentration and temperature (Gel phase in Figure 46),
the system reaches a gel state, which often exhibits a long-range order, i.e. a crystalline or
para-crystalline organization'¢*!%°. There is no specific micellar volume fraction at which
the system becomes completely crystalline, whereas there exists a transition interval in
which liquid and crystalline domain coexist (Transition in Figure 46). The presence of
transition regions is not unexpected: for Pluronics, as much for most amphiphilic polymers,
also micellization is not a sharp process and both CMC and CMT should be better
described as concentration and temperature “windows”.

The effect of Pluronic concentration on the displayed transitions can be ascribed to the
volume fraction occupied by the polymer: the higher is the volume occupied the easier is
the organization in ordered structures'6%-166-168,

The molecular interpretation of the effect that the temperature has on Pluronics
transitions is more controversial and may involve several factors. Several studies have been

carried out in order to understand the effect of the temperature!®-!7%!7! Studies on Pluronic
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F127 cross-linked micelles showed that still exhibit a thermally induced gelation, therefore
excluding any significant contribution of PEG chain entanglements!”?. Furthermore,
Pluronic-based nanoparticles exhibit gelation although they have an overall volumetric

contraction'”

. Gelation can be so described by the theory of hard-sphere interaction. When
unimers and micelles are present in solution (below the gelation temperature), upon
increasing the temperature the equilibrium between unimers and micelles shift towards
these latter. As a consequence, the micelles volume fraction increases up to a value (0.53)
that forces the micelles to coalesce together forming a long-range ordered gel phase!”*!7>,

It is worth noting that in these micellar assemblies the gelation is reversible, highlighting
the purely physical nature of the transition. Compared to a chemical gelation the strength
of the interactions involved is weaker!’®.

In the gels Pluronic micelles arrange in a cubic geometry which most often is supposed
to correspond a body-centered cubic (BCC) lattice. These ordered phases are often
associated to shear moduli in the order of 10*-10° Pa!®*!76,

The temperature of the product (gel) can also affect the micellar shape (not only their
size, as previously mentioned). At high temperature, the micelles have a core diameter that
is almost the size of a fully stretched PPG chain and the system evolves forming micelles

with rod-like shape, which arrange in hexagonal structures, decreasing inter-micellar

interaction'®*16* (Figure 47).

Hexagonal

e PPG - PEG

Figure 47: Schematic illustration of micellar phases formed by the Pluronics'®.
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4.1.1.2 Applications of Pluronics in drug delivery systems

The ability of Pluronic-based systems to enhance the solubility of hydrophobic
compounds in water solution and their reversible thermo-responsiveness make Pluronics
very interesting compounds for the development of drug-delivery systems!¢!:177-182,

Using common drug-administration techniques, molecules has to overcome barriers to
reach the site into the body where it can perform their biological role, and during their
travel through the body they can be absorbed in non-desired sites or they can partially react
forming non-active products. Other important problems that should be taken into account
during the development of a new drug is its solubility and stability: it might happen that a
good drug against a particular disease cannot be used because it is not stable or it is not
soluble in the body fluids. Using drug delivery technologies these problems can be
overlapped and the current therapies can be improved. A growing number of therapeutic
polymers are approved by the regulatory authorities in North America, Europe and Asia
for clinical use in treatment of cancer, infectious and genetic diseases'®'.

Furthermore, Pluronic micelles act as micro-containers for molecules, preventing the
degradation of the drug or undesired pharmacokinetics'*!6!. Another important aspect that
differs Pluronic-based drug delivery systems is that they have the ability to enhance drug
performance by acting as biological response-modifying agents, which act directly upon
the target cells'®!.

In Pluronic-based drug delivery systems, the drug interacts with the PPG core of the
micelles. So, the dimension of these latter must be between 10 and 100 nm (Pluronic
micelles are usually within this range). This range is determined by the fact that the
particles with diameters larger than 200 nm are sequestered by the spleen and those ones
with diameter of 5-10 nm are removed through extravasation and renal clearance.

Because of its interesting properties, among the commercial poloxamers, Pluronic F-127
is one of the most studied copolymer for the development of drug delivery systems to
administer drugs through different form of administration!”s,

Pluronic-based drug delivery systems can be administrated in two ways:

- administration of a micellar water solution containing the drug

- topical administration of gels

- administration of Pluronic water solution that undergo the gel transition when it

reaches the body temperature'’®,
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The drug incorporation in Pluronic micelles is most often accomplished by exposing a
micellar dispersion of Pluronic in water to a solid drug dispersion or to a small volume of
drug solution in a water-miscible and volatile organic solvent!¢!.

When a molecule is solubilized in the micelles, an equilibrium between its concentration

in water solution and in the PPG core is established (Figure 48).

A) Drug incorporation into the micelles B) Partioning after administration

. PPG ~~PEG 4 drug

Figure 48: Mechanisms of drug release from micelle: (4) disintegration of the micelles below CMC; (B)
release of the drug as a result of partitioning’®’.

The ratio between the drug concentration in the micelles and in the external water is
defined as partition coefficient (P) (Equation 16). It quantifies numerically the dynamic
exchange between solubilized molecules into the micelle’s core and those dissolved in

water when the system has reached the equilibrium.

Equation 16 P=—

[Dm] = conc. of drug into the micelle

[Dw] = conc. of drug into the external water

Although the equilibrium is usually not reached in the body, the partitioning value allows
to estimate the amount of drug that could be released into the body after dilution in the
body fluids'®!. If the molecule has a low P value, once the drug solubilized in the micelles
has been administrated, the drug is released from the micelles before reaching the targeted
site. The solubility of a specific molecule in water solutions containing Pluronic micelles
can be tuned by acting on the molecular weight and composition of Pluronic'®. Studies
made on Pluronic-based systems prove that the concentration of the block copolymers in
the plasma is sufficient in order to form micelles!®}. The drug can be released in the

external media when the micelles are destroyed as consequence of dilution to a
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concentration lower than CMC (A-Figure 48) or as result of partioning of the drug between
the internal core of the micelle and the external media (B-Figure 48)'°!.

In order to allow the solubilization of drugs into the PPG core of the micelles, the system
has to be above its CMC and CMT. Pluronic-based systems are suitable to be used as drug
delivery systems because they have a CMT close to 37°C (body temperature).

It should also be taken into account that once the drug has been incorporated into the
micelles, the system should not be left at a temperature at which the micelles destroy. If it
happens, the drug could not be soluble in the system constituted from solvent and unimers
and increase again the temperature might not be sufficient to obtain the previous drug
delivery system!®!,

Before administration it should be taken into account that before the drug (contained into
the micelles) reaches the desired site, the system could interact with other sites and it can
change the structure as consequence of the fact that pH and temperature can change during
the route to the targeted site'®!. To enhance the recognition mechanism efficiency between
the micelles and the site where the pharmacologic action should be carried out, proteins
could be attached covalently to Pluronic molecules, using the free hydroxyl groups present
in this latter. As an example, the drug delivery system could be built mixing unmodified
Pluronic with functionalized Pluronic macromolecules, obtaining micelles that are able to
interact selectively with specific sites or receptors as a function of what type of protein is
bonded to Pluronic!"!7”.

The incorporation of the drug into micelles or gels offers several advantages. It can
facilitate the overcoming of the drug throw the barriers present into the body, as the ones
posed by the gastrointestinal tract. Furthermore, the micelles can sensitize specific cells
increasing their interactions with the drug, enhancing the activity of the drugs. As example,
it has been shown that doxorubicin administrated with Pluronic micelles enhances its
cytotoxic activity compared to doxorubicin alone, by two or three order of magnitude
against tumors with multidrug-resistant phenotype'82.

When repeated drug administrations are required, it is preferred oral instead of
intravenous administration. Pluronic drug formulations have the characteristic to replace
intravenous administration for poorly water soluble drugs that cannot overlap the barriers
present into the human body. As an example, risperidone is a poorly soluble drug and in
order to obtain good level of bioavailability it is administrated by intravenous delivery.

Oral delivery of risperidone in formulation with polymeric micelles exhibit similar
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delivery properties to intravenous delivery, achieving a bioavailability of 40%, thanks to
the overcoming of the intestinal membrane allowed by the presence of the micelles'®.

Topical administration of Pluronic gels can be applied for delivery of analgesic, anti-
inflammatory drugs, anti-cancer agents and so on. The possibility to deliver the drug
through the skin, exactly where it is needed, allows to use a lower amount of drug
compared to other ways of administration (e.g. oral administration). Sometimes topical
application requires penetration enhancers in order to allow the drug to pass through the
skin. Administration through topical application has been studied for indomethacin,
ketoprofen, fenantyl, sodium naproxen, insulin and so on. In topical application, diffusion
of Pluronic controls the release rate of the drug, accelerating the process of solute diffusion
within lipid bilayers!”®-180-185-187,

Pluronic gels are also suitable for buccal, rectal, subcutaneous and intramuscular
applications. The added value of this type of applications is that gels act as reservoirs of
drug and this involve several advantages:

- prolonged pharmacologic action

- reduced side-affects

- gels can be designed in order to interact with specific target and release the drug
only in a specific part of the body

- constant drug levels in the desired site throughout all the time the gel performs its
action. 181:188-190

After administration, the stability of the micelles and gels affects the circulation time and
the drug release rate. Indeed, even administrating gels, micelles are release after dilution
in the body fluids. CMC and P are two parameters that could help during the evaluation of
the pharmacokinetic. CMC is related to the thermodynamic of the system but it does not
take into account the kinetic stability of the micelles; indeed, micelles with hydrophobic
core that have glass transition temperature higher than 37-38°C exhibit long lasting
relaxation process that results in slow dissociation kinetic when the system reaches a
concentration lower than the CMC. This behavior is due to the fact that if the polymeric
chains in the core of the micelles are above the glass transition temperature, they are
physically attached to each other and the drug diffuses slowly. The low drug release rate
resulting from systems with micelle’s core with glass transition temperature near to 37-
38°C allows to obtain systems with high blood circulation time and slow release of the

drug in the body'®!.
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The possibility to change the composition and the structure of Pluronic-based drug
delivery systems by changing the length of hydrophobic and hydrophilic blocks allows to
obtain different systems suitable for different type of drug and with different type of
pharmacokinetic (different CMC and P) (Figure 49). Once the drug and the site where the
pharmacologic action should be carried out are known, the drug delivery system has to be
chosen taking into account that:

- the incorporation of the drug into the carrier should lead to an increase in stability
and circulation time of the drug into the body
- the release of the drug into the critical site of action should be effective.

These two listed behavior lead to the maximal therapeutic index but obtain them is not
so easy. Too high stability of the drug into the micelle’s core leads to a high stability of the
drug delivery system and high circulation time but the bioavailability of the drug in the
desired site could not be sufficient in order to obtain the pharmacologic action. A good
ratio between the stability of the drug delivery system and the release of the drug into the
desired site should be achieved. This compromise could be achieved by changing the

characteristic of the block-copolymer used to build the drug delivery system!6!.
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Figure 49: Relationship between the partitioning coefficients of pyrene and CMC in different
commercial Pluronic block copolymer systems™!.
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4.2  Aim of the project

The administration of drugs using common past techniques have some limits. Usually
drugs have low solubility in the blood and oral administration implies that the drug is
spread throughout the body and not only in the target cells. Inefficient administration
requires to increase the amount of administrated drug in order to have the correct drug
concentration in the target zone. Furthermore, it results convenient to maintain a constant
and controlled drug concentration in the blood throughout the required administration
period.

During the last years, several studies were carried out with the aim to increase the drugs
administration efficiency; in particular, the application of micelles and gels was
studied!”®19>1%_Gels are three dimensional network consisting of joined polymeric chains
swollen in water'®®. The incorporation of drug into micelles and gels offers many

197,198

advantages such as enhanced drug solubility in water systems , possibility to inject

the gel in the target zone'*®!%

and targeted-delivery of the drug (especially using
responsive micelles)!31782% These advantages can be exploited with the aim to decrease
the amount of administrated drug, especially when, besides the desired effect, many side

201203 1In the last years, pH-

effects are present such as in common anti-cancer therapies
responsive carriers were studied with the aim to release the drug specifically in the target
cells!?7:200:204.205 ‘Tndeed, it is known that the extra-cellular pH in a cancer is between 6.5
and 7.22%297 and it decreases again to 5-6.5 and 4.5 in the endosomes and lysosomes

respectively'>!%; usually, the pH of healthy tissues and blood is around 7.4-7.

5206208
Thus, by using a pH sensitive gel as drug carrier, it could be possible to inject it and release
the drug directly in the target cells. The possibility to inject the drug into the cancerous
cells allows to use a lower amount of drug, decreasing its side effects?042%,

In this context, we retained of interest to synthesize materials that form gels and micelles
that can act as drug-carriers and that can exhibit pH-responsiveness. In particular, Pluronic
F127 (PLUR F127), which is a tri-block copolymer (poloxamer) that in water is able to
self-assemble in gels and micelles, was used as starting material. PLUR F127 and its
derivatives are already used in drug delivery systems as carrier for hydrophobic drugs and
other purposes!*!''’8193 Indeed, this material reversibly self-assembles in gels and micelles
and the process is favourite increasing the temperature!®*!’8, For example at body
temperature (37°C) PLUR F127 in water forms gels when its concentration is between 10

and 20% (w/v)***21% In order to employ this material as carriers in drug delivery systems,
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specifically, in anti-cancer applications, we used it as macroinitiator for the polymerization
of different pH-sensitive moieties with the aim to obtained block copolymers which are
contemporary temperature and to pH-sensitive.

In particular, the second blocks are characterized by different pKa: when the pH solution
is below their pKa,, this block is protonated and thus hydrophilic; when the pH is above the
pKa the block results hydrophobic. Thus it is reasonable to expect that once the synthesized
materials are self-assemble in micelles, by changing the pH they should modify their

aggregation structure and release the drug (Figure 50).

Macromolecules
aggregation
change

MICELLE . .
pH 7.5
CONTROLLED
RELEASE
pH 5.5

Figure 50: Schematic representation of the controlled drug release in the target zone.

In particular PLUR F127 was used as macroinitiator for the further polymerization of
three different pH-sensitive molecules (Figure 51) thus obtaining the polymeric blocks
poly[2-(N,N-dimethylamino)ethyl methacrylate] (PDMAEMA), poly[2-(N,N-
diethylamino)ethyl methacrylate] (PDEAEMA) and poly[2-(V,N-diisopropylamino)ethyl
methacrylate] (PDIAEMA).
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Figure 51: Structure of the monomers used for the synthesis of the pH-sensitive moieties.

As shown in Figure 51, the pK, of the monomers decreases with the steric hindrance of
the substituent bonded to the amine group and the polymeric assemblies will change their
structure depending on the pKa of the methacrylic block. This will allow to understand
which is the best pH-sensitive unit for the specific application. In order to understand the
effect of PLUR F127 structure on the final properties of the synthesized compounds,
poly(ethylene glycol) 8800 Da (PEG-bis-OH), which corresponds to the two hydrophilic
block of PLUR F127, and poly(ethylene glycol) methyl ether 5300 Da (PEG), which
corresponds to one of the two hydrophilic block of PLUR F127, were extended with the
same pH-sensitive moieties used to functionalize PLUR F127. Studying and comparing
the properties of the synthesized materials, which have the same pH-sensitive units but
different central polymeric block, will allow to understand how PLUR F127 structure
affects the behavior of polymeric aggregates and the release properties. In summary, nine
different polymeric materials were investigated: PLUR-bis-PDMAEMA, PLUR-bis-
PDEMAEMA, PLUR-bis-PDIAEMA, PEG-PDMAEMA, PEG-PDEMAEMA, PEG-
PDIAEMA PEG-bis-PDMAEMA, PEG-bis-PDEMAEMA and PEG-bis-PDIAEMA
(Scheme 15).
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Scheme 15: Synthesis of PLUR F127, PEG and PEG-bis-OH block copolymers.
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In order to study the effect of the molecular weight of the pH-sensitive units, for each
type of compound two molecular weight of the pH-sensitive moieties were synthesized
[short (S) and long (L)].

ATRP was used as polymerization technique because it allows to synthesized polymers
with pre-determined molecular weight and low polydispersity (PD). This latter
characteristic is important because it is easier to obtain nano-structured materials when the

polymeric chains have similar chain length?!!.
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4.3 Results and discussion

4.3.1 Synthesis of ATRP macroinitiators

In order to use PLUR F127, PEG and PEG-bis-OH as macroinitiators for the further
polymerization of pH-sensitive units, the terminal OH groups of the three compounds were
converted into the proper ATRP initiator groups through reaction with 2-bromoisobutyryl
bromide (Scheme 16) and the final products were analyzed by 'H-NMR, ATR FT-IR,
MALDI-TOF and DSC with the aim to confirm the expected functionalization.

o} o}
Br Et;N J\X
HOAQO\/%OJ\%O OH +2 %O\Br — = *LO/\LOV%O OWO
n m n Br n m n Br
O

Scheme 16: Synthesis of ATRP macroinitiator from PLUR F127.

The FT-IR spectra of the three synthesized compounds highlight the presence of the
characteristic C=0 stretching signal at 1734 cm™ which can be ascribed to the presence of
the ester groups attached to the polymeric chains after the functionalization. The presence
of the ester signal and the absence of OH stretching signals in all the IR spectra confirm
qualitatively the correct functionalization. It is really important that the functionalization
reaches high conversion values because the final application of the synthesized materials
is the formation of aggregates which is easier when the macromolecules have the same
structure?!!. If not all the polymer chains act as ATRP macroinitiator the presence of non-
functionalized material can decrease the aggregation of the macromolecules and it would
be rather difficult to correlate the properties of the compounds with their structures.

The 'H-NMR spectra of the macroinitiators show the signals of the 2-bromoisobutyryl
bromide residue at the ends of the macromolecules. As an example, in Figure 52 the 'H-
NMR spectrum of PLUR F127 is compared with that one of PLUR-bis-Br. As can be seen
from the figure, in the spectra of the macroinitiator the signals resulting from the
functionalization (1.86, 3.68 and 4.25 ppm) can be clearly detected and quantified. The
OH groups conversion was determined by 'H-NMR, calculating the molecular weight of
the starting materials (by end-group analysis) and comparing the integral of the signal
ascribable to CH2-O-C(O) signal with the one that it should have at 100% of conversion.
The same results can be obtained using the integrals of the other end groups signals. As

can be seen from Table 28, where OH groups conversion is displayed, all the starting
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materials show high degree of functionalization (>95% mol/mol) confirming the

possibility to use them as proper ATRP macroinitiators.
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Figure 52: 'H-NMR of PLUR-bis-Br and PLUR F127.

The average molecular weight of the starting and functionalized macromolecules was
determined also by MALDI-TOF analysis and the results are shown in Table 28. Mono-
functional PEG (PEG) after functionalization has a M,, which is 142 Da higher than the
starting material whilst bi-functional PEG (PEG-bis-Br) and PLUR-bis-Br have a M,, 316
and 313 Da higher than PEG-bis-OH and PLUR F127 respectively. A mono and di-
functionalization should lead products with a M,, of 149 and 298 Da higher that the starting
product respectively. The good agreement between the expected increase of molecular
weight and the ones determined experimentally confirm the high degree of
functionalization determined by 'H-NMR analysis.

PEG is a semi-crystalline material with a melting temperature around 50-60°C. Changing
the end-groups of PEG, PEG-bis-OH and PLUR F127 it is reasonable to expect a change
in the crystallinity of the samples. PEG-Br, PEG-bis-Br and PLUR-bis-Br were analyzed
by DSC in order to determine if the functionalization changes the thermal properties of the

materials. In Table 28 the melting temperatures and melting enthalpy of PEG-Br, PEG-
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bis-Br and PLUR-bis-Br are compared with the melting temperatures and melting enthalpy
of the corresponding starting material and in Figure 53 the DSC thermograms are shown.
As can be seen from the reported data determined calculating the maximum of the melting
events seen in the DSC thermograms, all the macroinitiators have lower melting
temperature and lower melting enthalpy compared to the starting materials. The melting
temperature of PLUR F127 is lower than those ones of PEG and PEG-bis-OH because of
the presence of PPG block that hampers the crystallization. The crystallization is further
disturbed introducing the 2-bromoisobutyryl residue at the ends of the macromolecules,

indeed PLUR-bis-Br has the lowest melting temperature and melting enthalpy.

Table 28: Characterization data of the macroinitiators.

NMR
M, MALDIpT OH conv Tm
Sample n . AH (J/2)®
P (g/mol) (g/mol) (%omol)* Oy J/g)
PEG 5200 5292 - 62 140.8
PEG-Br 5300 5434 98 61 124.8
PEG-bis-OH 8800 8878 - 65 131.7
PEG-bis-Br 9000 9194 95 62 127.8
PLUR-F127 | [6000(7LPEG 1) 55,, : 58 94.8
weight fraction)
PLUR-bis-Br 16200 13635 100 52 87.3
2 Determined by 'H-NMR
®Determined by DSC.
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Figure 53: DSC thermograms between 40 and 75°C of the macroinitiators and their corresponding
starting materials.

4.3.2 Kinetic studies and synthesis of block copolymers

In order to know the polymerization time needed to obtain polymers with the desired
molecular weight, the polymerization kinetics of DMAEMA, DEAEMA and DIAEMA
were studied using PEG-Br, PEG-bis-Br and PLUR-bis-Br as macroinitiators. As an
example, in Scheme 15 we report the synthesis of PLUR F127, mono and di-functional
PEG block copolymers. All the polymerizations were carried out under the same
conditions, in presence of the suitable macroinitiator (PLUR-bis-Br, PEG-bis-Br or PEG-
Br), CuCl as catalyst, 2,2"-bipyridyl (Byp) as ligand, in dry toluene ([Mo]= 25% v/v) at
60°C, and with an initial molar ratio of [Monomer]/[CuCl]/[Byp]/[macroinitiator] =
70/1/2/1 (see experimental section). The monomer conversion was determined at different
time intervals and In([Mo]/[M]) was plotted as a function of time (Figure 54). The
occurrence of the polymerization was confirmed by '"H-NMR analysis which displays,
besides the signals of the macroinitiators, the ones of the second block (Figure 56). By
plotting In([Mo]/[M]) vs time it is possible to determine the Kapp, of the polymerization
(slope of the intercept of the experimental points). The Kapp values of the different kinetics
were determined from the slope of the fitting line of the experimental points. As an
example, in Figure 54 the kinetic plots of the polymerization of the three monomers using
PLUR-bis-Br as initiator are shown. It is worth noting that all the systems show a linear

dependence of In([M]o/[M]) with time thus indicating a first-order kinetics of the
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polymerization rate with respect to the monomer concentration and a constant
concentration of the growing species throughout the whole process. Thus a good process
control was achieved up to 80% of monomer conversion; then the system become so

viscous that the diffusion limits can decrease the rate of polymerization.
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Figure 54: Kinetic plots of the ATRP of DMAEMA (o), DEAEMA (o) and DIAEMA () using PLUR-bis-

Br as macroinitiator.

In Figure 55 the Kapp values of the ATRP of the three monomers as a function of the
macroinitiator are displayed. As shown by the reported data, even if DMAEMA,
DEAEMA and DIAEMA have the same reactive methacrylic group, they show different
rates of polymerization which depend also on the used macroinitiator. In particular using
PEG-Br and PEG-bis-Br as initiators, the polymerization rate decreases on passing from
DMAEMA to DEAEMA and DIAEMA. Such a behavior could be ascribed to the
increasing hindrance of the substituent of the amine group of the monomer, which prevent
the interactions between the monomeric double bond and the propagating radical. It is
worth noting that also the molecular weight of the macroinitiator affects the rate of
polymerization and this might be mainly caused by two factors: the higher viscosity of
systems containing polymers with higher molecular weight and the lower availability of
the radical when the macromolecule is in a random coil configuration. Using PLUR-bis-
Br as macroinitiator, in fact, the rates of polymerizations are the lowest among the three

studied macroinitiators and it does not depend on the monomer structure. PLUR-bis-Br is
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the macroinitiator with the highest molecular weight and it is a block copolymer that can
self-assemble in aggregates in solutions that might not allow the radical to react with the

monomer.
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Figure 55: Comparison of the kinetic polymerization apparent constant for each monomer-
macroinitiator couple. Macroinitiators: PEG-Br (o), PEG-bis-Br (o), PLUR-bis-Br (4).

On the basis of the kinetic studies results, several block copolymers were synthesized in
presence of the suitable macroinitiator (PLUR-bis-Br, PEG-bis-Br or PEG-Br), CuCl as
catalyst, 2,2'-bipyridyl (Byp) as ligand, in dry toluene ([Mo]= 25% v/v) at 60°C, and with
an initial molar ratio of [Monomer]/[CuCl]/[Byp]/[macroinitiator] = 70/1/2/1.The
occurrence of the polymerization was confirmed by 'H-NMR analysis which displays,
besides the signals of the macroinitiators, the ones of the second block. As an example, the
spectrum of PEG-PDIAEMA is shows in Figure 56. In the spectrum the resonances at 4.1,
2.9 and 2.7 ppm related to the O-CH2-CH>-N, N-(CH(CH3)), and O-CH>-CH2-N of

PDIAEMA respectively, confirms the occurred polymerization.
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Figure 56: H-NMR in deuterated toluene of PEG-PDIAEMA.

As can be seen from the data reported in Table 29, the average molecular weight of the
synthesized copolymers increases, as expected, with the polymerization time, confirming
the good control achieved over the process. As desidered, for each type of copolymer two
methacrylac chain length were obtained. The GPC analysis was carried out in DMF using
PEG standards for the calibration. There is a good agreement between the Mn determined
by NMR and GPC for all the block copolymers synthesized using PEG-Br and PEG-bis-

Br as macroinitiators, thus confirming the realability of the data.
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Table 29: Mn (determined by 'H-NMR) and GPC and polydispersity of the synthesized block

copolymers.
Mmn (g/mol)
Compound PD"
'H-NMR ? GPC"®
PEG-Br 5300 6100 1.12
PEG-PDMAEMA-S 6100 7150 1.18
PEG-PDMAEMA -L 12600 8900 1.63
PEG-PDEAEMA-S 5900 6500 1.10
PEG-PDEAEMA -L 8100 7600 1.20
PEG-PDIAEMA-S 6600 8300 1.95
PEG-PDIAEMA -L 9900 9400 1.30
PEG-bis-Br 9000 10600 1.12
PEG-bis-PDMAEMA-S 10600 10500 1.30
PEG-bis-PDMAEMA -L 14100 14400 1.60
PEG-bis-PDEAEMA-S 10000 8800 1.63
PEG-bis-PDEAEMA -L 14500 13800 1.26
PEG-bis-PDIAEMA-S 12200 12100 1.58
PEG-bis-PDIAEMA -L 18800 18200 1.65
PLUR-bis-Br 16200 13600 1.20
PLUR-bis-PDMAEMA-S 18300 9600 1.90
PLUR-bis-PDMAEMA-L 31300 17900 1.83
PLUR-bis-PDEAEMA-S 21500 13400 1.63
PLUR-bis-PDEAEMA-L 26600 15400 1.65
PLUR-bis-PDIAEMA-S 21700 12050 1.58
PLUR-bis-PDIAEMA-L 31300 16600 1.36

# Calculated using the M,,of the starting material determined by MALDI and the degree of polymerization
(DP) calculated by 'H-NMR.
b Determined by GPC in DMF.
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The copolymers of PLUR F127, instead, show a disagreement between these two values.
Such a behaviour could be ascribed to the different hydrodynamic volume of block
copolymers containing an hydrophobic core of PPG with respect to the PEG standards,
which does not allow to a correct determination of the average molecular weight by GPC.
Anyway, both the analysis methods underline an increment of M, with the polymerization

time.

4.3.3 NMR characterization

All the synthesized copolymers were studied by "TH-NMR in organic solvents and in D>O
at pH 5.5 and 7.5. As reported in Figure 57, Figure 58 and Figure 59 in organic solvent,
when all the polymer chains are solubilized, the NMR signals of all the protons can be
detected. In water, instead, some of the signals of the methacrylic chain are absent and
other ones decrease in intensity, increasing the pH of the solution. It is worth noting that
this phenomenon is more evident for the polymers which are more hydrophobic: signals
of PDMAEMA are more intense compared to the ones of PDEAEMA while signals of
PDIAEMA cannot be detected at pH 7.5. This behavior is in agreement with the
expectation and reflects the pKa trend of the methacrylic moieties. PDMAEMA indeed is
hydrophilic and can be easily protonated while PDIAEMA, which is more hydrophobic, is
not well solubilized in water solution. Thus the absence of the methacrylic signals at pH
7.5 is due to the aggregation state of the material in water solution.

These experimental evidences confirm the amphiphilic structure of the synthesized
copolymers. The PLUR F127 derivatives are penta-block copolymers with a hydrophobic
core of PPG and two hydrophilic or hydrophobic methacrylic external blocks. PLUR F127
self-assembles in micelles and aggregates. When it is extended with hydrophilic chains the
external corona is constituted of PEG and methacrylic moieties. Increasing the
hydrophobicity of the methacrylic chains it is reasonable to expect that micelles are formed
by a core of PPG and methacrylic moieties, while the PEG chains fold on themselves and

interact with water (Figure 60).
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Figure 57: 'H-NMR of PLUR-bis-PDMAEMA-L, PLUR- bis-PDEAEMA-L and PLUR- bis-PDIAEMA-L
in deuterated toluene or methanol and in DO at pH 5.5 and 7.5.

PEG and PEG-bis-OH do not form micelles in solution. Extending their chains with the
methacrylic moieties they do not aggregate when the pH-sensitive units are hydrophilic.
Indeed, at acidic pH in D2O all the signals of the methacrylic block are detectable.
Increasing the pH and the hydrophobicity of the methacrylic chains the signals of these
latter decrease until they are not detectable, confirming that PEG-Br and PEG-bis-Br

derivatives can aggregate when the pH-sensitive units are hydrophobic.
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Figure 58 'H-NMR of PEG-bis-PDMAEMA-L, PEG- bis-PDEAEMA-L and PEG- bis-PDIAEMA-L in
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deuterated toluene and in D;O at pH 5.5 and 7.5.
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Figure 59: 'H-NMR of PEG-PDMAEMA-L, PEG-PDEAEMA-L and PEG-PDIAEMA-L in deuterated

toluene and in D;O at pH 5.5 and 7.5.
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Figure 60: Schematic representation of the structures of polymeric derivatives at different pH in water
solution
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4.3.4 Rheological measurements

The values of storage and loss modulus (G' and G") and viscosity (u) of all the
synthesized copolymers were determined by rheological measurements on their water
solutions (polymer concentration 16.7% w/w) at different pH (5.5, 6.5 and 7.5) as a
function of the temperature (in the range 5-70°C) in order to determine if and when the
compounds self-assemble in gels (Figure 61). The collected data are reported in Table 30,
Table 31 and Table 32 . The rheological behavior of compounds not soluble at pH 6.5 and

7.5 was not studied.

——G'pH5.5
—G" pH5.5
——G'pHB.5
G" pHB.5
—G'pH7.5
G" pH7.5
——pupH5.5
——u pHB.5
M pH7.5

G'and G" (Pa)
Viscosity (Pa*s)

Temp (°C)

Figure 61: Rheological measurements (G', G" and viscosity) as a function of temperature of water
solution containing 16.7 % (w/w) of PLUR-bis-PDEAEMA-S at different pH.

In Figure 62 the Gelation Temperature (GT, identified by G'-G" crossing) of PLUR F127
and of its copolymeric derivatives are displayed as a function of pH. It is worth noting that
the GT of PLUR F127 (23°C) does not change with the pH thus confirming that this
material is not pH responsive. All PLUR F127 derivatives which can self-assemble in gels,
instead, show GT higher than 23°C and with GT that increases with the pH (Table 30 and
Figure 62). Furthermore, at lower pH, when gel forms, G' and G" increase suddenly while
the transition becomes less intense increasing the pH. This behavior suggests that

compounds synthesized using PLUR-bis-Br tend to form gels when the methacrylic units

are hydrophilic.
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Such a behavior can be ascribed to the change in the polymeric structure at the different
pH that can hamper the aggregation of the material in solution. Gelation transitions in
PLUR compounds can be described as hard-sphere crystallization and their GT decreases
with the dimension of the aggregates in solution. The increased GT with the pH of the
synthesized PLUR F127 derivatives can be explained assuming that when the methacrylic
chains are hydrophobic, they aggregate to constitute the small micelle core in solution
(Figure 60). Thus, a higher temperature is required in order to form gel because of the
lower dimension of the aggregates. When the methacrylic blocks are hydrophilic, instead,
they constitute the aggregate shell with the PEG block, thus leading to the formation of big

aggregates which do not need a higher temperature for gelation.
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Figure 62: Gelation Temperature vs pH of PLUR F127 derivatives. PLUR F127 (X), PLUR-bis-
PDMAEMA-S (o), PLUR-bis-PDMAEMA-L (e), PLUR-bis-PDEAEMA-S (V), PLUR-bis-PDEAEMA-L
(VY), PLUR-bis-PDIAEMA-S (>) and PLUR-bis-PDIAEMA-L (» ).

In Table 30 the values of GT, G', G" and p before and after the gel formation of PLUR
F127 derivatives are reported.

The suggested aggregation mechanism can be confirmed evaluating the values of
viscosity before and after the gelation as a function of pH (Table 30). The viscosity of
PLUR F127 gels does not change with the pH (~2000 Pa*s). PLUR F127 derivatives show
stepwise increment of G' and G" at low pH, forming gels with a higher viscosity than PLUR
F127 (at least 10 times higher values). Such a behavior might be due to the presence of
harder and bigger aggregates because of the longer external hydrophilic corona (PEG and
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pH-sensitive unit) (Figure 60). At higher pH (6.5-7.5), the slope of G' and G" around the
gel transition is not as steep as at low pH and the viscosities of the gels are lower (e.g.
PLUR-bis-PDMAEMA-S at pH 6.5). Owing to the presence of smaller aggregates, in these
conditions the connection between these polymeric aggregates on which the gel is based
might be weak and, as a result, the obtained gel is ‘soft’. Being the gelation dependent on
the concentration it might be possible to obtain hard gels even at high pH increasing the
fraction of polymer in water. The supposed mechanism of aggregates and gels formation
is represented in Figure 63.

The rheological measurements highlight that the synthesized materials change their

aggregation as a function of the temperature and the pH as desired.

Table 30:Rheological properties of PLUR F127 and its derivatives.

\J " o
e | GTC MAC | GG atesec pay | Bat | mat
Sample pH C) (Pa) 20°C | 64°C
G G" G G" | (Pa*s) | (Pa*s)

55| 23.0 | 0.0809 | 0.723 13300 1340 0.116 2120
7.5 1 23.6 | 0.0968 | 0.611 12100 1500 0.0984 1940

PLUR F127

55| 422 | 0.0666 | 0.191 | 341000 | 111000 | 0.0322 | 54900
6.5 | 60.0 | 0.0873 | 0.188 1180 788 0.0331 245

PLUR-bis-PDMAEMA-S

55| 37.0 | 0.0010 | 0.200 | 1170000 | 941000 | 0.0310 | 239000
PLUR-bis-PDMAEMA-L 6.5 | 524 | 0.0400 | 0.200 | 889000 | 206000 | 0.0310 | 145000
7.5 | 585 | 0.0610 | 0.202 | 208000 38900 | 0.0335 | 36300

55 ] 39.6 | 0.0969 | 0.336 | 707900 | 193000 | 0.0555 | 122000
PLUR-bis-PDEAEMA-S

6.5 | 56.3 | 0.0631 | 0.262 35.2 29.0 0.0430 7.25

55| 44.0 | 0.0243 | 0.264 | 513000 | 109000 | 0.0420 | 72400
PLUR-bis-PDEAEMA-L

6.5 | 59.8 | 0.0388 | 0.216 2370 1190 0.0349 422

55| 434 | 0.0514 | 0.325 | 1390000 | 321000 | 0.0529 | 232000
PLUR-bis-PDIAEMA-S 6.5 | 58.6 | 0.0770 | 0.214 | 318000 | 110000 | 0.0361 | 53500
7.5 | 64.7 | 0.0753 | 0.166 223 209 0.0289 48.7

PLUR-bis-PDIAEMA-L 55| 57.9 | 0.112 | 0.182 23900 5850 0.0339 4090

2 Gelation Temperature (GT).
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Figure 63: Schematic representation of PLUR F127 derivatives behavior in water (16.7% w/w).

As shown by the data reported in Table 31, PEG-bis-PDMAEMA does not self-assemble
in gel at pH 5.5 because of the hydrophilic character of DMAEMA blocks. At pH 6.5,
instead, a quite soft gel is formed but the transition is very broad. Increasing the
hydrophobicity of the methacrylic moieties (PDEAMA and PDIAEMA) the materials
aggregate in gels and the GT decreases with the pH, differently from the case of PLUR
F127 derivatives. As seen before the viscosity of the gels is higher at lower pH. It is worth
noting that PEG-bis-DEAEMA-L and PEG-bis-DIAEMA-L form gels even at lower pH
(5.5). It can be supposed that even at pH 5.5 not all the methacrylic repeating units are
protonated and some of the polymer chains contain hydrophobic block which lead to the
aggregation. When the methacrylic chains are shorter most of the methacrylic repeating
units are protonated and the material does not aggregate.

Thus these measurements highlight that in order to force the compounds to form
aggregates a long hydrophobic methacrylic block is required. Furthermore, increasing the
pH the hydrophobicity of the pH-sensitive units increases and so does the tendency of
aggregation and the result of this behavior is a lower GT. Results from PEG-bis-OH
derivatives confirm the mechanism of aggregation which was supposed for PLUR F127
derivatives: at lower pH the methacrylic chains are more hydrophilic; increasing their
hydrophobicity the polymer aggregation changes in order to avoid interactions between

water and hydrophobic pH-sensitive units.
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Table 31: Rheological properties of PEG-bis-OH derivatives.

GUG"at20°C | GVG"at65°C | pat | pat
GT? P P o o
Compound pH ) (Pa) (Pa) 20°C 64°C
G' G" G' G" (Pa*s) (Pa*s)
PEG-bis-PDMAEMA-L | 6.5 54.4 0.0862 | 0.206 | 19300 5430 0.0355 3190
5.5 554 0.0893 | 0.186 | 97300 16200 | 0.0329 15700
PEG-bis-PDEAEMA-L | 6.5 52.6 0.0854 | 0.189 | 11800 3090 0.0330 1940
7.5 49.8 0.105 0.183 | 22400 3650 0.0336 3610
5.5 57.0 0.0195 | 0.188 | 94000 23500 | 0.0300 15400
6.5 553 0.0427 | 0.178 | 79700 12500 | 0.0291 12900

PEG-bis-PDIAEMA-L

2 Gelation Temperature

As reported in Table 32, just few PEG derivatives self-assemble in gels, at least in the
investigated range of temperature. It is worth noting that the gel formation is evidenced
only at pH 5.5 and the resulting gels have viscosities that are comparable to those ones of
PLUR F127 and PEG-bis-OH derivatives. Unfortunately, the fact that the GT is high at
low pH and no gelation occurs below 55°C make these materials not suitable for the desired
application. By increasing the pH, the gelation does not occur or, more likely, it happens
at temperatures higher than 70°C. Even if it is not possible to determine a trend in the
behavior of these polymers, rheological results are in agreement with the results previously

obtained with PEG-bis-OH derivatives.

Table 32: Rheological properties of PEG derivatives.

[ GUGTat2°C [ GUGTat6C | ya u at
Compound pH a(GOC) (Pa) (Pa) 20°C 64°C
G' G" G' G" (Pa*s) (Pa*s)

PEG-PDMAEMA-L | 55 | 60.6 | 0.0713 0.181 | 378000 | 214000 | 0.0309 72000
PEG-PDEAEMA-S | 55 | 564 | 0.0078 0.174 | 602000 | 232000 | 0.0277 106000
PEG-PDIAEMA-S | 55 | 64.0 | 0.0550 0.170 85900 | 25400 | 0.0284 14300

PEG-PDIAEMA-L | 55 | 62.7 | 0.0086 | 0.1564 | 46100 11900 | 0.0250 7600
2 Gelation Temperature
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4.3.5 DLS measurements

All the synthesized copolymers in water solutions (Img/ml) in different pH buffers were
analysed by DLS. In Figure 64 the phase diagram realized analysing the DLS results shows
an overview of the products solubility in water at pH 5,6,7 and 8 at 25 and 37°C (body
temperature). In these conditions some of the compounds are completely solubilized, other
self-assemble in micelles and aggregates while the more hydrophobic result insoluble.

As shown by the phase diagram, all PLUR F127 derivatives, when soluble, self-assemble
in aggregates or micelles. In PEG and PEG-bis-OH derivatives, instead, the aggregation is
promoted by the increment of temperature, indeed only few compounds, those ones that
contain hydrophobic chains, tend to aggregate at 25°C. In PEG and PEG-bis-OH
derivatives aggregation is favourite when the methacrylic chains are hydrophobic.
Furthermore, PEG-bis-OH derivatives contain a PEG hydrophilic block which is longer
than in PEG derivatives. As a consequence, PEG-bis-OH derivatives require long
hydrophobic pH-sensitive units in order to aggregate. At pH 7 and 8 some of the
compounds containing PDIAEMA as pH-sensitive unit are not soluble in water because of

the high hydrophobic character of the methacrylic block.
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Figure 64: Phase diagram of the synthesized copolymers at 25 and 37°C (conc. 1mg/ml).
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4.3.5.1 PLUR F127 derivatives

In Figure 66 the aggregate diameters of PLUR F127 and its derivatives determined by
DLS at 25°C are displayed as a function of pH. PLUR F127 micelles have the same
diameter at pH 5,6,7 and 8, further confirming its lacking in pH responsiveness.

Its derivatives, instead, self-assemble in micelles and aggregates whose diameter
decreases with the pH reaching values comparable to PLUR F127 micelles at pH 8. No
direct correlation between the size of the micelles and the methacrylic chain length can be
detected because the degree of protonation and the hydrophilicity of the material depends
not only on the pKa. of the amine group, but also on the polymeric chain length.
Consequently, longer methacrylic chains can be hydrophobic because of the poor
protonation, forming smaller aggregates compared to polymers with shorter methacrylic
chains that can be completely protonated. The DLS results further confirm the supposed
mechanism of aggregation discussed analyzing NMR spectra in organic and water solution
at different pH and the rheological results (Figure 57): when the pH-sensitive units are
hydrophilic, the aggregates are constituted by an external corona of PEG and methacrylic
block; increasing the pH and thus the hydrophobicity of the methacrylic blocks, the
polymer chains fold on themselves forming aggregates with a core of PPG and pH-
sensitive units and allowing the PEG units to interact with water (Figure 60).

It is worth noting that at 25°C some compounds, e.g. PLUR-bis-PDIAEMA-L, arrange
assuming a bi-modal size distribution (Figure 65), suggesting the presence of aggregates
with different diameters (130-140 nm and 12-15nm). This result is reproducible and it was
confirmed preparing new polymeric solutions. such a behavior could be ascribed to the
presence of the methacrylic chain which hampers the aggregation that usually occurs in
PLUR F127.

Increasing the temperature to 37°C, all the compounds that displayed a bi-modal size
distribution at 25°C show a uni-modal size distribution which is generally centered at lower
diameters values (Figure 65). This phenomenon can be ascribed to the higher tendency of
aggregation of these compounds at higher temperature and to the decrease of the pKa with
the temperature. Decreasing the pKa, the hydrophilicity of the pH-sensitive units decreases
and the methacrylic chains tend to fold in order to form, together with PPG, the micelles’

core, decreasing the size of the aggregates (Figure 60).
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Figure 65: Size distribution by intensity of PLUR-bis-PDIAEMA-L measured by DLS at 25 and 37°C and
pH 5 (conc. Img/ml).

As reported in Figure 66, the size of PLUR F127 aggregates in water solution at 37°C
does not change significantly increasing the pH, at least in 16.7% (w/w) water solutions.
Aggregates of PLUR F127 derivatives are generally smaller at 37°C than at 25°C. The
major difference can be seen at pH 5: increasing the temperature, indeed, the size of the
aggregates drops down (e.g. PLUR-bis-PDIAEMA-L passes from 130 to 40 nm at 25 and
37°C respectively). At pH 6,7 and 8 the sizes at 37°C are comparable to the ones at 25°C.
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Figure 66:Aggregates diameter of the PLUR F127 derivatives as a function of pH at 25 and 37°C°C
(conc. Img/ml). PLUR F127 (X), PLUR-bis-PDMAEMA-S (o), PLUR-bis-PDMAEMA-L (e), PLUR-bis-
PDEAEMA-S (V), PLUR-bis-PDEAEMA-L (V ), PLUR-bis-PDIAEMA-S () and PLUR-bis-PDIAEMA-L
).
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The lower diameter of the aggregates can be ascribed to the lowering of the pK, with the
temperature and to the enhanced aggregation described previously.

The Z potential of the solutions containing PLUR F127 derivatives was determined at
37°C and it is reported in Figure 67 as a function of pH. It is worth noting that the Z
potential of PLUR F127 is close to zero and it does not change with the pH as expected for
compounds with no ionizable groups. Those ones of PLUR F127 derivatives is positive at
pH 5 (4-15 mV) and it decreases progressively with the pH reaching values close to zero
at pH 8. The positive Z potential confirms that, when methacrylic chains are below their
pKa, they are partially protonated, making the aggregates positively charged. Increasing
the pH, the degree of protonation decreases and so the Z potential.

Furthermore, by comparing the materials at a specific pH, we can see that, as expected,
compounds with longer pH-sensitive blocks, which can be more protonated, are
characterized by higher Z potential compared to the corresponding copolymers with

shorter methacrylic chains.
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Figure 67: Zeta potentials of PLUR F127 derivatives as a function of pH at 37°C (conc. Img/ml). PLUR
F127 (X), PLUR-bis-PDMAEMA-S (o), PLUR-bis-PDMAEMA-L (e), PLUR-bis-PDEAEMA-S (V), PLUR-
bis-PDEAEMA-L (V), PLUR-bis-PDIAEMA-S (>) and PLUR-bis-PDIAEMA-L (™).
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4.3.5.2 PEG and PEG-bis-OH derivatives

The aggregates diameters of PEG and PEG-bis-OH derivatives measured by DLS at 25
and 37°C as a function of pH are displayed in Figure 68 and Figure 69 and compared with
those ones of PLUR F127 micelles.
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Figure 68: Aggregates diameter of PEG and PEG-bis derivatives as a function of pH at 25°C (conc.
Img/ml). PLUR F127 (X), PEG-PDIAEMA-S (I>), PEG-PDIAEMA-L (W), PEG-bis-PDMAEMA-L (®)
and PEG-bis-PDIAEMA-L (#).

It is worth noting that at 25°C only few compounds form aggregates (PEG-PDIAEMA-
S, PEG-PDIAEMA-L, PEG-bis-PDMAEMA-L and PEG-bis-PDIAEMA-L) and all of
them have a higher diameter than that one of PLUR F127 micelles (Figure 68). In
particular, at pH 5, when most of the methacrylic chains are hydrophilic, no aggregation
can be detected in all the samples. At higher pH, within the PEG derivatives, only those
ones containing a strong hydrophobic block (PEG-PDIAEMA-S, PEG-PDIAEMA-L) self-
assemble in micelles whose diameter depends on the molecular weight of this block.

Furthermore, the data reported in Figure 68 show that PEG-bis-OH derivatives can
aggregate at 25°C only when their chains are extended with long methacrylic chains. In
particular PEG-bis-PDIAEMA-L, thanks to the hydrophobicity of DIAEMA moieties,
self-assembles only at pH 6: at higher pH it results not soluble. On the other side, PEG-
PDMAEMA-L, because of the less hydrophobicity of DMAEMA units, results more
soluble, but requires a higher pH (pH = 8) in order to allow the aggregation of the material.
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Figure 69: Aggregates diameter of PEG and PEG-bis derivatives as a function of pH at 37°C (conc.
Img/ml). a) PLUR F127 (X), PEG-bis-PDMAEMA-L (e), PEG-bis-PDEAEMA-S (V), PEG-bis-
PDEAEMA-L (V) and PEG-bis-PDIAEMA-L (W ). b) PLUR F127 (X), PEG-PDMAEMA-L (e), PEG-
PDEAEMA-L (VY ), PEG-PDIAEMA-S () and PEG-PDIAEMA-L (™).

At 37°C (Figure 69), the number of compounds that forms aggregates increases. PEG-
PDMAEMA-L form aggregates with size around 50-100 nm at all the investigated pH. By
increasing the hydrophobicity of the methacrylic chain (PEG-PDEAEMA-L, PEG-
PDIAEMA-S and -L), the aggregates become bigger, but the materials result less soluble
by increasing the pH. PEG-PDIAEMA-S and PEG-PDIAEMA-L, indeed, aggregate easily
at lower pH, but they are not soluble at pH 8 and 7 respectively.

Similar trends are displayed by PEG-bis derivatives. Also in this case, by increasing the
hydrophobicity of the methacrylic chains and their average molecular weight, the materials
can self-assemble easily also at lower pH, but they become less soluble.

PEG-bis-PDMAEMA-L and PEG-bis-PDEAEMA-S, indeed, form aggregates only at
high pH. PEG-PDIAEMA-L, instead, aggregates at low pH (5-6) but it is insoluble at pH
7 and 8.

In conclusion the aggregation of PEG and PEG-bis-OH derivatives results promoted by
the increasing of the temperature and by the presence of a hydrophobic block. Furthermore,
it depends also on the molecular weight of this block. It is reasonable to expect that when
the material self-assembles, the hydrophobic moieties form the core of the aggregates

while the PEG chains constitute the shell.
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The Z potential of the PEG and PEG-bis-OH derivatives’ aggregates was evaluated at
37°C and reported in Figure 70. The Z potentials of PEG and PEG-bis-OH derivatives is
not stable changing the pH and it is not possible to see a trend as seen for PLUR F127
derivatives. These latter have a stable hydrophobic core that allows to form stable
aggregates. PEG and PEG-bis-OH derivatives form aggregates that are not stable, at least
atpH 5,6 and 7. So it is reasonable to expect that there is an equilibrium in solution between
unimers and aggregates and the result is a Z potential value which is not stable. Comparing
the Z potentials of PEG derivatives with the values of PLUR F127 derivatives it can be
seen that with PEG derivatives the Z potential is much lower when the pH is acidic. Indeed,
the Z potentials of PLUR F127 derivatives at pH 5 and 6 are among 4 and 15 mV.

Z potentials values of PEG derivatives demonstrate that some of the methacrylic chains
are protonated but the degree of protonation is lower than in PLUR F127 derivatives. The
lower degree of protonation makes the methacrylic chains more hydrophobic allowing the

aggregation of the compounds in solution.
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Figure 70:Zeta potentials of PEG and PEG-bis derivatives as a function of pH at 37°C (conc. 1mg/ml).

a) PLUR F127 (X), PEG-PDMAEMA-L (®), PEG-PDEAEMA-L (VY ), PEG-PDIAEMA-S () and PEG-

PDIAEMA-L (™). b) PLUR F127 (X), PEG-bis-PDMAEMA-L (e), PEG-bis-PDEAEMA-S (V), PEG-bis-
PDEAEMA-L (VY ) and PEG-bis-PDIAEMA-L ().
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4.3.6 Loading measurements

Three selected materials, e.g. PEG-PDEAEMA-L, PEG-bis-PDEAEMA-L and PLUR-
bis-PDEAEMA-L, were loaded with Nile Red, and the size of the aggregates and the
fluorescence intensities of the solutions were determined.

Nile Red is a fluorescent molecule that in water solution quenches, determining a very
low fluorescence intensity. Loading Nile Red into a water dispersion of polymeric
aggregates, however, prevents its quenching and its fluorescence increases. As a
consequence, the measurement of the fluorescence intensity of a mixture of Nile and self-
assembled polymers can be directly correlated to the amount of Nile Red inside the
polymeric aggregates.

The size of the loaded aggregates was determined by DLS at 25 and 37°C at pH 8 and
the results are shown in Figure 71. The size of PLUR F127 micelles containing Nile Red
is strongly influenced by the temperature and it decreases passing from 25 to 37°C reaching
40 nm which is comparable to the size of PLUR F127 micelles without Nile Red. For the
three synthesized samples the size does not change significantly changing the temperature.
The biggest aggregates are obtained with PEG-PDEAEMA-L and their size is comparable
to unloaded aggregates. The size of PEG-bis-PDEAEMA-L and PLUR-bis-PDEAEMA-L
loaded aggregates is lower compared to the size of unloaded micelles at the same
temperature. Furthermore, PEG-PDEAEMA-L and PEG-bis-PDEAEMA-L form
aggregate at 25°C in presence of Nile Red, while no aggregation occurs when no ‘drug’ in
present in solution. The presence of Nile Red increase the aggregation by interacting the

methacrylic chains.
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Figure 71:Aggregates diameter of PEG-PDEAEMA-L, PEG-bis-PDEAEMA-L, PLUR-bis-PDEAEMA-L
and PLUR F127 loaded with Nile Red at pH 8 at 25(0) and 37°C(e) and without Nile Red at pH 8 at 25
(o) and 37°C (m).

In Figure 72 the fluorescence intensity of solutions containing loaded aggregates with
PLUR F127, PEG-PDEAEMA-L, PEG-bis-PDEAEMA-L and PLUR-bis-PDEAEMA-L
at different pH is reported. The solutions were prepared and left overnight to reach
equilibrium before measurements. As shown in Figure 72, PLUR F127 micelles display
the highest fluorescence intensity and, as expected, no pH responsiveness is observed.
PEG-PDEAEMA-L and PEG-bis-PDEAEMA-L aggregates show very low fluorescence
intensity at pH 5-7 which increases at pH 8. These results demonstrate that, in order to
obtain stable aggregates containing Nile Red in the core, a basic pH is required. At pH 8,
indeed, all the methacrylic chains are hydrophobic, allowing the product to form stable
aggregates that can solubilize Nile Red.

As seen for PLUR F127 micelles, with PLUR-bis-PDEAEMA-L the fluorescence
intensities do not change with the pH, though it is lower than the one of PLUR F127
micelles. PLUR-bis-PDEAEMA-L can incorporate Nile Red at the investigated pH
because of the presence of the hydrophobic PPG core and the change in the hydrophobicity

of the methacrylic chains does not affect the incorporation.
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Figure 72:Fluorescence intensity of PEG-PDEAEMA-L, PEG-bis-PDEAEMA-L, PLUR-bis-PDEAEMA-
L and PLUR-F127 aggregates loaded with Nile Red at 25 and 37°C at different pH. PLUR F127 (X), PEG-
PDEAEMA-L (o), PEG-bis-PDEAEMA-L (o) and PLUR-bis-PDEAEMA-L (4).

DLS measurements showed that the size of PLUR-bis-PDEAEMA-L micelles changes
with the pH as a consequence of the changing in the hydrophilicity of the pH-sensitive
moieties. In order to understand whether the change in the polymer aggregation affects the
release, the pH of PLUR-bis-PDEAEMA-L loaded with Nile Red solutions was changed
progressively and the fluorescence intensity was continuously recorded. In order to change
the pH in a controlled way, a solution of glucose oxidase in presence of PLUR-bis-
PDEAEMA-L, glucose and catalase was used. The reactions involved are shown in
Scheme 17. A solution containing PLUR-bis-PDEAEMA-L, loaded with Nile Red,
glucose, catalase and glucose oxidase was prepared and the pH was determined as a

function of time.
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Scheme 17: Reaction scheme of glucose oxidase reaction in presence of catalase.

The kinetic was studied at 25 and 37°C and the results reported in Figure 73 show that
the pH of the solution decreases progressively passing from 8 to stable values around 3.5-

4 in 30 minutes. The kinetic is faster at 37°C.
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Figure 73:pH as a function of time of 1mg/ml water solution of PLUR-bis-PDEAEMA-L loaded with Nile
Red in presence of Glucose oxidase at 25°C (o) and 37°C (o).
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A fresh solution of PLUR-bis-PDEAEMA-L loaded with Nile Red containing catalase,
glucose and glucose oxidase was prepared and its fluorescence intensity was determined
as a function of time. Knowing the dependence of the pH with the time it was possible to
correlate the values of fluorescence intensities to the pH of the solution (Figure 74). The
fluorescence intensity decreases significantly when the pH starts to decrease. Then, at pH
lower than 5.5 it increases again. This behavior well agrees with the expectation: when the
methacrylic chains start to be protonated becoming hydrophilic, the aggregates change
structure and the drug is released in the media. The fluorescence intensity increases again
because when the system is stable and the pH changes slowly, the drug can be solubilized
again in the polymeric aggregates reaching the equilibrium condition seen in Figure 72.
During the application of the synthesized materials, when the anti-cancer drug is released
in the target zone it interacts with the cells and thus should not be solubilized again in the

polymeric aggregates.
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Figure 74:Fluorescence intensity of PLUR-bis-PDEAEMA-L decreasing progressively the pH in
presence of glucose oxidase.

In conclusion, PEG and PEG-bis-OH derivatives are not suitable for the desired
application because their aggregate are not stable enough to obtain good loading and
release of the drugs. Furthermore, their GT are too high to be applied at the body
temperature. The study of their behavior, anyway, allowed to explain and further

understand the behavior of PLUR F127 derivatives.
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PLUR F127 derivatives self-assemble in gels at a temperature which can be suitable for
biomedical applications and it can be tuned changing the methacrylic moieties.
Furthermore, they shown pH and temperature responsiveness and the possibility to change
their structure changing pH of the environment make them suitable for controlled targeted

drug release.
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4.4 Conclusions

ATRP method was successfully employed for the polymerization of DMAEMA,
DEAEMA and DIEAMA in presence of mono and di-functional PEGylated and Pluronic-
based macroinitiators.

Proper ATRP macroinitiator were synthesized starting from PLUR F127, PEG-bis-OH
and PEG in presence of 2-bromoisobutyryl bromide. Block copolymers with different
methacrylic (and pH-sensitive) chain length (18 different final materials) were synthesized
on the basis of the polymerizations kinetics studied previously.

DLS measurements highlight that the synthesized compounds can self-organize in water
solutions (1mg/mL), and the dimension of the aggregates is pH-dependent. 'H-NMR in
D0 solution (pH= 5.5 and 7.5) confirm, by the decreasing of the methacrylic signal
intensities with increasing the pH, the presence of aggregates as determined by DLS.
Loading measurements, carried out in presence of Nile Red and at different pH (5, 6, 7, 8)
show that the aggregates can incorporate hydrophobic molecules, and this characteristic
can be exploited to enhance the solubility of hydrophobic drugs, such as doxorubicin (a
common anti-cancer drug). The loading of the drug depends on the macromolecular
structure and composition and on the pH of the environment. The loading measurements
show that, in order to obtain a suitable incorporation of the drug inside stable aggregates,
the presence of an hydrophobic block is required.

Fluorescence measurements demonstrate that once the drug is inside the hydrophobic
core of the aggregates made by PLUR-bis-PDEAEMA-L, the drug is released as a
consequence of the change in the macromolecular configuration in solution (when the pH
is changed progressively from 8 to 3.5), making this compound suitable for the
development of drug-delivery systems. Indeed, this characteristic can be exploited when,
in the body fluids, the pH decreases in presence of cancer cells, allowing the controlled
release of the drug directly in the target zone.

Some of the synthesized materials (such as PLUR-bis-PDEAEMA-L), in presence of
water [16.7% (wt)], display gelation transitions which depend on the macromolecular
structure and on the pH of the solutions. Rheological measurements results show that it is
possible to modulate the GT changing the molecular structure and the pH-sensitive units
length, in order to obtain materials with GT close to the body temperature, as desired.

PLUR-bis-PDEAEMA-L aggregates can be loaded with hydrophobic drugs, with the aim

to inject water solutions that form gels when they reach the body temperature. The gel
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phase will release loaded micelles that, when close to the target zone (cancer cells), will
release the drug, maintaining a constant concentration of pharmaceutical throughout the
entire period of administration.

The developed system, applied in the field of drug-delivery, can decrease the amount of
administrated drug, the number of administration the patient should be submitted to and

the many side effect that the use of common anti-cancer techniques implies.
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4.5 Experimental section

4.5.1 Physico-chemical characterization

'H-NMR spectra were recorded on 1% wt. solutions in deuterated solvents using a DRX
500 Avance, Bruker Biospin GmbH spectrometer (Rheinstetten Germany). FT-IR spectra
were recorded in ATR mode on a Shimadzu FTIR-8400S spectrometer (Duisburg,
Germany).

MALDI spectra were recorded on 1 mg/mL polymer solutions in N,N-
dimethylformamide using a Bruker ultrafleXtreme mass spectrometer.

Molecular weight distributions were obtained via Gel Permeation Chromatography
(GPC) using a Tosoh Bioscience TSKgel GMHur-N 5-micron column operating at 70°C.
DMF was used as eluent at a flow rate of 1.0 mL min'!. A series of near-mono-dispersed
linear poly(ethylene glycol) standards (Fluka; Gillingham, UK) was used for calibration
with a refractive index detector for the analysis of the polymers.

Rheological measurements were performed on a Haake Mars Rotational Rheometer in
parallel plate configuration (20 mm upper plate diameter; gap: 300 pm; volume applied:
200 pL). The solutions were prepared as follows: 0.30 g of solid were dispersed in 1.5 mL
of deionized water [16.7% (w/w)] adjusted at pH = 4 with concentrated HCI and left
overnight at 3°C. The solution was finally split in three 0.5 mL aliquots and their pH
adjusted to 5.5, 6.5, 7.5 using concentrated NaOH (addition of less than 25 pL, i.e.
insignificant variations in the polymer concentration). Loss (G") and storage (G') moduli
were recorded on the solutions as a function of temperature (5 to 70°C homogeneously
increased within 45 minutes at a rate of about 1.2°C/min) applying a shear stress of 10 Pa
with a frequency of 1 Hz.

The hydrodynamic radii of micelles were determined by dynamic light scattering (DLS)
using a Malvern Zetasizer Nano ZS equipped with a 173° backscatter detector and a He-
Ne laser (633nm). The solutions were placed into poly(styrene) 4 optical faces cuvettes

with 1 cm optical pathlength.
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4.5.2 Materials

All chemicals were used as received from suppliers unless otherwise stated.

Poly(ethylene glycol) monomethyl ether (PEG), poly(ethylene glycol) diol (PEG-bis-
OH), Pluronic F127 (PLUR-F127), with M= 5,292 g/mol, 8,878 g/mol and 13,322 g/mol
respectively (from MALDI measurements), triethylamine, toluene, n-hexane , 2-
bromoisobutyryl bromide, dichloromethane (DCM), dimethylformamide (DMF), copper
(I) chloride (CuCl), 2,2"-bipyridyl (Byp), ethylenediaminetetraacetic acid (EDTA) and
Nile Red were purchased from Sigma-Aldrich (Gillingham, UK). 2-(V,N-
dimethylamino)ethyl methacrylate (DMAEMA), 2-(N,N-diethylamino)ethyl methacrylate
(DEAEMA) and 2-(N,N-diisopropylamino)ethyl methacrylate (DIAEMA) were all
purchased from Sigma-Aldrich (Gillingham, UK) and passed through a column filled with
neutral alumina, just before use. All other chemicals were of analytical grade and used

without further purification.

4.5.3 Preparative procedures

Synthesis of ATRP macroinitiators: Poly(ethylene glycol) (2-bromoisobutyrate)
monomethyl ether (PEG-Br), poly(ethylene glycol) bis(2-bromoisobutyrate) (PEG-bis-
Br), Pluronic F127 bis(2-bromoisobutyrate) (PLUR-bis-Br).

In a typical procedure, 11 g of precursor (corresponding to 2.1 mmol OH groups for
PEG, 2.5 mmol for PEG-bis-OH and 0.8 mmol for PLUR-F127) and 300 mL of toluene
were introduced under inert Ar atmosphere into a 500 mL three-necked flask connected to
Soxhlet apparatus filled with activated molecular sieves and a cooling tower. The solution
was azeotropically dried for two hours, cooled at room temperature and further cooled to
5°C into an ice bath. 6.7 equivalents of triethylamine and 5 equivalents of 2-
bromoisobutyryl bromide dissolved in 20 mL of DCM were then added dropwise, stirring
the heterogeneous mixture for one hour. At the end of the reaction 0.3 mL of water and
sodium carbonate were added to the stirred reaction mixtureand the solid removed by
filtration; the solvents were almost completely removed under vacuum. 40 mL of DCM
were added to the residual solution and this latter was washed with 5x10 mL of acetic acid
solution (5% wt in water), with 10x10 mL of sodium bicarbonate solution (5%wt in water)
and the collected organic phases finally dried over sodium sulfate. The solvent was
removed until the solution reached a volume of 20 mL, and the mixture was precipitated

twice in excess of hexane (10:1 v:v hexane:DCM) and a white powder was obtained.

161



Chapter 4: pH and temperature-sensitive polymers: carriers for drug-delivery system

PEG-Br: Yields: 87 %wt., conversion (by 'H-NMR): 98 %mol

'H-NMR (CDCl3): § = 1.87 (s, 6H, -C(Br)(CH3)), 3.31 (s, 3H, -CH,CH.OCH3), 3.43
and 3.72 (side bands of the peak at 3.58 ppm), 3.48 (t, 2H, -CH20CH3), 3.58 (b, PEG
mainchain, -CH2CH20-), 3.68 (t, 2H, -OCH2CH>OC(O)C(Br)(CH3)2), 4.25 (t, 2H, -
CH2CH20C(0O)C(Br)(CHz3)2) ppm.

ATR FT-IR: shoulder at 2945 (vas CH2), 2882 (vs CH2), 1734 (vs C=0), 1466 (ds CH>),
1279, 1240, 1098 (vas C-O-C) cm™.

PEG-bis-Br: Yields: 98 %wt., conversion (by '"H-NMR): 95 %mol

'"H-NMR (CDCl;): & = 1.87 (s, 12H, -C(Br)(CH3)2), 3.43 and 3.71 (side bands of the
peak at 3.57 ppm), 3.57 (b, PEG mainchain, -CH2CH20-), 3.67 (t, 4H, -
OCH:CH20C(0O)C(Br)(CHz)2), 4.25 (t, 4H, OCH2CH20C(O)C(Br)(CHz)2) ppm.

ATR FT-IR: shoulder at 2945 (vas CH2), 2880 (vs CH2), 1734 (vs C=0), 1466 (65 CH>),
1279, 1242, 1098 (vas C-O-C) cm’".

PLUR-bis-Br: Yields: 95 %wt., conversion (by 'H-NMR): 100 %mol

'H-NMR (CDCl3): & = 1.07 (b, PPG main chain, -CHCH(CH3)O-), 1.87 (s, 12H,
C(Br)(CH3)2), 3.32 (b, PPG mainchain,-CH.CH(CH3)O-), 3.48 (b, PPG mainchain,-
CH:CH(CH3)O-), 3.57 (b, PEG main chain, -CH2CH:0-), 3.67 (t, 4H, -
OCH:CH>0C(0O)C(Br)(CH3)2), 3.71 (side bands of the peak at 3.65 ppm), 4.25 (t, 4H,
OCH>CH20C(0O)C(Br)(CHz)2) ppm.

ATR FT-IR: shoulder at 2968 (vas CH2), 2880 (vs CH2), 1734 (vs C=0), 1466 (ds CH>),
1279, 1242, 1101 (vas C-O-C) cm™.

Synthesis of block copolymers: Poly(ethylene glycol) monomethyl ether-block-poly[2-
(N,N-dimethylamino)ethyl methacrylate] (PEG-PDMAEMA), poly(ethylene glycol)
monomethyl  ether-block-poly[2-(N,N-diethylamino)ethyl =~ methacrylate]  (PEG-
PDEAEMA),  poly(ethylene glycol) monomethyl ether-block-poly[2-(N, N-
diisopropylamino)ethyl methacrylate] (PEG-PDIAEMA), poly(ethylene glycol) bis-
block-poly[2-(N,N-dimethylamino)ethyl methacrylate] (PEG-bis-PDMAEMA),
poly(ethylene glycol) bis-block-poly[2-(N, N-diethylamino)ethyl methacrylate] (PEG-bis-
PDEAEMA). poly(ethylene glycol) bis-block-poly[2-(N, N-diisopropylamino)ethyl
methacrylate]  (PEG-bis-PDIAEMA),  Pluronic = F127  bis-block-poly[2-(N, V-
dimethylamino)ethyl methacrylate] (PLUR-bis-PDMAEMA), Pluronic F127 bis-block-
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poly[2-(N,N-diethylamino)ethyl methacrylate] (PLUR-bis-PDEAEMA), Pluronic F127
bis-block-poly[2-(N, N-diisopropylamino)ethyl methacrylate] (PLUR-bis-PDIAEMA).

In a typical procedure, the ATRP were carried out using a 70:2:1:1 monomer: ligand:
catalyst: initiator groups molar ratio. The appropriate macroinitiator, CuCl and 2,2’-Bpy
were introduced into a Schlenck tube equipped with a stirring bar and the tube was placed
under argon atmosphere by three vacuum/argon cycle. Monomer and toluene were
degassed with argon purge for at least 30 min at room temperature into two calibrated
Schlenck tubes. Then toluene was added to the monomer in order to have an initial
monomer concentration of 25% (vol.) and the flask was placed in a thermostated oil bath
at 60°C and stirred until all the solid was solubilized. Finally, the obtained solution was
added to the reaction Schlenck containing the macroinitiator and the mixture was stirred at
60°C. To terminate the polymerization reaction, after given reaction times the solution was
exposed to air and the catalyst oxidized from the atmospheric oxygen. The obtained
polymers were purified by extraction with acidic water (pH=5) followed by dialysis
(molecular weight cut off (MWCO) = 3 KDa) in diluted HCI solution (pH=5) with EDTA
10 mM then in bicarbonate water solution (pH 8) with EDTA 10mM and finally in
deionized water until constant conductivity (equal to the one of the starting deionized
water). At the end of the dialysis the water was removed by sublimation and a white
powder was obtained.

Each polymerization was repeated twice; the initial monomer concentration and
copolymers compositions were determined by 'H-NMR after removing the catalyst by
filtration on basic alumina. For kinetic studies, 0.15 mL samples were collected at different
intervals.

PEG-PDMAEMA: 'H-NMR (Toluene-ds): § = 0.65-1.53 (-CH>C(CH3)- methacrylic
CH;), 1.78 (-PEG-O-C(O)C(CH3)2-CHz-), 2.16 (-N(CH3)2), 2.22 (-CH2C(CH3)- of
methacrylic backbone), 2.73 (O-CH»-CH:-N-), 3.16 (-O-CH3 at the end of the
macroinitiator chain), 3.50, (CH2-CH2-O PEG backbone), 4.10 (O-CH2-CH>2-N-) ppm.

"H-NMR (D-0, pH adjusted to 5.5 with NaOD and HCI): § = 0.72-1.38 (-CH,C(CHz)-
methacrylic CHs), 2.02 (-CH2C(CH3)- of methacrylic backbone), 2.93 (-N(CH3)2), 3.35 (-
CHz3 at the end of the macroinitiator chain), 3.67 (CH2-CH2-O PEG backbone), 4.38 (O-
CH2-CH2-N-) ppm.
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PEG-PDEAEMA: 'H-NMR (Toluene-ds): & = 1.03 (-N(CH>-CHa3),), 1.28-1.55 (-
CH:C(CH3)- methacrylic CHs), 1.78 (-PEG-O-C(O)C(CH3):-CH»-), 2.13-2.37 (-
CH2C(CH3)- of methacrylic backbone), 2.39-2.81 (O-CH2-CH2-N- and -N(CH2-CH3)y),
3.13 (-O-CH3), 3.47, CH2-CH2-O PEG backbone), 4.12 (O-CH2-CH2-N-) ppm.

'H-NMR (D-0, pH adjusted to 5.5 with NaOD and HCI 5): § = 0.70-1.50 (-N(CH>-CH3),
and (-CH2C(CHs)- methacrylic CHs), 1.76 (-PEG-O-C(O)C(CHs3):-CHz-), 2.02 (-
CH:2C(CHa3)- of methacrylic backbone), 3.31 (-N(CH2-CH3)2), 3.66 (CH2-CH2-O PEG
backbone), 4.39 (O-CH2-CH>-N-) ppm.

PEG-PDIAEMA: 'H-NMR (Toluene-ds): & = 1.01 ((-N((CH-(CH3)2)2), 1.26-1.53 (-
CH2C(CH3)- methacrylic CHz), 1.78 -PEG-O-C(O)C(CH3)-CHz-), 2.12-2.43 (-
CH2C(CH3)- of methacrylic backbone), 2.73 (O-CH2-CH2-N-), 2.93 (-N((CH-(CH3)2)2),
3.16 (-O-CH3), 3.49 (CH2-CH:2-O PEG backbone), 4.06 (O-CH2-CH2-N-) ppm.

'"H-NMR (D;0, pH adjusted to 5.5 with NaOD and HCI): § = 0.70-1.50 (-N((CH-
(CH3)2)2 and CH2C(CH3)- methacrylic CH3), 1.81 (-PEG-O-C(O)C(CH3)2-CHz-), 2.95 (-
N((CH-(CH3)2)2), 3.38 (-O-CH3 at the end of the macroinitiator chain), 3.67 (CH2-CH2-O
PEG backbone), 4.35 (O-CH2-CH»-N-) ppm.

PEG-bis-PDMAEMA: 'H-NMR (Toluene-ds): § = 0.65-1.53 (-CH2C(CH3)- methacrylic
CHs;), 1.78 -PEG-O-C(O)C(CHs3)2-CHz-), 2.12 (-N(CHs)2), 2.22 (-CH2C(CH3)- of
methacrylic backbone), 2.73 (O-CH2-CH2-N-), 3.46, (CH2-CH2-O PEG backbone), 4.07
(O-CH2-CH>-N-) ppm.

"H-NMR (D-0, pH adjusted to 5.5 with NaOD and HCl): § = 0.72-1.38 (-CH,C(CH3)-
methacrylic CH3), 2.02 (-CH2C(CHj3)- of methacrylic backbone), 2.93 (-N(CHa)2), 3.67
(CH2-CH2-O PEG backbone), 4.38 (O-CH2-CH>-N-) ppm.

PEG-bis-PDEAEMA: 'H-NMR (Toluene-ds): = 1.03 (-N(CH>-CH3)), 1.28-1.55 (-
CH:C(CH3)- methacrylic CHs), 1.78 -PEG-O-C(O)C(CH3):-CHz-), 2.13-2.37 (-
CH2C(CH3)- of methacrylic backbone), 2.39-2.81 (O-CH2-CH2-N- and -N(CH2-CH3),),
3.47, (CH2-CH2-O PEG backbone), 4.12 (O-CH2-CH>-N-) ppm.

'"H-NMR (D0, pH adjusted to 5.5 with NaOD and HCl): § = 0.70-1.50 (-N(CH>-CH3),
and (-CH2C(CHs)- methacrylic CHs), 1.76 (-PEG-O-C(O)C(CHs):-CHz-), 2.02 (-
CH:2C(CHa3)- of methacrylic backbone), 3.31 (-N(CH2-CH3)2), 3.66 (CH2-CH2-O PEG
backbone), 4.39 (O-CH2-CH>-N-) ppm.
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PEG-bis-PDIAEMA: 'H-NMR (Toluene-ds): § = 0.97 (-N((CH-(CH3)2)2), 1.26-1.53 (-
CH,C(CH3)- methacrylic CH3), 1.74 (-PEG-O-C(O)C(CHs3),-CHz-), 2.12-2.43 (-
CH2C(CHas)- of methacrylic backbone), 2.73 (O-CH2-CH2-N-), 2.95 (-N((CH-(CH3)2)2),
3.52 (CH2-CH2-O PEG backbone), 4.06 (O-CH2-CH2-N-) ppm.

"H-NMR (D-O pH adjusted to 5.5 with NaOD and HCI): § =0.70-1.50 (-N((CH-(CH3)>)2
and CH>C(CH3)- methacrylic CH3), 1.81 (-PEG-O-C(O)C(CH3)2-CH>-), 2.95 (-N((CH-
(CH3)2)2), 3.67 (CH2-CH2-O PEG backbone), 4.35 (O-CH2-CH>-N-) ppm.

PLUR-bis-PDMAEMA: 'H-NMR (Toluene-ds): & = 0.65-1.60 (CH,-CH(CH3)-O of PPG
chain, -CH>C(CH3)- methacrylic CHz), 1.74 (-PEG-O-C(O)C(CHs3);-CH»-), 2.11 (-
N(CH3)2), 2.25 (-CH2C(CHs)- of methacrylic backbone), 2.71 (O-CHz-CH2-N-), 3.35,
3.46, 3.52(CH2-CH(CH3)-O and CH2-CH(CH3)-O in the PPG chain, CH2-CH2-O PEG
backbone), 4.06 (O-CH2-CH>-N-) ppm.

'"H-NMR (DO, pH adjusted to 5.5 with NaOD and HCI pH): § = 0.70-1.41 (CH»-
CH(CH3)-O of PPG chain and -CH>C(CHs)- methacrylic CH3), 2.02 (-CH2C(CHs)- of
methacrylic backbone), 2.96 (-N(CHa)2), 3.67 (CH2-CH2-O PEG backbone), 4.36 (O-
CH2-CH>2-N-) ppm.

PLUR-bis-PDEAEMA: 'H-NMR (Toluene-ds): § = 1.00 (-N(CH2-CH3),), 1.15 (CHz-
CH(CH3)-O of PPG chain), 1.21-1.53 (-CH2C(CH3)- methacrylic CHz), 1.74 (-PEG-O-
C(O)C(CHs3)2-CH2-), 2.13-2.40 (-CH2C(CH3)- of methacrylic backbone), 2.39-2.81 (O-
CH>-CH2-N- and -N(CH2-CH3)2), 3.37, 3.46, 3.52 (CH2-CH(CH3)-O and CH2-CH(CH3)-
O in the PPG chain, CH2-CH2-O PEG backbone), 4.07 (O-CH2-CH>-N-) ppm.

"H-NMR (D0, pH adjusted to 5.5 with NaOD and HCI): § = 0.70-1.50 (-N(CH>-CH3),,
CH2-CH(CH3)-O of PPG chain and -CH>C(CH3)- methacrylic CHs), 1.81 (-PEG-O-
C(O)C(CHs)2-CHz-), 3.33 (-N(CH2-CHj3)2), 3.65 (CH2-CH2-O PEG backbone), 4.33 (O-
CH2-CH>-N-) ppm.

PLUR-bis-PDIAEMA: 'H-NMR (Toluene-ds); & = 0.99 (-N((CH-(CH3)2)2), 1.16 (CHa-
CH(CH3)-O of PPG chain), 1.36 (-CH2C(CH3)- methacrylic CH3), 2.12-2.43 (-
CH2C(CH3)- of methacrylic backbone), 2.73 (O-CH2-CH2-N-), 2.93 (-N((CH-(CH3)2)2),
3.35, 3.47, 3.52 (CH2-CH(CHj3)-O and CH2-CH(CH3)-O in the PPG chain, CH2-CH2-O
PEG backbone), 4.04 (O-CH2-CH>-N-) ppm.
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'"H-NMR (D0, pH adjusted to 5.5 with NaOD and HCI); § = 0.70-1.50 (CH>-CH(CH3)-
O of PPG chain, -N((CH-(CH3)2)2 and CH>C(CH3)- methacrylic CH3), 1.78 (-PEG-O-
C(O)C(CH3)2-CHz-), 2.95 (-N((CH-(CH3)2)2), 3.66 (CH2-CH2-O PEG backbone), 4.32
(O-CH2-CH2-N-) ppm.

4.5.4 DLS and loading measurements samples

DLS solutions were prepared dissolving the polymers in deionized water (1 mg/ml). The
solution was filtered with a 45um filter and left to equilibrate overnight.

Loading measurements were carried out as follows. 1000 ul of micellar dispersions of
polymer (concentrations 1 mg/ml) were mixed with 50 ul of a 3 x10> M solution of Nile
Red in THF. The samples were protected from light and THF was allowed to evaporate
overnight. The size of the aggregates was determined by DSL. The Nile Red fluorescence
was recorded on a Synergy2 Biotek plate reader with Gen5 software at 25 or 37°C, using

an excitation filter at 540 + 25 nm and an emission filter at 620 + 40 nm.

4.5.5 Study of glucose oxidase kinetic in presence of PLUR-bis-PDEAEMA-L

1.160 ml of PLUR-bis-PDMAEMA-L (1mg/ml) water solution loaded with Nile Red at
pH 8 were introduced in a vial. 30 ul of a 14 mM stock solution of glucose were added
into the vial and the sample was left to equilibrate at 25 or 37°C in a water bath. The
pHmeter electrode was introduced into the vial and then 30 pL of catalase (to quench the
H>0; formed) and 30 pL of glucose oxidase were added into the sample and the pH values

were determined as a function of time.
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