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Abstract

Polymer brushes’ physical properties and therefore their possible applications are
sensitively dependent on the composition and two- or three-dimensional arrangement of
their constituent polymer segments. For a wide application, their synthesis must therefore be
robust, reliable and precise. However, high grafting densities of brush copolymers represent
great steric challenges to the synthetic chemist. Current synthetic routes rely on a stepwise
polymerization of the two monomers but often lead to incomplete conversion or low grafting
densities. This dissertation presents a method to overcome the steric challenges by conducting
the polymerizations of both monomers in a single step via orthogonal polymerization
techniques. Two systems are presented to yield molecular bottlebrushes and binary mixed

surface-initiated polymer brushes.

Molecular bottlebrushes were synthesized in a one-pot, one-step polymerization.
Through the combination of two orthogonal polymerization techniques, ring opening
metathesis polymerization and ring opening polymerization (ROMP and ROP), the backbone
and side chains were synthesized at the same time. Herein, ROMP of a strained cyclic olefin
was catalyzed by the Third Generation Grubbs catalyst to produce the backbone chain. The
heat-activated 2,4-dihydro-2,4,5-triphenyl-1,2,4-triazol-3-ylidene catalyzed ROP of L-lactide
was shown to simultaneously produce the side chains. Mutual compatibility of the two
catalysts was demonstrated. Molecular bottlebrushes were synthesized with different lengths
of poly (L-lactide) side chains and various poly (N-(hydroxyl ethyl)-cis-5-norbornene-exo-2,3-
dicarboximide) backbone lengths. It was shown that short molecular bottlebrushes can be
synthesized with very narrow dispersities of both backbone and side chains, with high or
complete conversions. Kinetic investigations were conducted to prove the simultaneous
nature of the synthetic approach. Characterization of the bottlebrushes proved that narrow

molecular weight distributions were achieved in both backbone and side chains.

The mutually orthogonal combination of atom transfer radical polymerization (ATRP)
and ROP was employed to synthesize amphiphilic binary mixed brushes. A Y-shaped

bifunctional initiator was synthesized to enforce maximal mixing at a molecular level and
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ensure covalent attachment of the chains. The bifunctional initiator was deposited onto
silicon wafers via alcoholysis. A suitable orthogonal catalytic system was established, and
reaction conditions tuned to afford simultaneous growth of poly (2-(dimethylamino) ethyl
methacrylate) and poly (e-caprolactone) chains. Stannous octoate was employed together with
PMDETA-ligated copper (I) bromide to allow simultaneous ROP and ATRP respectively.
Binary mixed brushes were then grown off the functionalized surface in a single
polymerization step. The brushes were investigated by ToF-SIMS to prove successful
polymerization and grafting homogeneity. AFM investigations allowed to show brush
reorganization to adapt to selective solvents. Cycling through solvent adaptations proved the

covalent attachment of both chains.

il



Zusammenfassung

Die einzigartigen Eigenschaften von Polymerbiirsten und ihre vielseitigen
Anwendungsgebiete sind empfindlich von ihrer molekularen Zusammensetzung sowie der
zwei-und dreidimensionale Anordnung der Polymersegmente abhédngig. Um zuverléssig
Polymerbiirsten mit den gewiinschten Eigenschaften herstellen zu kénnen, muss ihre
Synthese sowohl robust, zuverldssig als auch prazise sein. Die intrinsisch hohen sterischen
Anspriiche stellen den Polymerchemiker aber vor synthetische Schwierigkeiten: die
verbreiteten Synthesewege beruhen auf der schrittweisen Polymerisation von zwei
unterschiedlichen Monomeren und leiden meist unter niedrigen Umsitzen oder geringen
Pfropfdichten. Die hier dargelegte Arbeit prasentiert einen Losungsansatz, der die hohen
sterischen Anspriiche umgeht, indem beide Polymerisationen simultan in einer
Eintopfsynthese gefiihrt werden. Diese Methode wurde angewandt, um zwei dicht gepfropfte
Polymerarchitekturen zu synthetisieren: molekulare Birsten und gemischte bindre

Oberflachenbiirsten.

Molekulare Polymerbiirsten konnten erfolgreich in einer Eintopfsynthese hergestellt
werden. Durch die orthogonale Kombination von zwei mechanistisch unterschiedlichen
Polymerisationsmethoden — ringoffnende Polymerisation und ringoffnende Metathese
Polymerisation (ROP und ROMP) — wurden Riickgrat und Seitenketten in nur einem Schritt
polymerisiert und verkniipft. Die Polymerisation eines cyclischen Olefins mit hoher
Ringspannung und ROP-Initiator Funktion wurde durch den Grubbs Katalysator dritter
Generation kontrolliert, um das Riickgratpolymer zu synthetisieren. Gleichzeitig wurde ein
thermisch aktiviertes N-heterocyclisches Carben eingesetzt um die Polymerisation von
L-Lactid zu Kkatalysieren. Molekulare Verknlipfungen zwischen Seitenketten und
Riickgratpolymer wurden durch die ROP-Initiatorfunktion des Riickgratmonomers erreicht.
Molekulare Polymerbiirsten mit unterschiedlichen Rickgrat-und Seitenkettenldngen
konnten einfach synthetisiert werden. Bei kurzen Riickgratlingen wurden vollstandige
Umsidtze mit niedrigen Dispersitdten erreicht. /n-situ "H NMR kinetische Studien belegten,
dass beide Polymerisationen gleichzeitig stattfinden. AFM Aufnahmen und selektive

Riickgratdepolymerisierung zeigten die enge Molekulargewichtsverteilung der Seitenketten.
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Durch den orthogonalen Einsatz von ATRP und ROP, konnten im zweiten Teil der
Arbeit amphiphile, bindre gemischte Oberflachenpolymerbiirsten in nur einem Schritt
synthetisiert werden. Ein dreiarmiges Linker-Molekiil wurde synthetisiert, das sowohl ROP-
als auch ATRP-Initiatorfunktionalitaten mit einem Silyletheranker kovalent verkntipft. Der
Linker wurde tiber die Silyletherfunktionalittat auf Silikonwafer aufgebracht. Auf diese
Weise konnte sichergestellt werden, dass die ATRP und ROP Ketten auf molekularer Ebene
gemischt sind, sowie kovalent an die Waferoberfliche gebunden wurden. Katalysatoren,
Monomere und Reaktionsbedingungen konnten so eingestellt werden, dass zeitgleich
DMAEMA per ATRP und e-Caprolacton per ROP polymerisiert werden konnte. Mit diesem
System wurden mit amphiphilen, bindren gemischten Polymerbiirsten funktionalisierte
Wafer in nur einem Schritt hergestellt. Die Waferoberflachen wurden mit ToF-SIMS und
XPS untersucht, um die erfolgreiche Synthese zu belegen, sowie die Homogenitdt der
Oberfldche zu etablieren. AFM Aufnahmen belegten, dass die binaren Polymerbiirsten sich

spontan in selektiven Losemittel reversibel organisieren.
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Introduction

1 INTRODUCTION

From packaging', over water purification® to surgical implants’, synthetic
polymers have found their way into virtually all aspects of modern life. Their widespread use
stems from the accuracy with which polymeric material properties can be tuned to satisfy
application requirements®’. Leveraging structure-property relationships allows to strategically
address macroscopic properties by selecting appropriate monomers. This powerful platform
is expanded by the ability to combine polymers consisting of different monomeric units. A
sharp distinction should be drawn between approaches that seek to control material
properties by combining two different polymeric materials and those that impart material
properties on a molecular level. Among the former count the controlled preparation of
supramolecular structures, polymer blends and polymer composites. Molecular polymer
engineering on the other hand concerns itself with controlling constituents and
configurations of polymers on a molecular level. The most basic building block for molecular
polymer engineering are segments of like monomers. Like or unlike segments can then in
turn be arranged into entities with various complexities by molecular attachment into one-,
two- or three-dimensional arrays. Such structures include the groups of block polymers, graft
polymers, star polymers and dendritic polymers. To synthesize these complex architectures,
synthetic polymer chemists rely on employing a range of controlled polymerization

techniques®.



Introduction

1.1 Polymerization Techniques

Polymerization techniques can be divided into three distinct mechanistic classes:
chain growth polymerizations, polycondensations and polyadditions®. Polycondensations and
polyadditions are often classed under the general term of step growth polymerizations to
reflect their shared kinetic profiles but IUPAC discourages this use® Both in
polycondensations and polyadditions, chain growth occurs in a step-wise manner. These two
systems can be described using the FLORY equal reactivity assumption, where every reactive
group has an equal probability of reacting, independent of the chain length”. In chain growth
polymerizations, growth of the polymer chain occurs exclusively through the addition of a

monomer to the active center, with regeneration of the active center within each growth step.

Polymerization

Mechanisms
e G.'°"Y‘“ Polycondensation Polyaddition
Polymerization
Coordination lonic Radical
o _— (Conventional)  Reyersible-Deactivation
Cationic Anionic Radical

o Radical Polymerization
Polymerization

Stable-Radical Atom Transfer Degenerative-Transfer
Mediated Radical Radical
Polymerization Polymerization Polymerization

Figure 1-1: Overview of selected Polymerization Mechanisms.

1.1.1 Radical Polymerizations

Radical polymerizations are classed among chain growth polymerizations where the
active center is a radical species’. They can be divided into “free radical polymerization” and
“controlled/living radical polymerization”. [UPAC discourages the use of these terms and
suggest the less ambiguous handles of radical polymerization (RP) and

reversible-deactivation radical polymerization (RDRP) respectively.® Nonetheless, the two

2



Introduction

discouraged terms remain in widespread use in literature, reflecting the handy associations

triggered by the terms.

As chain growth polymerizations, the kinetic profiles of RPs are characterized by the
three component steps of initiation, propagation and termination, with some systems also
portraying chain transfer’. Most commonly, RP is initiated by thermally labile peroxide or
azoinitiators that produce two primary radicals. Alternatively, photoinitiators are excited
through UV irradiation and then undergo homolysis to yield two primary radicals®. The
initiator-derived radicals then proceed to react with a monomer, completing the initiation
step. Radical addition of further monomer (propagation) produces the growing polymer chain
and retains the radical active site at the chain end®. The concentration of the chain carriers
(radicals) is usually treated according to the steady state approximation as propagation is
much faster than initiation*. The life time of an individual radical is short and limited by the
combination of two radicals, resulting in termination of both radicals. RP is a robust process,
tolerating protic solvents, trace impurities of oxygen, inhibitors and other impurities. This
robustness and the large number and diversity of monomers polymerizable via this technique
have contributed to place RP in a dominant position in industry'. Yearly production of RP
derived polymers with thousands of compositions exceeds 100 million metric tons''. However,
polymers produced via RP are usually characterized by large molecular weight distributions

and the degree of architectural control is limited®.

Over the last decades, considerable progress has been made overcoming the
limitations of RPs through the advent of RDRPs' In allusion to an idealized case of anionic
polymerizations, the discouraged term “/iving radical polymerization” is meant to convey the
virtual absence of termination or irreversible chain transfer reactions. This goal is achieved
via introduction of additives that mediate a reversible conversion of propagating radicals into
an inactive (dorman/ state and a reactivation into the same active center within the lifetime
of the polymerizing chain'. Reaction conditions can be selected to convert the majority of
growing chains into a dormant state. By this approach the concentration of active radicals
that participate in propagation is reduced. The dormant chain ends are unable to participate
in bi-radical coupling and hence the occurrence of termination is dramatically suppressed
(although never completely absent)'*. The reversibility of the inactivation extends the life time
of individual propagating chains and so it is possible to synthesize block copolymers by
sequential addition of monomers'. If the rate of interconversion is fast relative to the rate of
co-propagation, all chains are able to grow at the same rates. If, in addition to the above
conditions, an equilibrium between active and dormant sites can be reached rapidly and
initiation is much faster than propagation, molecular weight distributions of the resulting

polymeric products become very narrow. Indeed in an ideally controlled RDRP, the chain
3
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length distribution would be expected to follow a negative binomial distribution derived from
the number-average degree of polymerization and the chain transfer constant'. Usually,
when using the term controlled radical polymerization, one refers to the control over
molecular weight, resulting narrow molecular weight distributions, the retention of a well-
defined end group and the ability to extend the chain end by addition of additional or a

second monomer'2,

Various systems have been established to achieve RDRP that portray many of these
attributes. Particularly noteworthy classes of RDRP include stable-radical-mediated
polymerizations (SRMP) atom-transfer radical polymerizations (NTRP) and degenerative-
transfer radical polymerizations (DTRP)". Their primary differences lie within the process

through which the reversible deactivation is mediated and shall briefly be outlined.

In SRMP, propagating radicals may reversibly couple with a persistent (stable) radical®.
The most commonly employed stable radicals are aminoxyl radicals with the general
structure R,N-O’, often referred to as nitroxy/radicals. Consequently, SRMP are usually called
nitroxyl-mediated polymerizations NMP, although I[UPAC discourages the term®). Sterically
hindered alkoxyamines without a-hydrogens undergo homolytic fission of the C-O bond
during initiation to produce a carbon primary radical that can react with monomers and an
aminoxyl radical. The resonance of the 2-center 3-electron N-O system stabilizes the radical.
The steric bulk and absence of a-hydrogens impede disproportionation'®. Excellent control
can be achieved through the exploitation of the persistent radical effect”, where the aminoxyl
radical is persistent and the carbon radicals (primary radical or chain ends) are transient. The
rapid coupling of the persistent radical with active chain ends to from dormant chain ends
results in the low incidence of termination reaction. Due to the reversibility of aminoxyl
coupling, the active centers can be regenerated and the polymerization proceeds until the
monomer is depleted. Polymerization of styrene and its derivatives is well-controlled.
Methacrylate based monomers however suffer from preferential disproportionation between
stable radical and active chain end over reversible addition. As a result, NMP of methacrylic
monomers are typically uncontrolled and do not result in nitroxide terminated polymer

chains, necessary for block polymer formation'®.

ATRP achieves a reversible deactivation by transfer of atoms or groups, typically (but
not exclusively) mediated by transition metals'®. Most commonly, the transferable group are
halogen radicals'. Various initiation methods have been developed for ATRP. In “normal’
ATRP, initiators are alkyl halides with a high propensity towards homolytic fission of the C-X
bonds to yield a carbon radical and a halogen radical. The carbon radical proceeds to react

with monomers in propagation steps, while the halogen radical undergoes a concerted inner
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shell electron transfer reaction with the activator transition metal complex LM", which is
hereby oxidized to form the deactivator LM-X""". The deactivator in turn can undergo
homolytic fission of the M-X bond, regenerating the activator complex and the halogen
radical, making the process reversible. The halogen radical can then combine with an active

chain end, producing a dormant halogen-terminated chain carrier'®.

In DTRP, deactivation of the active radicals occurs via the degenerative transfer of
groups or atoms. Notable polymerization techniques include reversible-addition-
fragmentation chain-transfer polymerization (RAFT) or iodine transfer polymerization'.
After addition of primary radicals to monomers, active sites react with the RAFT agent, to form
a radical adduct. The adduct fragments in a second (rapid) step to form a dormant macro-
RAFT agent and a new propagating radical to react with more monomer. The chain transfer
is both rapid and reversible, allowing for a homogeneous chain growth with low termination
reactions®. The molecular weight distributions of RAFT-derived polymers depends on the
initiating efficiency of the primary radical source but narrow dispersities have been reported

for a wide range of monomers, owing to the excellent functional group tolerance™.

—RP

s RDRP

0,8 1
0,6

0,4

Normalized Intensity

0,2 +

0,0 +

T T
1E+03 1E+04 1E+05
Molecular Weight [g.mol™]

Figure 1-2: GPC traces contrasting the typical molecular weight distributions of RP-derived polymer
with a large dispersity and the much more narrowly distributed RDRP-derived polymer (both
polystyrene, reacted for the same time at the same temperature and concentration, note the
logarithmic scale).
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1.1.2 Ring Opening Polymerization

Ring opening polymerization (ROP) is sometimes classed as its own category along
with chain polymerization and step growth polymerization as one in three overarching
polymerization modes®. However, such a categorization can be misleading as it implies a
unified mechanistic theme. ROP can proceed via an anionic pathway, cationically,
zwitterionically or through a coordination-insertion mechanism. What binds all ROP into
one distinct group of polymerizations is not the identity of the active propagating species but

the high ring strain of its exclusively cyclic monomers'.

Monomers that are routinely polymerized via ROP include the industrially important
class of ethylene and propylene oxides, N-carboxy-alpha-amino acid anhydrides NCA’s) as
well as cyclic esters, amines, sulfides, siloxanes, ethers, acetals and amides*'. Whether or not
a monomer can be polymerized depends on thermodynamic and kinetic considerations®. The
entropic loss associated with polymerization implies that the enthalpic component must be
sufficiently large to afford polymerization. The thermodynamic driving force in ROP is
alleviation of ring strain. Whether the monomer’s ring strain is sufficiently large depends
mainly on geometric factors®. Heats of combustion can be used to determine ring strain in a
homologous series of monomers. Generally speaking, ring strain is greatest for three- and
four-membered rings, and drops sharply for five-, six- or seven-membered rings. As a general
rule, ROP of six-membered rings is not observed'. The primary driving force for larger rings
is angular strain. In addition to being thermodynamically favorable, ROP of a specific
monomer must also be kinetically feasible. If the monomers contain bulky groups for
example, polymerization may be thermodynamically but not kinetically feasible, as steric
clash is greater in a linear chain than in cyclic monomer®. Finally, for polymerization to occur,
monomer (and potentially catalyst) must provide a mechanistic pathway. Heteroatoms in
cyclic monomers for example provide a site for nucleophilic or electrophilic attack by the

initiator species.”!

A notable class of heterocyclic monomers are cyclic esters and carbonates like L-
lactide, glycolide or e-caprolactone (see Chart 1-1). Aliphatic polyesters constitute an attractive
class of polymers due to their (bio-)degradability. In contrast to polyesters produced by
polycondensation, ROP allows to target high molecular weights, complex architectures and
achieve specific end-groups. Depending on the reaction conditions and catalysts employed,
cyclic esters can be polymerized cationically or anionically or via coordination-insertion
polymerization. ROP of cyclic esters may be conducted in solution, in bulk*’, in emulsion***
or in dispersion™. In contrast to other cyclic compounds, ring strain in six-membered cyclic

lactones is greater than for five-membered lactones®®. As a consequence, ROP of the former

group is routinely achieved while the latter is not observed*".
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d-valerolactone
(@)
L Q 0 o)
: G~ O o
o] (0]

dioxan-2-one trimethylene carbonate g-caprolactone

glycolide L-lactide rac-lactide

Chart 1-1: Selection of cyclic ester and carbonate monomers that readily undergo ROP.

Anionic ring opening polymerization of cyclic lactones is initiated by bases or LEWIS
bases. Propagation proceeds via one of two mechanistic pathways: either via alkyl-oxygen or
acyl-oxygen cleavage giving either a carboxylate or alkoxide as a polymerizing chain end*.
Cyclic lactones or lactides larger than four-membered rings react exclusively via the
propagating anion’s attack on the carbonyl carbon, resulting in acyl-oxygen scission and
producing an alkoxide as the propagating species®. The active species is negatively charged,
although reaction conditions and nature of counter ion and solvent determine the ionic or
covalent character of the chain end. High molecular weights can be achieved although the
incidence of backbiting can be high. Conversely, cationic polymerization involves the
formation of a positively charged initiator followed by nucleophilic attack of the monomer.
An oxonium ion or acylium ion (formed by unimolecular ring opening of the oxonium ion)
is formed as the active propagating species®. Both cationic and anionic ROP lead to a covalent
attachment of the initiating species on one chain end and the active center on the other chain
end, as is typical for ionic chain polymerizations. As such, propagation steps can be
summarized as I(M;) -> I(Mi.1) -> I(Mi.,) etc. for anionic pathways and I(My)'-> I[(Mi.,)" ->
I(Mi.o)" etc. for cationic pathways, ie. they proceed via macroanions and macrocations
respectively. In contrast to linear ionic polymerizations, activated monomer (cationic as well
as anionic) are also possible but the delineations between the two paths may be fluid.
Diazabicycloundecene (DBU) catalyzed ROP of LLA for example can occur via an ionic or
activated monomer pathway, depending on the relative concentrations of initiator and

catalyst®'.

Zwitterionic pathways are possible for certain combinations of monomers and
catalysts.*** Of these, the initiator-free zwitterionic polymerization of cyclic lactones,
effected by N-heterocyclic carbenes (NHCs) deserve particular notice. NHCs are a group of
persistent carbenes whose inherently high BRONSTED basicity and nucleophilicity**. Their
tunable steric constraints allow for applications as ligands for metal-organic catalysts or as

organocatalysts in a wide range of organic transformations. The synthetically (and
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occasionally commercially) available NHCs fall into the four major groups of thiazol-, triazol-,
imidazole-, and imidazolin-2-ylidenes. Chart 1-2 provides an overview of these four groups

with a representative example of each of catalysts with (bio-) synthetic importance.

R® R? R® R? R® R? R2
RN R? RN R? RN R? RN
Triazolylidene Imidazolylidene Imidazolinylidene Thiazolylidene
N_N
—N Y NN NS TN
N N - )I\ pZ ‘LS OH
©/ N @ N” NH;
DTT IPr SIMes Thiamine

Chart 1-2: N-heterocyclic carbenesused in organic synthesis fall into the four classes of triazolylidenes
with  1,34-triphenyl-4,5-dihydro-1H-1,2,4-triazole-5-ylidene (DTT) as representative,
imidazolylidenes, for example 1,3-bis(2,6-bis(diphenylmethyl)-4-methylphenyl)imidazo-2-
ylidene (Ipr), the saturated imidazolinylidenes like 1,3-dimesitylimidazolin-2-ylidene (SIMes)
and thiazolylidene like the vitamin B; coenzyme thiamine.

Following the pioneering work by HEDRICK, WEYMOUTH, et al.**, NHCs have gained
widespread attention as highly active catalysts for the ROP of cyclic lactones. Employing NHC
catalysts allows to synthesize high molecular weight polyesters rapidly under mild conditions.
L-lactide for example can be polymerized at room temperature and atmospheric pressure
within 15 min***". A range of other lactones has been successfully polymerized by the help of
NHC catalysts, such as glycolide??? rac-lactide***!, p-butyrolactone® or e-caprolactone**. They
can also be employed in the polymerization of cyclic carbonates and cyclic carbosiloxanes®.
Notably, the use of organocatalysts allows to afford polymers without trace amounts of metal
catalyst remaining in the product. Particularly in biomedical or electronic applications,
residual metal adversely affects material performance*’. By rationally designing steric
hindrance and chirality in the NHC catalyst, polymers with controlled tacticity can be

produced™.

Coordination ROP are distinct from ionic ROP as they propagate via insertion of
monomer into the bond between initiator and polymer chain®. For this reason, coordination
polymerizations are also referred to as insertion polymerization'®. The initiating species is
commonly called the “catalyst” but in contrast to true catalysts, it is not split off from the active
site after each reaction step but remains attached like an initiator. Despite the technically
incorrect use of the term catalyst, its ubiquitous employment in literature permits its adoption

as a pragmatic handle in the following. In the absence of transfer reactions, every one initiator
8
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results in one polymer chain. As a consequence, polymers produced by coordination-insertion
have one chain end derived from the initiator (or its quenching product) and one monomer-

derived chain end.

1.1.3 Ring Opening Metathesis Polymerization

Ring opening meltathesis polymerization (ROMP) can be thought of as a special case
of coordination ROP. Much like other ROP, the driving force for ROMP is the alleviation of
ring strain®®. Alternatively, ROMP can be classed based on its mechanism as a polymer-
forming metathesis reaction® together with acyclic diene methathesis (ADMET) and ring
expansion —melathesis polymerization (REMP). Metatheses are exchange and
disproportionation reactions of carbon-carbon multiple bonds mediated by late transition
metal compounds via the carbene pathway. The early, poorly defined heterogeneous catalysts
based on transition metal halides were highly active but were limited to fairly stable
compounds. The combined work of SCHROCK*"*® and GRUBBS**~** led to the arrival of well-
defined homogeneous catalysts capable of tolerating more sensitive functional groups (see
Chart 1-3). Particularly the catalysts developed by GRUBBS and coworkers showed excellent
functional group tolerance. Through introduction of NHC ligands, the catalysts of later

generations retained their functional group tolerance and gained excellent activity'.
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Chart 1-3: Well-defined metathesis catalysts: SCHROCK’s catalyst( Schrock), GRUBBS’ catalyst of first
(Grubbs-1), second (Grubbs-1I) and third generation (Grubbs-1II) and the Second Generation
HOVEYDA-GRUBBS catalyst (Hoveyda-Grubbs-1I).
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The ability of metathesis catalysts to effect intramolecular arrangements as well as
addition reactions between two compounds mean that ROMP is accompanied by
intermolecular and intramolecular chain-transfer reaction*. With decreasing initial
monomer concentration, the competition of dimer/trimer formation over polymerization
increases. As a consequence of greater side reactions, polymer dispersities increase".
Nonetheless, through the highly active Grubbs catalysts, ROMP is routinely employed
yielding very narrowly distributed polymer of various geometries. The fast initiation of
particularly the later generation GRUBBS type catalysts allows to yield narrowly distributed

polymers of various architectures'.

Monomers are exclusively strained cyclic olefins. In contrast to cationic or
matallocene-mediated polymerizations, ROMP products of cyclic olefins retain the
monomer’s unsaturation in the main chain. The probability of a monomer to undergo ROMP
is again sensitively dependent on ring size, geometric considerations and substitution
patterns. Only rings with sufficient ringstrain (45 kcal.mol-") can be polymerized through
ROMP. A selection of ROMP-able monomers in provided in Chart 1-4. Cyclobutene and many
of its substituted analogues polymerize readily, polymerized by a range of catalysts.
Unsaturated five-membered rings have sufficient ring strain to undergo ROMP but their
reactivity depends on the type and location of substitution. Unsubsituted cyclopentene ROMP
products constitute an industrially important synthetic rubber source, while 2-substituted
cyclopentene monomers do not undergo ROMP at all. 3- and 4- substituted cyclopentene
monomers polymerize well, unless part of a cyclohexane or benzene ring*. Norbornene and
its 5,6-subsitituted analogues make up an important class of ROMP monomers due to their
high ring strain and versatile functionalization options®*. Cyclohexene or cycloheptene do not
undergo ROMP at all. Functional groups must be compatible with the catalyst but the high

tolerance of Grubbs type catalysts accommodates for a diverse set of functionalities.

0 0 ()

cyclobutene cyclopentene cyclooctene
gy @ QO
R'

bicyclo[3.2.0]hept-6-ene norbornene norbornene-derivative

Chart 1-4: Selection of strained olefinic monomers suitable for ROMP.
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1.2 Polymer Brushes

Since the advent of controlled polymerization techniques enabled their synthesis,
polymer brushes have enjoyed a large share of material scientists” attention®®. They are dense
macromolecular assemblies where one chain end is tethered to an interface. The interface
may be a liquid-liquid interface in melt or solution such as those found in micelles and
membranes or an impenetrable interface such as a solid surface. Brushes may be covalently
tethered or adsorbed via intermolecular interactions such as hydrophilic, hydrophobic,
LONDON-dispersion, dipolar or n-stacking interactions®”. Covalently grafted brushes can be
handily categorized into one-, two- or three-dimensional brushes (see Figure 1-3). One-
dimensional brushes are polymers grafted off another polymer chain. They are also referred
to as graft polymers®. Two-dimensional graft polymers are tethered to a flat surface and called
surface brushes. Similarly, three-dimensional brushes are attached to concave or convex

surfaces such as grafted nanoparticles or porous substrates like membranes.

AL

One-dimensional brushes: Two-dimensional brushes: Three-dimensional brushes:
Molecular bottlebrushes surface brushes Grafted nanoparticles

Figure 1-3: Covalent brushes at impenetrable interfaces from one to three-dimensional geometries.

Sufficiently dense grafting of polymer chains in combination with the mobility
restriction imposed by the attachment of one chain-end results in equilibrium conformations
distinct from the random-walk configurations found in polymer melts or solution®®. The high
density at the tethering site results in a strong overlap of the individual chains, raising the
monomer-monomer interaction energy. As a consequence, the chains stretch away normal to
the surface, minimizing the interaction energy at the expense of the elastic free energy.
Stretching increases the layer thickness while reducing monomer concentration within the
brush. Due to their stretched conformation and the high steric crowding, individual chains
of a polymer brush show decreased mobility in contrast to polymer chains in solution or melt.
As a consequence, their mechanico-chemical properties can differ dramatically. For a dense

brush, the extended polymer chain length (L) scales as a function of degree of polymerization
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(N). For a polymer chain in solution, the random walk conformation allows to predict the

radius of gyration (Ry) scaling with degree of polymerization by Rg-N"*>°

1.21  Surface Brushes

Polymer brushes have enjoyed significant growth in interest from both a fundamental
and an applications perspective. Surface brushes have been intensely studied by polymer
physicists as an accessible model for complex polymeric systems such as micelles,
polymersomes or polymers at interfaces. Their practical applications are inspired by the
ability to change a material’s surface properties while leaving the bulk properties unchanged.
The thin polymer layer allows to tune wettability, colloidal stabilization®, compatibilization
with polymer/biological matrices®®*, fouling resistance and nonspecific binding of
biomolecules® . Particular within the medical field, this surface engineering approach
enjoys a multitude of applications. Polymer brushes are grafted onto medical devices or
implants to avoid fouling due to bio adsorption, achieve compatibilization with tissues, reduce
friction of implants or contact lenses, allow selective protein adsorption or encourage tissue
adhesion®~". They can be employed as a new class of adhesive materials™’ or as a
lubricant®”. The high steric demands further restricts accessibility of solvent or other
molecules to the surface. Patterned surface brushes have been employed as reactive ion

etching resists for substrates used in the semiconducting industry™.

Brushes have been used to alter surfaces of various geometries. Grafting at spherical
nanoparticles has been employed to stabilize colloidal solution against flocculation by
employing a polymer that preferentially interacts with solvent rather than other colloid
surfaces™. Both experiments and simulations found that the stabilization effect is sensitive to
grafting density and grafted chain length®. Additionally, zeta potentials of inorganic
nanoparticles can be tuned through the introduction of charged polymer chains®. Polymer
brushes on silica gel allow to develop tailored chromatographic devices®. In the presence of
solvents, polymer chains adapt according to their solvophilicity. In a good solvent, interaction
with solvent molecules is maximized and interaction with other polymer chains is
minimized. As a consequence, the polymer chains are highly extended. In the presence of a

bad solvent, interactions with solvent molecules are minimized and the brushes collapse.
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good solvent bad solvent

H>>R,

mushroom collapsed coil

Figure 1-4: Schematic representation of polymer chains tethered to a surface. Left: densely grafted
brush in a good solvent. Center: Polymer chain in a good solvent (mushroom). Right: collapsed
polymer chain in a bad solvent.

Depending on grafting density and chain length, grafted polymers may adopt one of
three conformations: (stretched) brush, mushroom and collapsed coil (or pancake). (see Figure
1-4). The grafting density of polymer brushes (o) can be calculated (see Equation 1-1) by
knowing the chains’ density (p), their dry brush thickness (/), multiplied by AVOGADRO’s

constant (N») and dividing by the chains’ number averaged molecular weight.

o =pHN,/M,

Equation 1-1

The tethered density parameter (£) can be determined to predict homopolymer brush
conformations. This dimensionless parameter is defined by surface density and the polymer’s
radius of gyration (Ry) (see Equation 1-2). At low tethered densities (¥<<1), the chains are
present as collapsed coils (also known as pancake regime). As the tethered density approaches
unity, a mushroom conformation is adopted. Although the two former conformations are also
commonly referred to as polymer brushes, only high grafting densities (£>>1) lead to the

proper brush regime.
T = onR}

Equation 1-2
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Figure 1-5: Overview of different polymer brush architectures that can be prepared via surface-
initiated controlled radical polymerization. (A) block copolymer brushes; (B) random copolymer
brushes; (C) cross-linked polymer brushes; (D) free-standing polymer brushes; (E)
hyperbranched polymer brushes; (F) highly branched polymer brushes; (G) Y-shaped binary
mixed polymer brushes; (H) standard binary mixed brushes; (I) molecular weight gradient
polymer brushes; (J) grafting density gradient polymer brushes; (K, L) chemical composition
gradient polymer brushes. Reproduced with permission from?? Copyright ©2009 American
Chemical Society.

Analogous to polymers in melt or solution, a range of polymeric architectures can be
targeted. Homopolymeric brushes were synthesized with highly homogeneous chain
lengths®, chain length gradients® and grafting density gradients®*®*. Employing inimers as
(co) monomers allows to target highly branched (arborescent)*” or hyper-branched
architectures®. Employing cross linking agents permits to crosslink the brushes and
subsequently remove them from the surface to yield free-standing brushes*°. Grafting from
a cross-linked monolayer” or nanosheet results in polymer carpets®. Copolymers include
two-layer brushes (grafted diblock copolymers)”, statistical copolymers®, and gradient

copolymers (along the grafted chain®® as well as laterally®).

Mixed polymer brushes (MPBs) are surface brushes containing two or more, different
homopolymer chains. Binary brushes are surface brushes containing polymer chains of two
monomers (see Figure 1-5 G and H), ternary brushes contain three types of polymer etc.. They
are distinct from grafted di- or triblock copolymers (see Figure 1-5, A), or grafted statistical or
gradient copolymers in that the grafts are different homopolymers, but mixed on a molecular

level. They may be arranged either randomly or alternating on a surface.
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Mixed brushes show a host of intriguing phase behaviors when the two grafted
polymers (A and B) are immiscible. The FLORY-HUGGINS theory of polymer mixing predicts
that enthalpic and entropic considerations drive two immiscible polymers to undergo
spontaneous phase separation. The covalent connection between immiscible blocks found in
amphiphilic copolymers precludes a macroscopic demixing and gives rise to a diverse set of
nanoscopic phase structures. The conformations adopted by immiscible block copolymers are
dictated by their molecular weights, volume fractions and FLORY-HUGGINS interaction
parameter (x). Much like block copolymers, MPB’s grafted with immiscible homopolymers are
precluded from macroscopic phase separation by their covalent attachment to the surface.
This attachment introduces a set of additional parameters influencing the phase morphology:
grafting density, symmetry of chain length, polymer ratios and surface geometry all impact

the brush behavior.

i T i ae

Dimple or

Mixed state Layered Ripple pinned micelle

Figure 1-6: Schematic representation of nanoscopic structures adopted by immiscible mixed brushes.

Figure 1-6 schematically shows a set of nanoscopic morphologies, binary mixed
brushes may adopt: the mixed state, layered, ripple or dimple phases. These can be adopted in
melt, in non-selective solvent or in selective solvent. In the mixed state, interaction between
the different polymers is maximized. This structure is adopted if steric hindrance precludes
adoption of an energetically more favorable structure, the FLORY-HUGGINS immiscibility
parameter is low or if interactions with a non-selective solvent are greater than polymer-

polymer interactions, leading to a chain-extended form.

Layered morphologies are the result of a vertical phase separation. The two immiscible
polymers segregate perpendicular to the surface, while remaining laterally homogeneous.
Mixed brushes adopt this structure if polymer A has greater affinity to the substrate. Another
factor favoring a layered conformation is the relative chain length of the two polymers.
Intuitively, if polymer B is significantly longer than polymer A, the top phase is rich in
polymer B (see Figure 1-7 ¢)).
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(a) non-selective solvent . . .
Increasing grafting ratio of B
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Figure 1-7: Simulation results on mixed polymer brushes (MPBs) composed of two incompatible
polymers A (blue) and B (yellow). Top view and side view of MPBs with increasing grafting
density of B and fixed grafting density of A in (a) non-selective good solvent and (b) selective
solvent for B. The middle images represent equal grafting ratios of two components. Top view
and side view of MPBs with increasing chain length of B and fixed chain length of A in (c) non-
selective good solvent and (d) selective solvent for B. The middle images represent equal chain
lengths of two components. (Reproduced with permission from Reference®, Copyright 2009,
American Chemical Society) and *.
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Ripples can be observed both in melt or non-selective solvents and results from a
lateral phase separation. In this case, phases enriched in one polymer alternate on the surface
with phases enriched with the other. These two-dimensional structures have well-defined
length scales that are controlled by the molecules’ extension. The domain size was found to
be twice the root-mean-square end-to-end distance of the polymer chains®. The immiscibility
parameter predicts whether the domains are discreet or gradual in nature. The lateral
distributions of the ripples and their morphology depends strongly on the grafting ratio
between polymer A and B. Figure 1-7 a) shows the simulation results of binary brushes
adopting different ripple topologies as a function of increasing grafting ratio®. At low grafting
ratios, polymer A is a continuous phase with small domains of polymer B. At equal grafting
ratio, the ripples appear as meandering stripes and at high grafting ratios, polymer B forms
the continuous surface composition with dotted polymer A domains. AFM measurements
allow to visualize ripple structures by tracing the indentations between domains, if the
cantilever interacts selectively with one polymer or if rheological differences prevail. The
morphologies were predicted by self-consistent field calculations. With increasing
incompatibility, the brushes undergo a phase change from disordered melt into laterally
segregated cylindrical domains (ie. ripples)'®. Experimental investigations confirmed the
presence of these ripples. Through the use of AFM and plasma etching, MINKO et al.'”!
confirmed that the phase separation extends normal to the surface. The group synthesized
random mixed PMMA and poly(styrene-stat- pentafluorostyrene) (PSt/PES) brushes on silica
wafers. Plasma etching was employed to remove the brush layer by layer, exploiting the two
brushes disparate etching rates. XPS measurements were used to monitor atomic
composition as a function of etching depth. AFM measurements were conducted after every

etching step to assess surface topology.

Dimple structures portray both lateral and vertical separations. They occur both in
selective and non-selective solvents. When the immiscibility parameter for polymers A and B
is sufficiently large, and the solvent is poor, the ripple phase undergoes a phase transition to
minimize interaction with the solvent. Two distinct dimple phases may be observed: a
symmetrical dimple structure with alternating A and B dimples or dimple A in a matrix of B
(and vice versa). The resulting morphology can be thought of as the grafted versions of
micelles, with polymer A forming a core and polymer B providing a shell. For highly
symmefric and narrowly distributed chains, these arrays are predicted to show long-scale
periodic order on the surface. However in experiment, such long-range order has never been
observed. The schism between theory and practice may be due to (i) fallacious parameters
used for the modeling or (ii) due to randomness of the grafting sites. The lateral, and vertical

segregations are depicted in Figure 1-6 d).
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The range of MPB morphologies that can be targeted has important implications on
the surface properties. But even more importantly, covalently attached MPB’s binary brushes
have the ability to adapt to various external stimuli through cooperative changes of their
conformation. Being able to externally control various physical properties is the corner stone
of material scientists’ endeavor to develop new types of sensors, switches or microatentuators.
As a consequence, binary brushes and their phase transitions have been intensely studied
both in theory as well as experimentally. The best explored stimulus-response is that to
solvent selectivity. Simulations showed that for a binary brush — solvent system defined by
the polymer incompatibility (x) and solvent selectivity (§), a phase diagram comprising ripples,
dimples and disordered phases can be constructed (see Figure 1-8)'%°. At low incompatibilities,
the binary brush is present as a disordered state, irrespective of the solvent selectivity.
However as incompatibility increases, a non-selective solvent leads to a phase transition
yielding the formation of ripples. A solvent selective for polymer A will result in a dimple B
state and vice versa. At very large values of x, only dimple states are observed. Miiller and
Wang98 simulated binary brushes of various grafting ratios, chain lengths and solvent
slectivities to yield three-dimensional conformations that help to visualize the phase
transition. The binary brush system in Figure 1-7 switches from ripple (a) to dimple (b)
formation when exposed to a solvent selective for polymer B. The height profiles are a useful
pictorial tool to visualize the lateral and vertical phase separations. The blue polymer A is

collapsed near the surface while clearly showing a laterally segregated distribution.
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Figure 1-8: Phase diagram as a function of incompatibility (x) and solvent selectivity (£). Reproduced
with Permission from '®°. Copyright 2002 American Physical Society.
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Various groups have observed such phase transitions in experiment. For example,
STAMM et al'®. synthesized binary brushes consisting of high molecular PSt and Poly 2-
vinylpyridene (P2VP) chains. The group observed the formation of “ripples” in non-selective
solvent. However when exposing the brushes to a selective solvent (toluene is selective for PSt
and acidified water for P2VP), the incompatibility of the other block led to a rearrangement
of the brushes, as evidenced by XPS and contact angle measurements. When exposed to
acidified water, the surface was rich in P2V P, while when exposed to toluene, styrene moved
to the surface. This switching of polymer brushes'” was further investigated by TSUKRUK et
al.’* The group synthesized Y-shaped mixed brushes at a sparse grafting density and showed
that at modest chain lengths (30-40 units), the dissimilar polymer chains led to a spontaneous
phase separation with 30 nm-100 nm domains at a height of 1.8 nm to 2.3 nm. The shorter
chain lengths led to a smoother surface and pinned micelle structures rather than ripples.

The micelle structure could be inverted by immersion into selective solvents.

In addition to solvent responsiveness, mixed polymer brushes and their adaptive
responses have also been studied under a range of other stimuli, among which pH, ion
strength, temperature and humidity. Poly acrylic acid and Poly 2-vinyl-pyridine (PAA/P2VP)
binary brushes have been synthesized and their response was monitored as pH was
modulated. The pKas of the two polymers dictate that PAA is negatively charged at high pH,
while P2VP is positively charged at low pH. The charged chains lead to electrostatic repulsion
and hence a selective stretched out conformation'®. Similarly, PEO/PAA mixed brushes were
synthesized on gold substrate and by modulation of the ion strength, a swollen or collapsed
conformation of the PAA chain could be achieved. At high ion strengths, the deprotonated
PAA enters a salted regime and collapses, while PEO remains stretched out. By this approach,
protein adsorption and desorption could be modulated'**'". By grafting a temperature
responsive polymer such as Poly N- isopropyl acrylamide (PNIPAM), mixed polymer brushes
can undergo phase changes by externally controlling temperature. PS/PNIPAM brushes were
synthesized and when increasing the temperature to above PNIPAM’s lower critical solution
temperature (LCST), the polymer transitioned from coil to globule and the surface turned

108
opaque'®.

The adaptive nature of mixed binary brushes explains the vast range of their

applications. Binary brushes have been explored for microfluidic devices'”, responsive

110 111 112—114 115

colloids'"®, smart coatings'", protein adsorption and for smart drug delivery systems
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1.2.2 Molecular Brushes

Molecular bottlebrushes (BBs) are a type of densely grafted macromolecule. IUPAC
defines graft macromolecules as “a macromolecule with one or more species of block
connected to the main chain (backbone) as side chains, these side chains having
constitutional or configurational features that differ from those in the main chain.” The
primary polymer poly(A) to which the poly(B) chains are attached is also called the backbone,
main chain or grafi(ing) substrate. Poly(B) is then referred to as either side chains, pendant
chains, branches or grafts®. For a graft polymer to be classed as a molecular BB, particularly
high grafting densities must be achieved. In particular, the distance between two grafting
points along the backbone must be smaller than the characteristic dimension of the grafted
side chain''®. Such high grafting densities lead to high steric interactions between the side
chains. The covalent bonding, meanwhile preclude detachment of the side chains. These
conflicting properties confer two determining physical factors to BBs in general. First they
lead to a stretching out and stiffening of the backbone, giving BBs their characteristic
cylindrical topology. Second, as a consequence of the steric clash, BBs do not overlap, causing

the unique viscoelastic properties observed in BBs and encourages ordering™.

The backbone’s flexibility is determined by the distance between neighboring side
chains. High grafting densities lead to stiff BBs while low grafting densities result in more
flexible BBs. When side chain length is significantly shorter than backbone length and
densely grafted, BBs portray a marked conformational anisotropy. The semi-flexible
cylindrical conformation is adopted on length-scales than far exceed side chain lengths. The
conformation is described by contour-length (L), brush diameter (D) and Kuhn length (Ax). The
persistence length of the backbone is dependent on the side chain length and grafting density,
i.e. the number of pendant side chains per backbone monomer atom. BBs may adopt a range

of conformation depending on their state''".

In dilute solutions in a good solvent they adopt a worm-like structure'®. Degree of
polymerizations of both backbones and side chains, as well as grafting density determine the
exact conformation of the entire brush, although the precise interplay of these parameters
remains subject to scholarly debate. As concentrations are increased above a certain threshold
a concentration, molecular BBs may spontaneously orient to increase their order, as is well-
established for various semi flexible cylindrical materials'". In semi-dilute concentrations or
in melt, the macromolecules start to interpenetrate. However, in contrast to their linear
analogues, BBs have significantly larger entanglement molecular weights. Interpenetration

of polymers increases with increasing flexibility and increasing molecular weight'". At the
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entanglement molecular weight, entanglement becomes significant enough to represent an
additional barrier to flow and diffusion. At a molecular weight greater than the entanglement
molecular weight, viscosity scales with M,** rather than with M,". Molecular BBs are much
less flexible than their linear analogues, while also occupying much larger excluded volume
(see Figure 1-9). The side chains lead to a de-facto dilution of the backbone chain. As a
consequence, densely grafted brushes self-disentangle and show remarkably low
entanglement plateaus and low viscosities, making them ideal for application as rheological

modifiers'#120-124

M, controlled by
grafting density

Low grafting density High grafting density

S

M, ~ 10-100 kg/mol M, ~ 1000+ kg/mol

Figure 1-9: Comparison of comb and bottlebrush molecular architectures and chain conformations.
Scaling of backbone length between grafts (Ly) and side chain diameter (Dsc), are shown for
each case. (A) At low grafting densities the graft polymer has a comb conformation where the
backbone and side chain are both unperturbed Gaussian coils (B) At high grafting densities,
the grafts and backbone are extended. Reproduced with permission from''®. Copyright © 2018,
American Chemical Society

Molecular BBs may be visualized by atomic force microscopy'". A dilute solution of
polymer brush deposited on an atomically flat surface allows to depict their morphologies,
sizes and distributions. However, the conformations depicted by AFM do not reflect the
conformations in solution. The various equilibrium conformations adopted by BBs on a
surface or interface depends on the strength of interaction between side chains and surface
material. Interaction with an interface breaks the cylindrical shape and leads to a partitioning
of the side chains. Some of the side chains are directly adsorbed on the surface while the
remaining side chains interact with the solvent or air. The ratio of adsorbed and desorbed
side chains depends on their affinity to the substrate. When brushes are deposited on a
surface that is attractive to the side chains, a majority of side chains interacts with the surface.
To accommodate maximal adsorption on the surface, the side chains extend leading to a
stretched out conformation of BBs. AFM micrograph then show extended ribbon-like
structures. When the interactions between surface and side chains are not attractive,
different conformations are adopted depending on the quality of the surrounding solvent. In

poor solvents (or air), side chains attract one another and form curved or globular structures'"”.
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In a good solvent, the side chains may stabilize another cylindrical structure. These
structures can then directly be observed via AFM (see Figure 1-10). Long-scale ordering may
be observed, too when the anisotropic brushes orient according to flow rates and directions.
A particularly interesting phenomenon was observed by the MATYJASZEWSKI'* group who
adsorbed BBs on a substrate that interacted strongly with the side chains. Maximization of
side chain contact with the substrate led to stretching of the backbone to the point where the
tensile force sufficed to cleave carbon-carbon bonds of the backbone. Over the period of 42 h,
enough bonds had ruptured to dramatically shorten the brushes to change the observed
morphology from rod-shaped to globular. The average length of the brushes were tracked and

fitted to a first order reaction rate.

bending  compacting

< ‘
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Figure 1-10: AFM micrographs showing four of the possible conformations adopted by molecular
bottlebrushes after deposition on surfaces. (a) spontaneous curvature (b) ribbons, (c) cylindrical
(repulsion between desorbed side chains), and (d) globular (attraction between desorbed
chains). Reproduced with persmission from'". Copyright © 2008 Elsevier Ltd.

All BBs are by necessity copolymers of two different monomers: the backbone
monomer(s) and the side chain monomer(s)'*. However, as the backbone constitutes only a
small volume fraction of the overall molecule, it is convention to refer to BBs with only one
type of homogeneously grafted side chains and one homogeneous backbone as linear
homopolymer brushes. The ability to incorporate multiple diverse monomers for both the
backbone as well as the side chains leads to a large structural and compositional variation in
possible BB architectures. Figure 1-11 provides an overview over some of the structural
variations reported. As the material properties of BBs are sensitively dependent on their
architecture, the large library of accessible brush structures has led to a rapid growth of
(possible) applications. Controlling the backbone composition allows to synthesize branched
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or cyclic BBs'. Importantly, crosslinking between polymer brushes allows to access a range
of super-soft elastomers. Like the mechanically related hydrogels, covalent crosslinking
allows for structural stability while retaining local mobility. While hydrogels rely on the
diffusion of and solvation by small molecules that are liable to leaching or evaporation,
polymer brush networks are solvated by their side chains. The mobility of their side chains
allows the structure to retain responsiveness to exterior forces while their covalent
attachment to the network imparts them with structural stability. As a consequence, polymer
brush networks do not collapse nor do they leach out solvents. Such systems have been
reported to show low modulus (~100 Pa) and high strain at break (~1,000%)"'**'*°. Exploiting
the high mobility of poly ethylene glycol (PEG) chains, PEG-grafted, cross-linked polymer
brush electrolytes are heralded as safer alternatives to liquid lithium ion battery
electrolytes’. XUE et al.”' further imparted self-healing capacities to such PEG-grafted

battery materials by introducing ureidopyrimidinone containing physical crosslinks.

Figure 1-11: Structural variations of molecular BBs. Reproduced with permission from'*® Copyright ©
2019, American Chemical Society

Brush-coil BBs are a type of block copolymer consisting of a brush segment
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sandwiched between two linear polymers. Such macromolecular architectures allow to

impart one macromolecule with flexible, random-coil segments together with the semi-
flexible regimes of BBs. A naturally occurring coil-brush-coil polymer is the lubricating
protein lubricin. Lubricin belongs to the group of proteoglycans: heavily glycosylated proteins
that are responsible for a large range of functions within the body. Their brush-like structure
imparts them with viscoelastic properties that enable them to act as water-sponges and

lubricants in cartilage, or help in clearing lung pathways'". Lubricin contains a brush-like
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segment sandwiched in between two coil segments and conducts boundary lubrication
between joint surfaces. Similarly, triblock brush-coil BBs with poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC) brushes sandwiched in between two quaternized poly(dimethyl
aminoethyl methacrylate) (-PDMAEMA) chains were synthesized to mimic the lubricating
properties of lubricin. The g-PDMAEMA segments interacted strongly with the surface of
glass slides, to create a loop conformation. The PMPC-grafted brush segment led to weak and
long-range repulsive interaction forces with a second glass slide, reporting low frictional

coefficients.'??

Controlling the backbone incorporation of grafting sites allows to synthesize brushes
with grafting density gradients. Likewise, BBs can have multiple types of side chain
monomers. As with their linear analogues, copolymerization in side chains may yield
statistical or block side chain brushes. Statistic brush copolymers can show highly fascinating
material properties if the two polymers are incompatible. For example, frustrated packing in
poly(octadecyl methacrylate) statistic copolymer with poly(ethylene glycol methacrylate)
(PODMA-co-PEGMA) brushes'* lead to an intramolecular compositional interface. Block BBs
have two (or more) segments of different homopolymeric sidechains, separated along the
backbone. Such structures allow to introduce amphiphilicity within brushes, leading to
disparate polymer domains within the same polymer structure. For example fluorophilic and
hydrophilic section within the same brush have been reported” together with their

supramolecular arrangements.

Molecular BBs have also been investigated as promising candidates as drug carriers.
Several factors speak for their employment as polymer-drug conjugates. Their uniform and
nanoscopic size mirror metabolic proteins, encouraging cell uptake and by benefit of their
branched architecture prolong circulation timespan. These factors are of vital importance for
passive tumor targeting. In addition, the broad synthetic platform allows to tune sizes,
compositions and functionalities. By functionalizing the side chains with pharmaceutically
active agents, the drug loading capacity is greater than in other polymer-drug conjugates.*>"*®
Grubbs for example used ROMP of a macromonomer consisting of a hydrophilic PEG chain
and doxorubicin or camptothecin anti-cancer drugs. The hydrophilic grafts act as
unimolecular micelles that are highly efficient of shielding hydrophobic drugs and
backbones. Drug release was accomplished via UV irradition'*". Similarly, the CHENG group
reported the synthesis of well-defined bottlebrush statistical copolymers functionalized with
anticancer drugs and solubilized with PEG side chains. They accomplished pH-sensitive drug

release. 38
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1.3 Motivation and Aim of This Work

The physical properties of polymer brushes - and therefore their possible
applications - are sensitively dependent on the composition and two-dimensional
arrangement of their constituent polymer segments'*. Their synthesis must therefore be both
robust, reliable and precise. However, the commonly employed synthetic strategies to yield
mixed binary brushes or molecular bottlebrushes suffer from a range of undesirable effects.
Some of the issues encountered in brush synthesis are inherent in synthesizing block
copolymers such as the synthetic challenge of yielding discrete blocks rather than gradients.
Additional obstacles are architecture specific, introduced by the necessity to control the spatial

resolution of tethering points.

Usually the two block constituting mixed binary brushes or backbone and sidechains
in molecular bottlebrushes are synthesized one after the other®>*“. This stepwise approach is
necessary as block copolymerization relying on the same mechanism is precluded by the need
to spatially resolve the two blocks and their grafting points. As a result, the two blocks may
either be synthesized (i) sequentially or (ii) independently from one another, followed by a

coupling step. Both these solutions come with their specific caveats.

When employing the sequential polymerization approach, chemists may either
combine two different initiation mechanisms or else use protection-deprotection strategies.
In the first case, care must be taken to avoid contamination of incompatible catalysts,
monomers, or solvents from the first polymerization into the reaction mixture of the second
polymerization step. As a result, this approach usually requires careful purification of the first
chain before polymerization of the second chain. In addition to requiring large volumes of
solvent, achieving high degrees of purity is often difficult and catalysts or monomers remain
in the polymeric product®. These residuals encourage side reactions in the second
polymerization step. When furthermore, the second monomer is of different polarity to the

first, a solvent switch may be necessary, while potentially introducing solubility issues.

The protection-deprotection approach can be employed when both monomers
polymerize via the same polymerization mechanism. By this method, the chemist can
selectively polymerize one monomer, quench the polymerization, deprotect the second
initiator and achieve discrete, spatially resolved blocks. Synthetic polymer chemists routinely
use this approach to successfully synthesize block copolymers'®. However in the context of
grafted architectures, this approach can be difficult to control with accuracy. The high density

of grafting points inherent in brush architectures together with the kinetic constraints
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imposed by conducting polymer analogous reactions translate to less than quantitative
conversions of the deprotections. Isolation, transfer and re-dissolution of intermittent
polymeric products encourage side reactions that may lead to a loss in end group
functionality, making any targeted post-polymerization functionalization modification
difficult. Finally, when synthesizing graft copolymers in a stepwise fashion, there will
necessarily be a large mismatch between the low steric hindrance of the first polymerization
and the much more encumbered second polymerization that often leads to incomplete
grafting or low grafting densities of the second polymerization. Undesired homopolymeric
impurities often remain in the polymerization mixture that are difficult to extract and rely

on solvent-intense techniques like cycles of precipitation, dialysis and liquid chromatography.

Coupling two independently synthesized polymers with complementary
functionalities suffers from the same limitations as outlined above, with the added constraint
of much greater steric barriers. While in the two above approaches, only small molecules —
reagents or monomers — have to diffuse to the increasingly crowded brush, the coupling
approach necessitates two macromolecules to diffuse towards an ever-denser brush. This
effect is exacerbated when two immiscible blocks are to be tethered. As a result, poor grafting

densities are usually observed.

Aim of this work is to overcome or circumvent these issues by employing orthogonal
polymerizations that are mutually tolerant of the two sets of catalysts, monomers, solvents
and reaction conditions. With such mutually tolerant but monomer-selective polymerization
techniques, it is envisioned that two polymerizations can be conducted in the same vessel at
the same time as a tandem polymerization. The term fandem is inconsistently used in
literature to describe any interdependent chemical transformation conducted in one reaction
vessel. Tandem reactions include cascades of orthogonal reactions catalyzed by different
mechanisms in a one-pot approach. Similarly, WECK et al'*’. described their non-orthogonal
reaction cascades in nanoreactors as tandem catalyzed. Sometimes, the term is extended to
the synthesis of spatially resolved polymer nanocomposites from two monomers in one
reaction vessel*. A synthetic strategy that involves only one catalyst and monomer to produce
nanocomposites is usually referred to as mwin polymerization'"'. Even sequential
transformation where a second catalyst is added to the same reaction mixture after
completion of the first step is sometimes loosely referred to as a tandem transformation.
FREUDENSPRUNG et al.* coined the term simultaneous tandem block polymerization for
describing systems where two independent, orthogonal polymerization techniques are
employed to produce diblock or triblock copolymers from a feed of two monomers in one
single polymerization step. Likewise in the following, the expression simultaneous tandem

grafiingwill be employed.
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The simultaneous tandem approach is expected to leverage the superior diffusivity of
monomers over polymer chains. Control over the resulting architecture will be established
through monomer and initiator design. A particular focus is directed towards incorporating
monomers with disparate functional groups and polarities. At the same time, discreet
segments of the two blocks are desired, while care must be taken to avoid gradient
incorporation of the two monomers. Besides the intrinsic value of decreasing the labor load
of the synthetic process, such a simultaneous approach should decrease the occurrence of
unwanted side reactions. Furthermore, this work seeks to achieve a careful balance of the two
independent polymerization kinetics and thus circumvent unfavorable steric hindrance

regimes, as well as gain insight into potential interactions between polymerizations.
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2 SIMULTANEOUS BOTTLEBRUSH POLYMERIZATION

2.1 State of Literature

This chapter discusses the implementation of a tandem grafting approach to
synthesize molecular bottlebrushes in only one reaction step. A particular focus was placed
on achieving high grafting densities. To contrast the simultaneous approach presented

herein, a brief overview over present synthetic strategies and their shortcomings is presented.

2.1.1 Sequential Synthesis of Molecular Bottlebrush Polymers

The allure of molecular bottlebrushes with their broad range of applications and their
role as model compounds for natural systems has inspired a broad body of work devising
synthetic strategies to reliably yield BBs with the desired characteristics. Generally speaking,
all reported polymerization pathways can be summarized into three overarching themes:

gralting to, grafiing from, and gralfiing through'®.

Conceptually, the grafting through process is a polymerization of macromonomers
(MMs). The side chains of the targeted molecular bottlebrush are synthesized first and
equipped with a polymerizable chain end. In a second step, these moieties are polymerized,
yielding the desired BB polymers. The grafting through method reliably produces high
grafting densities, as each backbone monomer is necessarily functionalized with a side chain.

Lower than 100% grafting densities can also be targeted as desired. If the MM solution is
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diluted with additional monomer of equal reactivity to the macromonomer, the grafting

density can be lowered to yield pseudo-graft copolymers'.

The most common approach is to functionalize the macromonomer with an olefin
chain end to allow for anionic or radical polymerization'**~. The advantage of this approach
is that very high grafting densities can be achieved. If every backbone monomer is
functionalized with one side chain, neighboring side chains are only separated by one
carbon-carbon bond. While living anionic polymerization is generally capable of producing
polymers with low dispersities under excellent control, anionic polymerization of
macromolecules introduces several issues. The concentration of polymerizable
functionalities is intrinsically low in macromonomers due to the presence of the side chains.
Large steric bulk of the side chains further impede the polymerization and conversion was
found to be dependent on side chain length'”. While the side chains dilute monomer
concentrations on one hand, they also cause gelation at relatively low conversions.
Additionally, the high purity requirements of anionic polymerization are often difficult to
achieve for macromonomers. As a result, anionic grafting through is frequently characterized

by low conversions with a large homopolymeric population remaining in the product'®.

(Conventional) radical polymerization of macromonomers is much more tolerant of
impurities and a range of reaction conditions. However the broad dispersities associated with
radical polymerization make this approach unattractive for many applications. RDRP
approaches and specifically ATRP are much more commonly employed for macromonomer
polymerization'*”. To avoid bimolecular termination reactions, these polymerizations are
conducted with rates of deactivation exceeding rates of activation. As a result, polymerization
rates are very low. This effect is exacerbated by the low concentrations of polymerizable end
groups. The low ceiling temperatures of macromonomer radical polymerization limit the
applicability of this technique further. The steric challenges and low gelation points discussed

for anionic grafting through also apply for radical polymerizations'**.

Introducing strained cyclic olefins as end groups for the side chains allows to employ
ROMP as a viable alternative for grafting through. Most commonly, side chains are
functionalized with norbornenyl groups due to their high reactivity towards ROMP.
Norbornenyl groups alleviate the steric hindrance of side chains'*. In contrast to vinyl
polymerization of macromonomers, where each chain is separated by two carbons,
norbornenyl derived backbones produce side chain distances of six carbons. Using highly
active GRUBBS or HOVEYDA-GRUBBS catalysts, rapid polymerizations with full conversions and
low dispersities are routinely reported'*>'*®. Using norbornenyl derivatives as initiators for

side chain ROP allows to synthesize end-functionalized side chains in one step. Using the
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same approach with ATRP-derived side chains is less successful as there is competition
between norbornenyl incorporation into the side chains. Nonetheless, all grafting through
polymerizations suffer from the issue of incomplete chain-end functionalization. If the
reactions introducing vinyl or norbornenyl groups are not quantitative, the polymerization
mixture contains both macromonomer as well as homopolymeric impurities that cannot be
grafted. As a result, solvent intensive purifications such as dialysis or liquid chromatography
are required to separate homopolymers from BBs. CZELUSNIAK et al.'*> conducted systematic
research in the synthesis, characterization and degradation of polylactide functionalized
polyoxanorbornanes using the grafting through technique. The group used stannous octoate
(Sn[Octl,) as catalyst and oxanorbornanes as initiators to produce Polylactide functionalized
macromonomers. They noted the increased ROMP activity of 2"! Generation Grubbs catalysts
over the first generation equivalents. The 3™ Generation Grubbs catalyst was found to
produce more narrowly distributed bottlebrushes. All their polymerizations produced

bimodal distributions due to macromonomers remaining in the reaction mixture.

For the second method - grafting from - the polymeric backbone is synthesized first and
equipped with pendant initiating sites. This macroinitiator is then used as a template in a
second polymerization step, where side chains are grown at the initiating sites'’. The
advantages of this approach lies in the possibility to reliably synthesize long backbones with
low molecular weight distributions. By denaturing proteins, followed by site specific
functionalization with initiating functions, unimodal length distributions of the backbone
can be achieved'®. Additionally, grafting from has lower steric barriers as the small
monomers can easily diffuse to the active sites in contrast with the high steric demands of
polymerizing macromonomers. Any unpolymerized monomer can subsequently be removed
from the polymerization mixture by precipitation. A drawback to this technique lies in greater
side chain dispersities and lower grafting densities'*. Initiators may either be introduced by
post polymerization modification of functional groups of the monomer or by employing
monomers with initiating functionalities, so called inimers. Both approaches have advantages
aswell as disadvantages. Introducing the functionalities postpolymerization suffers from the
same issues as all polymer analogous reactions. In brief, polymer modifications generally
have lower yields than their small molecule analogs. The success of polymer analogous
reactions depends on the diffusional mobility of the reactants, intermediates, and products in
the reaction mixture'”. Moreover, the primary, secondary and tertiary structure of the
polymer chain (in solution) dictates the steric hindrance of inbound reagents onto the
reaction sites. As a result, achieving 100% conversion to initiating sites is unrealistic and the
maximal grafting density cannot be reached. The inimer approach on the other hand ensures

that all backbone monomers do indeed carry initiating sites. However this method is
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contingent on employing polymerization techniques that are tolerant of the functionality at
hand. Usually this necessitates that backbone polymerization and side chain polymerization

be orthogonal techniques.

Polymerization of the side chains can proceed through a large range of polymerization
techniques. Radical polymerization is most commonly employed with reversibly deactivating
agents as the close proximity of propagating radicals in neighboring chains encourages
bimolecular termination resulting in looped side chains'*’. ATRP is commonly employed,
partially owed to the fact that ATRP initiators are easily introduced in the backbone.
Additionally, the technique is tolerant to various functional monomers. Core-shell BBs can
easily be prepared by sequential addition of different monomers'*°. However, despite the low
radical concentrations, active ATRP chain ends can still undergo termination reactions'*>. The
occurrence of bimolecular radical coupling is particularly detrimental if it takes place
between two different brushes. Even a very low incidence of such crosslinking can lead to
rapid gelation and notably impacts product properties.!'” Moreover, in ATRP grafting from,
not every initiating site does indeed start the growth of a side chain. Direct comparisons
between brush initiator efficiency and linear initiator efficiency in ATRP systems were made
and found to be consistently lower due to the site congestion."! Side chain polymerization via
anionic polymerization tends to be a more reliable approach. The propagating anions do not
participate in mutual coupling reactions and lower side chain PDIs are reported™*. However,
as with anionic grafting through, the technique is contingent on high purities in monomers

and macroinitiator.

The final technique - grafiing to -relies on the separate synthesis of side chains and
backbone with complementary functional groups'*®. The separate synthesis of side chains and
backbone in this approach allows to produce narrow dispersities in both sets of polymers. As
a result, bottlebrushes with narrow molecular weight distributions could be expected.
However, the synthetic success of this technique is conditional to the fidelity of the coupling
reactions as well as the steric barriers. Fast and high conversion reactions such as “click”
chemistry is frequently used in context of grafting to'*°. An elegant alternative includes using
living anionic side chain ends in nucleophilic substitution on poly (chloromethyl styrene)
backbones. Notwithstanding the high conversions of such reactions, the grafting densities
using this technique are usually low. In the high steric bulk of the brush, equal reactivity
assumptions between small molecule and polymer analogs break down. The dissolved side
chains in their coil conformation represent a formidable hindrance to allow the two
functional groups to react. Moreover the concentration of reacting groups is very low for

longer side chains. With increasing conversion, the bulk of the brush grows ever larger,
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shielding inbound side chains from the reaction sites. As a consequence, brushes with low

grafting densities are produced with large amounts of homopolymeric impurities''.

2.1.2 One-pot Syntheses
Various groups have reported one-pot synthetic strategies for the synthesis of

molecular bottlebrushes. However, so far no truly simu/taneous synthesis could be reported.

MATSON et al.”** employed diazabicycloundecene (DBU) for ROP of cyclic lactones. The
group synthesized an oxanorbornene inimer capable of initiating ROP, while the strained
norbornenyl group readily undergoes ROMP in the presence of Grubbs-IIl. Side chain
polymerization was conducted first, quenched and after addition of ROMP catalyst, narrowly
distributed bottlebrush polymers could be isolated. However, FOGG™* et al. already showed
that amines and other BRONSTED bases are highly efficient in the decomposition of
phosphine-free metathesis catalysts. Therefore, the DBU catalyst was found to deactivate the
Grubbs-1III catalyst, necessitating that the side chains be polymerized first, followed by a
quenching step. The catalytic system therefore does not allow a one-step simultaneous

process.

Previous work by CHARVET and NOVAK'* exploited the ability of the First Generation
GRUBBS catalyst (Grubbs-I) to initiate ROMP of strained olefins while simultaneously
shuttling halides as ATRP catalyst. The group synthesized a strained cyclic olefin with ATRP
initiator functionality. The Grubbs-I catalyst then polymerized the inimer, while also
polymerizing methyl methacrylate (MMA) side chains. However in their syntheses, the group
found that ROMP was complete within 30 min while ATRP did not achieve full conversion
after 48 h. Moreover, it was found that certain reaction conditions encouraged competition
of the unsaturated backbone with MMA for ATRP. As a result, GPC analyses revealed
molecular weight distributions ranging from 1.67 to 2.62 or bimodal distributions. The
targeted DP of the backbone was 20 while side chains of 5 and 40 monomers were
synthesized. Low yields were reported for side chain DPs of 40, while DPs of 5 led to better
conversions. The elegant approach of using only one catalyst for both polymerizations led to

some interesting insight, despite falling short of a truly orthogonal polymerization.

Similarly, ZHU et al'® used a phosphoamidate ROMP inimer and dimethyl
aminoethyl methactrylate (DMAEMA) with Grubbs-I and the Third Generation GRUBBS
catalyst (Grubbs-1II) to synthesize dense brushes. The group directly contrasted the one-pot
approach with grafting from and grafting through of the same monomers. All three pathways
produced polydispersities between 1.52 and 1.75. However, only the grafting through method
led to yields greater than 30%. Likewise, poor control over DPs led to molecular weights

divergent from theory. No kinetic profiles were established between the two polymerizations.
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Likewise, various other groups have successfully combined two orthogonal
polymerization strategies in one-pot syntheses, among which WOOLEY et al"*’. and GRUBBS'*®
and coworkers deserve particular mention. Often the term “tandem” is used in these contexts
to describe the dual role of backbone inimers. However, most of this work is conducted in a
step-wise manner. Truly orthogonal and simultaneous copolymerization towards
bottlebrushes had never been reported. Part of the work presented in this chapter has been
published elsewhere' and is adapted with permission from'® Copyright 2021 American
Chemical Society.
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2.2 Concept

The unique mechanical properties that underpin the many uses of molecular
bottlebrushes are a result of high grafting densities coupled with low dispersities'"’. For the
successful synthesis of molecular brushes, the chemist must control chemical composition,
backbone degree of polymerization, side chain length and grafting density. With the three
techniques presented above it is challenging to control many parameters at once. The
common pitfall for the established polymerization techniques lies in steric hindrance:
grafting through is sterically encumbered through the polymerization of macromonomers,
grafting to is sterically hindered when side chains diffuse to the backbone and grafting from
is sterically hindered in the growth regimes. Efforts to improve synthetic pathways should
therefore focus on devising strategies to mitigate the diffusion barriers, while retaining the

inimer motif to ensure maximal grafting densities.

The following work was inspired by the observation that small molecules diffuse
much more readily towards active chain ends than macromonomers, side chains or
backbones. If, therefore polymerizations could be conducted in such a way as to ensure that
both backbone monomers and side chain monomers can freely diffuse towards their
respective growing chain ends with the same reaction rates, both polymerizations could take

place with minimal steric hindrance. This concept is represented graphically in Figure 2-1.
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Figure 2-1: graphic representation of simultaneous backbone and sidechain polymerization

The polymerization mixture (top left) is a dissolved mixture of the two monomers:
backbone inimer and side chain monomers. The dual polymerization is initiated by addition

of the respective catalysts/initiators. During the early polymerization stages (top right), the
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inimers are unhindered to initiate side chain polymerization so that a quantitative initiation
rate can be achieved. At the same time, backbone polymerization can take place without steric
hindrance of the side chains as at this stage, the side chains are still short. If the
polymerization conditions and catalyst systems can be adjusted to ensure comparable
reaction rates, the backbone polymerization can proceed with little steric hindrance for the
majority of the polymerization timeframe. Likewise, the side chain growth occurs
predominantly in unhindered regimes, as in early reaction times, most side chains grow in
solution (bottom left). In later reaction times when most inimers are incorporated into the
backbone, side chain polymerization takes place off the backbone. However as side chains
grow longer, the active chain ends enjoy greater mobility due the radially increased degrees
of freedom. Depending on the precise reactivity ratios between the two polymerizations, it
can be envisioned that bottlebrushes with narrow dispersities and high grafting ratios can be
synthesized with minimal steric hindrance (bottom right). The resulting technique would be

a novel synthetic strategy, combining aspects of grafiing-from and grafiing-through.

For such a vision to be feasible, the backbone polymerization must occur
independently from the side chain polymerizations. No inimer should be incorporated into
the side chains so as to avoid multi-branched structures. Conversely, no side chain monomer
should dilute the backbone grafting density. To avoid statistic incorporation of monomers, the
two polymerizations must proceed via two mutually exclusive mechanisms. Additionally, the
two processes should be independently tunable so as to ensure truly simultaneous reactions.
As a consequence of these premises, two different polymerization mechanisms must be
chosen. Previous attempts to afford simultaneously polymerized molecular bottlebrushes
(vide supra) informed the choice of polymerization techniques. Of the many polymerization
techniques, examples of grafiing-through in literature is limited to ROMP and ATRP.
However as ATRP suffers from low ceiling temperatures and inherently slow polymerization
rates, it was decided to choose ROMP as backbone polymerization technique. The excellent
substrate tolerance of ROMP allows to polymerize a range of inimer substrates. The side chain
polymerization must initiate reliably and offer synthetic opportunities to match the kinetic
rates with those of ROMP. Due to the large range of catalysts and monomers and therefore

large range of polymerization rates, it was decided to polymerize the side chains through ROP.
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2.3 Studies of Orthogonality

In order to assess the feasibility of simultaneous grafting, the orthogonality of the
chosen catalytic systems needs to be established. As outlined above, the system must be such

that

() The two catalysts do not degrade each other (catalyst tolerance)

(ii) The propagating mechanism is specific to the respective monomers (specificity)

(iii)  Monomers and catalysts do not undergo side reactions (catalyst-monomer
interaction)

(iv) ~ The two monomers do not interfere with each other (monomer-monomer
interaction)

(v) One solvent system can dissolve all reagents (solvent choice)

(vi)  The reaction temperature is amenable to both polymerizations (temperature)

Additionally, the specific demands based on the target architecture demand that the

two systems

(vii)  Be covalently attached (inimer choice)

(viii)  Occur truly simultaneously to minimize unfavorable steric regimes, i.e. have
similar reaction timeframes (kinetics)

(ix)  Achieve full conversion to avoid macromonomeric impurities (high
conversion)

Every requirement above must be addressed in order to afford a well-controlled

simultaneous system.

23.1 Catalyst-Catalyst Interactions

For the orthogonal combination of ROP and ROMP, it is particularly important that
the catalysts be mutually tolerant. It was already established that basic reagents deactivated
Grubbs-type catalysts vide supra. As a consequence, many organocatalysts commonly
employed for ROP are unsuitable for these purposes. Basic organocatalysts for the ROP of
cyclic lactones are usually nucleophilic tertiary amines or phosphines. They include for
example 4-dimethylaminopyridine (DMAP), 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU); 7-
methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
or phosphazene bases'®. Moreover, common metathesis catalysts are late transition metal
complexes whose catalysis performance is sensitively dependent on the electronic structure

of the frontier orbitals''. As a consequence, reducing catalysts used in ROP like stannous
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octoate are unsuitable for the purpose outlined herein. In contrast, FREUDENSPRUNG et al.*>'**
recently showed that the NHC 1,3-dimesitylimidazolin-2-ylidene (SIMes) can be employed
to effect ROP of cyclic lactones together in a one-pot, one-step process with the Second
Generation GRUBBS catalyst (Grubbs-II) for ROMP of strained cyclic olefins to yield di- and
tri-block copolymers. Notably, FREUDENSPRUNG showed that the two polymerizations both
proceeded exceedingly fast, achieving full conversion within 15 min. This catalytic system
therefore showed great potential to fulfill the requirements outlined above and was adopted

as a potential catalytic tandem system for the synthesis of molecular bottlebrushes.
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Chart 2-1: The two mutually compatible catalysts employed by FREUDENSPRUNG: NHC 1,3-
dimesitylimidazolin-2-ylidene (SIMes) and Second Generations Grubbs catalyst (Grubbs-1I).

FREUDENSPRUNG and coworkers further undertook '"H NMR experiments to prove
that the two catalysts are mutually tolerant. In brief, the two catalysts were also dissolved
together, allowed to react for 90 min and changes in catalyst structure were tracked via
'"H NMR. However, the choice of CD,Cl, as solvent did not allow to make conclusive
statements concerning their structural integrity, as chlorinated solvents are known to react
with and therefore deactivate NHCs.'**'**The experiment outlined by FREUDENSPRUNG'®* was
therefore repeated in deuterated toluene (toluene-ds) to observe the active SIMes catalyst
interacting with Grubbs-II. The solvent was thoroughly degassed and dried over molecular
sieves before dissolving the NHC. Nevertheless, the freshly purchased SIMes catalyst showed
some degradation products in the '"H NMR spectra (see Figure 2-2 bottom). Particularly the
signal at 7.92 ppm present in both pure SIMes as well as in the Grubbs-II and SIMes solution
can be allocated to the imidazolium product from protonation of SIMes. The degradation
product may be the result of trace acidic impurities in either catalyst or deuterated solvent'”.
The relative concentration of 15% of the impurity was taken into consideration for effective
catalyst concentrations in subsequent experiments. The signal at 5.65 ppm further highlights
the sensitivity of SIMes catalyst to trace amounts of residual water in the reaction medium.
When mixing the SIMes and Grubbs-II catalyst and allowing for two hours reaction time at
room temperature under inert atmosphere, the impurity signal at 5.65 ppm could not be
detected. Apart from this impurity’s absence, the '"H NMR spectrum of the catalyst mixture

does not show any significant changes from the pure catalyst solutions. Particularly the
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alkylidene proton of the Grubbs-II catalyst at 19.58 ppm reveals the electronic structure at
the active catalyst center. As this proton’s chemical shift is unaltered, it can be concluded that
the Grubbs-II catalyst remains intact. FREUDENSPRUNG'®* observed a significant shift of an
unassigned proton signal from 4.42 ppm to 4.44 ppm. This signal was not observed in the
experiments described herein and was instead attributed to an interaction with the
chlorinated solvent. The "H NMR experiments therefore supported the mutual tolerance of
the two catalysts and it was decided that the combination of SIMes and Grubbs-II was an

excellent starting point for the implementation of simultaneous tandem grafting.

232 Specificity of Polymerization Mechanisms

For the synthesis of well-defined molecular bottlebrush polymers in one step, the two
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Figure 2-2: "H NMR spectrum of SIMes (bottom), Grubbs-II (top) and their mixture after 2 h incubation
under inert atmosphere (middle). All spectra recorded at RT with a 250 MHz spectrometer in
toluene-dsg

polymerizations must be specificto the respective monomers, rather than selective. 1f the two
polymerizations proceeded according to only one mechanism but with varying selectivity, a
gradient polymer would be produced. True specificity can only be ensured if the mechanistic
pathways of the two polymerizations are limited to one monomer each. For this reason, the
underlying mechanistic motifs of NHC-mediated ROP and metalalkylidene-mediated ROMP

should be considered.

As the name indicates, ring opening metathesis polymerizations are metathesis
transformations*grubbs. Metathesis of strained cyclic olefins result in the spontaneous

polymerization into linear, unsaturated polymers. During initiation, a cyclic olefin
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coordinates to the metalalkylidine catalyst, followed by [2+2] cycloaddition to yield a
metallacyclobutane intermediate. Through cycloreversion of the intermediate, a new
metalalkylidine is produced, releasing the ring strain of the monomer. This release of ring
strain is the thermodynamic driving force of polymerization. If the monomer concentration
is sufficiently high, analogous steps produce a growing polymer chain. The polymerization
ceases when all monomer is consumed, an equilibrium is reached or the reaction is

quenched'®.

O ()
LnM=\R+Q—~ = —;Ln ’LnM:/_L\

L,M=1= R
R

Scheme 2-1: Equilibrium reaction steps in the mechanism of ROMP, where L,M represents the ligated
late transition metal. The final step in the mechanistic cycle that results in the ring-opened
new metal alkylidene is irreversible due to the loss of ring strain.

ROP effected by NHCs on the other hand proceed through a zwitterionic or hydrogen-
bonding nucleophilic pathway in the absence or presence of alcohol respectively**. With an
alcoholic initiator, NHCs produce linear polymers with one chain end derived from the
initiator and the other end derived by the quenching reaction. In the absence of initiator
however, NHCs have been shown to produce macrocyclic polyesters. Without alcohol,
polymerization proceeds via a zwitterionic pathway*’. In brief, the nucleophilic carbene
attacks the carbonyl group of the lactone and forms a zwitterionic tetrahedral intermediate.
The tetrahedral intermediate ring opens to form a zwitterionic oligomer. Ring closure of the
oligomer liberates the catalyst and a macrocycle (see Scheme 2-2 a)). In the presence of an
alcohol however, the polymerization may proceed either via a zwitterionic monomer-
activated pathway or via a hydrogen-bonding mechanism. The polymerization of
g-caprolactone by the NHC 1,3,4,5-tetramethylimidazol-2-ylidene **has been shown to follow
a hydrogen-bonding mechanism. The carbene acts as a base by hydrogen bonding to the
alcohol, therefore activating it for nucleophilic attack. The alcohol-initiated nucleophilic

pathway has been shown to be faster than the zwitterionic macrocycle forming route**

39



Simultaneous Bottlebrush Polymerization

(0] RO
0 ® @0 ® 0 ij H

@ Nu—H _ )V/\ Nu—H,_ J\/\ n " x\\
I S N
—— oS> Vo — 9

B R

Scheme 2-2: Base-Catalyzed (a) Zwitterionic Ring-Opening Polymerization (ZROP) of Lactones and
(b(i) Nucleophilic and (b(ii)) Hydrogen-Bonding Mechanisms for the Ring-Opening
Polymerization of Lactones in the Presence of Alcohol Initiator. Reproduced with permission
from**. Copyright © 2015 American Chemical Society.

Therefore, the two propagation mechanisms are specific for the respective monomer
functionalities: ROMP is a metathesis reaction requiring a strained olefin and NHC-catalyzed
ROP is a successive transesterification reaction requiring a strained cyclic ester. So as long as
the strained olefin does not contain an ester functionality and the strained lactone does not
contain unsaturated carbon-carbon bonds, the two polymerization mechanisms proceed
exclusively by propagation of the respective monomers. In addition to these theoretical
concepts, FREUDENSPRUNG?? has shown that the simultaneous ROP by SIMes of L-lactide and
glycolide with ROMP by Grubbs-II of norbornene and cyclooctene resulted in the formation
of two discreet block of the respective monomers. IR, 'H NMR, DSC and TGA measurements
were used to confirm their discreet structure'®. However, in order to assess orthogonality, all
functionalities of the participating monomers must be taken into consideration. It has been
reported that NHCs can indeed polymerize monomers with olefin functionality via
polyaddition. In particular, the small NHC 1,3-ditert-butylimidazolin-2-ylidene was found to
polymerize linear and cyclic acrylates via conjugate-addition'®”. However, the polymerization
requires (i) a sterically accessible NHC (ii) conjugation of the double bond to a carbonyl group.
Indeed, it was shown that in a series of multivinyl functionalized y-butyryl monomers, the
polymerization occurs selectively at the conjugated a-methylene double bond while leaving
other vinyl groups intact'®®. These considerations were given due attention in the catalyst

selection and monomer design.
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23.3 Covalent Attachment: Monomer Selection

In order to control the macromolecular architecture, covalent attachment between the
side chains and backbone must be enforced. One elegant option to achieve this covalent
attachment is to employ a monomer with initiating functionality for the backbone chain.
While the initiating functionality should reliably initiate the side chain polymerization, it
should not interfere with the ROMP polymerization of the backbone. As discussed above,
monomers capable of polymerization via ROMP are strained cyclic olefins. By functionalizing

the monomer with a hydroxyl group, ROP of the side chain can be initiated.

Among the large pool of monomers commercially available to undergo ROMP,
2-norbornene and its derivatives are an attractive option. The bicyclic structure imparts
particularly large ring strain on the monomer. As a consequence, norbornene-derived
monomers are highly active in ROMP **'%~1"1" High monomer reactivity is particularly
important when synthesizing densely grafted polymers'®®. Particularly when polymerizing
functionalized monomers, monocyclic monomers have been found to be generally less
reactive, with the recent work by TANAKA et al. providing an exception to prove the rule'”. An
additional advantage of norbornenyl monomers is their ease of functionalization.
Norbornene and its derivatives are readily synthesized via DIELS-ALDER reactions between

cyclopentadiene and a dienophile'™

The simplest monomer design combining the two motifs would be the norbornene
monomer functionalized with a hydroxyl group at any position of the bicyclic system. The
reactivity of ROMP-monomers is regio-sensitive to the introduced functionalities, a
functionalization at the 2-position (respective to the bridge-head) produces the most reactive
monomers'. Likewise, ROP initiation has been found to be more efficient by primary alcohols
over secondary or tertiary alcohols.”” This concept is combined in the monomer 5-

norbronene-2-methanol (NBM) (see

). The spatial arrangement of the methanol group with respect to the bridging carbon

allows for two isomers: endo- and exo- methanol (referring to the orientation of the

O g TSP
o s Qpedl CU RN A

PCy,

Ph

SIMes L-lactide NBM Grubbs-II
dienophile during DIELS-ALDER addition). A mixture of these isomers is available

commercially.
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Chart 2-2: Monomers and catalysts used for simultaneous tandem grafting.

As FREUDENSPRUNG has shown the successful combination of norbornene with L-
lactide, it was expected that the structurally related norbornene-methanol could be applied
together with L-lactide, using the same catalysts, reaction conditions and solvents to afford
the corresponding bottlebrush polymer. Additionally, polylactide functionalized graft
polymers are interesting target molecules as their biocompatibility and biodegradability allow
in-vivo applications. Their many potential applications make polylactide brushes a much
researched set of polymers. So it was decided that the monomers employed for the tandem

grafting experiments should be NBM and L-lactide.

234 Monomer-Monomer Interactions

After establishing the monomer combination of L-lactide and NBM it was investigated

NEM+LLA

NBM
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Figure 2-3: "H NMR spectrum of NBM (bottom), LLA (top) and their mixture after 2 h incubation under
inert atmosphere (middle). All spectra recorded at 250 MHz in toluene-ds.

whether the two monomers are compatible with one another. The two monomers should not
undergo reactions, including polymerizations in the absence of catalysts. To assess their
compatibility, the two monomers were dissolved together in toluene-ds and allowed to react
for two hours in a glove box. Then, 'H NMR spectra were recorded of the mixture. The
'"H NMR spectra of the incubated solution (see Figure 2-3) revealed two noteworthy shifts

when compared to pure solutions of monomer. The methine proton of LLA monomer shifted
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downfield from 3.84 ppm to 3.93 ppm, while the hydroxy-proton of NBM is shifted upfield
from 2.00 ppm to 2.02 ppm. These minor shifts are due to the interactions of the mildly
nucleophilic hydroxy-group with the carbonyl center in LLA. The interactions are strong
enough to alter the chemical environments of these two proton centers but not sufficient to
cause ring opening, as evidenced by the absence of secondary alcohol peaks. The NBM bridge
system and olefin signals remain unchanged. The two monomers were therefore concluded

to be compatible for the purposes of this project.

23.5 Test Homopolymerizations

The two monomers were then polymerized by their respective catalysts to gauge
wither the combination affords efficient initiation and polymerization. Reaction conditions
were adopted from FREUDENSPRUNG™ and the test homopolymerizations were conducted in
dry THF at room temperature. Table 2-1 summarizes the molecular weights of the resulting
homopolymers. Molecular weights established through GPC matched closely to those
expected theoretically when assuming 100% conversion. In contrast to previous findings'®*,
prolonging LLA polymerization over 15 min to 90 min resulted in decreased dispersities from
139 to 1.24, with concomitant increase in molecular weights from 8 400 g.mol™ to
10 800 gmol™". Grubbs-II initiated and polymerized NBM reliably, as evidenced from
relatively narrow dispersities (1.34 after 60 min and 1.33 after 90 min) and a close match
between theoretical molecular weight (12 500 g.mol™) and experimental molecular weight
(11.500 g.mol ™). The reliable initiation and the control over molecular weight were previously
established as two key requirements for this project. These test reactions therefore show
promise for the orthogonal combination of the two polymerizations. '"H NMR spectra were
recorded to compare the homopolymer with tandem polymerizations. The spectra of 1 and 2

revealed the covalent attachment of NBM initiator with the PLLA chains.

Table 2-1: Homopolymerizations of LLA and NBM with SIMes and Grubbs-II respectively.

Entry Monomer Temp. MN heo? Time Mn® Mw?b PDIP
[°C] [g-mol™| [min] [g-mol™| [g-mol™]

1¢ 15 8 400 11 700 1.39
LLA RT 14 400

2¢ 90 10 800 13 500 1.24

34 60 8 100 10 800 1.34
NBM RT 12 500

44 90 11 500 15 200 1.33

sassuming 100% conversion. "determined via GPC in THF versus polystyrene standards. ‘NBM:SIMes:LLA ratio 1:1:100
in dry THF. ¢Grubbs-IENBM ratio 1:100 in dry THF.
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The GPC traces (seeFigure 2-4) show a certain low molecular weight trailing for the

ROMP homopolymerizations 3 and 4.
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Figure 2-4: GPC traces of Test homopolymerizations 1-4 in THF versus PSt standards.

236 Catalyst-Monomer Interactions

For true orthogonality of the two polymerizations, it does not suffice that the two
polymerizations proceed by distinct pathways. Moreover, it is essential that the two processes
do not encourage mutual side reactions. In the tandem system of L-lactide polymerized by
SIMes, and NBM polymerized by Grubbs-II, such unwanted side reactions can include
transformations of NBM effected by SIMes or degradation of Grubbs-II by L-lactide and vice
versa. To assess the strength of these potential interactions, the two catalysts were mixed with
the respectively presumed orthogonal monomer and were allowed to react for several hours
under inert atmosphere. The mixtures were then analyzed via'H NMR and compared to the

pure substrate.
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Figure 2-5: '"H NMR spectrum of LLA (bottom), Grubbs-II (top) and their mixture after 2 h incubation
under inert atmosphere (middle). All spectra recorded at 250 MHz in toluene-ds.

The 'H NMR spectrum of the Grubbs-II and LLA incubated solution in toluene-ds
shows no significant shifts with the exception of a minor upfield shift of the alkylidene proton
(seeFigure 2-5). The pure Grubbs-II catalyst spectrum (also in toluene-ds) showed the
alkylidene proton shift at 19.59 ppm. The spectrum recorded after incubation with LLA
showed that proton to be shifted upfield to 19.51 ppm. This shift, though small, may be
significant as it indicates a change in the electronical structure at the active catalyst site. Such
changes could in turn lead to altered polymerization kinetics when employing Grubbs-II
together with LLA in a tandem system. However as the other signals of the catalyst and the
LLA monomer remain unchanged, it appears that the small alkylidene shift does not
represent a catalyst degradation. Indeed, this shift of 0.08 ppm is within the order of
maghnitude associated with dissolving Grubbs-II in different solvents. For example. the
alkylidene proton of Grubbs-1I was reported to appear at 19.16 ppm when dissolved in
CD.Cl,” This is not to say that the catalyst shows no changes in polymerization kinetics when
employed together with LLA. It is well known that Grubbs-type catalysts’ reactivity are
sensitively dependent on solvent choice.'” Still, FREUDENSPRUNG showed that the catalyst
performs ROMP even in the presence of LLA*’ (although no investigations into kinetic profiles
were made). It was therefore decided to proceed with this combination, even with the minor

changes.

In the combination of SIMes and NBM, it was feared that the carbene might interact
with the olefin which would render the monomer inactive with respect to ROMP.

FREUDENSPRUNG'** observed a broadening of PDI in the tandem process compared to stepwise
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synthesis. Potential interactions were therefore investigated. The spectra in Figure 2-6 show
limited interactions between SIMes catalyst and norbornenyl monomer NBM. The signal at
7.92 ppm that was previously stipulated to represent an inactivated form of the catalyst,
decreased upon reacting with NBM monomer. It therefore appears that the “inactive” catalyst
does interact with the monomer in some way. The nucleophilic interaction between carbene
and alcohol leads to the disappearance of the alcohol proton together with the appearance of
signals at 2.56 ppm and 1.93 ppm. Likewise, the adjacent protons to the alcohol are shifted.
These effects can all be explained by the hydrogen-bonding interactions of the NHC. The
association between alcohol and carbene plays a substantial role in the mechanism of NHC-
catalyzed ROP in the presence of alcoholic initiator (vide supra). Through hydrogen bonding
between alcohol and NHC, the alcohol is activated towards nucleophilic attack at the
carbonyl. It was therefore expected to observe the shifts detailed above. Importantly, the
olefinic proton signals between 6.13-5.91 ppm do not undergo changes in position or peak
patterns. And it was concluded that the SIMes catalyst does not undergo addition to the double
bond. Likewise, the characteristic bridge-protons at 1.25-1.12 ppm remain unchanged. It can

therefore be deduced that the ring system remains intact in the presence of SIMes.
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Figure 2-6: '"H NMR spectrum of SIMes (bottom), NBM (top) and their mixture after 2 h incubation
under inert atmosphere (middle). All spectra recorded at 250 MHz in toluene-ds.
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Following these conceptual studies, the tandem system defined by the combination of
LLA and NBM polymerized by SIMes and Grubbs-II fulfills most of the requirements set on
an orthogonal system. The propagating mechanism was shown to be specific to the respective
monomers, no side reactions were observed between the two catalysts and monomers, all
reagents could be dissolved in THF and conducted at RT to high conversions and covalent
attachment between NBM and PLLA was observed. The system therefore shows promise for

successful tandem polymerizations.
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24 Tandem Polymerizations

241 Tandem Grafting with Grubbs-II and SIMes

Grubbs-Il, SIMes o)
" m/o :[ i THF RT ‘v{o\rH\o/u\(}OH
n 0 m/n
NBM L-Lactide

Scheme 2-3: Simultaneous tandem grafting of LLA and NBM effected by NHC SIMes and metathesis
catalyst Grubbs-II

Following the conceptual studies above, the tandem system was tried in practice.
Starting with a targeted side chain DP of 100 LLA units and a backbone DP of 100 NBM units,
all monomers and catalysts were dissolved in dry THF. The LLA monomer concentration was
fixed at 0.1 M. The red-violet tint originating from the Grubbs-II catalyst rapidly changed to
orange, indicating catalyst activation. After 60 min, the reaction was quenched through the
addition of one drop of trifluoro acetic acid (TFA) and ethyl vinyl ether (EVE). The precipitated
polymers were analyzed via GPC. Table 2-2summarizes the results of these first attempts at
tandem grafting. Theoretical molecular weights of the polymers were calculated according to

Equation 2-1 and Equation 2-2.
Mnineo(graft) = Mypm + Mipa X Equia
Equation 2-1

where Mnueo(graft) refers to the expected molecular weight of the side chain, M. is the molar
mass of LLA monomer, Equia the equivalents of LLA with respect to NBM monomer and Mgy
the molar mass of NBM monomer. The calculation assumes that all chains were initiated by

NBM monomers and LLA monomer reached 100% conversion.

Mnpeo(brush) = Eqypy X (Mypy + Mppa X Eqppa)

Equation 2-2

where Mn.o(graft) refers to the expected molecular weight of the side chain, M. is the molar
mass of LLA monomer, Equiathe equivalents of LLA with respect to NBM monomer and Mysy

the molar mass of NBM monomer and Equsuv is the equivalents of NBM employed with
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respect to Grubbs-II catalyst. The calculation assumes that all chains were initiated by NBM

monomers and LLA monomer reached 100% conversion.

Table 2-2: Simultaneous tandem grafting of NBM and LLA with SIMes and Grubbs-II at RT.

Entry Eq. LLA*  Eq. NBMP I\(g;ﬁ) dl(\gfu‘:ﬁ’) M ey © PDI¢
/g.mol-1 /g.mol-1 /g.mol-1

5 100 100 14500 1450000 3500 131

6 100 50 14 500 725 000 6 700 135

7 100 20 14 500 290 000 3 500 133

Polymerizations conducted in THF at a concentration of 0.1M with respect to LLA. Quenching after 60 min. #equivalents of LLA
with respect to NBM monomer. ®equivalents of NBM with respect to Grubbs-II initiator. ¢ theoretical molecular weight of side
chains assuming 100% conversion of LLA monomer deriving exclusively from NBM initiated chains. ¢ theoretical molecular
weight assuming 100% conversion of NBM monomer and 100% conversion of LLA monomer. ¢determined via GPC against PSt
standards.

Entry 5 shows that the isolated polymer diverges dramatically from the theoretical
weights that would be expected at full conversion. The isolated polymer M, of 3 500 g.mol"!
falls far short of even the side chain theoretical molecular weight of 1 450 000 g.mol". The
corresponding GPC trace was asymmetric with a large shoulder or bimodal distribution
towards early elution times. The bimodal distribution is included in the PDI of 1.31. This trend
was also observed for entries 6 and 7 with targeted backbone DP’s of 50 and 20 respectively.
Such large mismatches indicate very poor control over the polymerization. NMR analyses (see
Figure 2-8 for representative spectrum) indicated that the isolated polymer is PLLA, while the
NBM ring remained closed, i.e. ROP proceeded, while ROMP did not occur. Furthermore, the
much lower than expected molecular weights (even compared to the expected side chains
lengths) indicate that either ROP suffered from poor conversion (due to premature catalyst
death) or chain transfer reactions (like transesterification side reactions). To rule out catalyst
death due to residual amounts of water in the commercially dried THF, all following
polymerizations were conducted in freshly distilled THF. The bimodal distributions observed
for entries 6 and 8 represent two polymer populations. A coexistence of NBM-derived
homopolymer PLLA chains and NBM-dimers with PLLA chains might explain the observed
distribution. The ROMP process might therefore occur at very low conversions, undetectable

by NMR.
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Figure 2-7: GPC traces of polymers isolated from simultaneous tandem grafting of NBM and LLA with
SIMes and Grubbs-II at RT. Elution medium THF versus PSt standards.
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Figure 2-8: Representative '"H NMR spectrum of 7 recorded in CDCl; with a 300 MHz spectrometer.
Characteristic olefin signals associated with closed ring structure highlighted (a).
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24.2  Impact of Steric Crowding
m :[ I @ Grubbs-Il, SIMes
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Scheme 2-4: Tandem polymerizations including spacer monomer NBE.

As the ROMP process was hindered, it was stipulated that the growing side chains
might represent a large steric bulk even at early reaction times. The steric bulk would then
impede the Grubbs-II catalyst from polymerizing the NBM inimer. To assess this hypothesis
and mitigate the steric hindrance, a lower DP of side chain grafts was targeted. Entry 9 had a
targeted side chain DP of 20 and a backbone DP of 100. The number average molecular
weight was somewhat larger than the expected molecular weight (4500 g.*"'vs 3000 g.mol™).
This difference is explained when considering the weight distributions. The peak shape is
clearly bimodal with a large lighter fraction and a smaller heavier fraction. The PDI of 1.51
reflects the distribution over the two populations. Still, the expected heavy bottlebrush
polymers could not be observed either via GPC or '"H NMR. Therefore, the shorter sidechain
lengths failed to bring about the desired improvements in ROMP.

Table 2-3: Simultaneous tandem grafting of shorter side chains with spacers.

Entry EgaljeBraE Eq. NBM? 1\(4;;%) dl(\gfu‘:ﬁ) Mn ey © PDI¢
/g.mol-1 /g.mol-1 /g.mol-1

9 0 100 3.000 300 000 4600 151

10 05 100 3000 300 000 11000 165

11 1 100 3.000 300 100 10 900 1.53

12 2 100 3000 300 200 9 400 1.57

Polymerizations conducted in THF at a concentration of 0.1M with respect to LLA. Quenching after 60 min. @
equivalents of NBE with respect to NBM monomer. ® equivalents of NBM with respect to Grubbs-II initiator. ¢ theoretical
molecular weight of side chains assuming 100% conversion of LLA monomer deriving exclusively from NBM initiated chains.
4 theoretical molecular weight assuming 100% conversion of NBM monomer and 100% conversion of LLA monomer. ©
determined via GPC against PSt standards.

As a second option to lower the suspected steric bulk, polymerizations were then
conducted with the inclusion of “spacer” monomers. These spacers are un-functionalized
norbornene (NBE) monomers, incapable of initiating ROP. By inclusion of these spacers, the
distance between adjacent side chains is increased. Polymerization of entry 10 was conducted

with a polymerization mixture including 0.5 equivalents of unfunctionalized NBE (with
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respect to NBM monomer). In contrast to the earlier experiments, the isolated polymer had a
molecular weight (11000 g.mol™) exceeding that expected of a single side chain (3000 g.mol™),
but falling far short of the expected bottlebrush molecular weight. The GPC trace of this
product was asymmetric and lacked the bimodal distribution observed in the previous
polymerizations. Entry 11 was conducted with a 1:1 ratio of NBE to NBM and entry 12 had a
2:1 NBENBM monomer feed. The polymerizations with larger NBE ratios surprisingly
showed lower average molecular weights, but retained the asymmetric peak shape observed
for 10. The asymmetric, yet monomodal peak shape may be explained by a preferential
homopolymerization of NBE ROMP over a statistical incorporation of NBM and NBE
monomers. Such behavior is well-documented for ROMP of norbornene derivatives'™. The
observed peak shape could therefore correspond to a mixture of PNBE, PLLA and potentially
NBM-g-PLLA oligomers.
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Figure 2-9: GPC traces in THF versus PSt standards of polymers synthesized through simultaneous
tandem grafting with spacers.
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243 Impact of Metathesis Catalyst

As neither the shorter side chains nor the use of spacers led to significant
improvements in the ROMP conversion. It was theorized that the ROP of LLA might occur at
a much faster rate than the ROMP of NBM. As a consequence, the side chains would grow
rapidly, leading to high steric bulk even at low NBM conversions. This “simultaneous” system
would therefore show much more grafting-through character. With grafting-through
characteristics, the system would likely suffer from the same issues such as incomplete
backbone polymerization and high steric challenges (see above). Likewise, the short
polymerization times would see all LLA monomer consumed, while NBM reached only low
conversion. To counter this effect, it was attempted to increase the rate of ROMP by altering

reaction conditions and metathesis catalysts.
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Chart 2-3: overview over metathesis catalysts employed to increase the rate of ROMP. The Second
Generation Grubbs catalyst (Grubbs-1I), The Third Generation Grubbs catalyst (Grubbs-III),
and its pyridine analogue (Grubbs-IIIP).

Among the large range of metathesis catalysts, the superior functional group tolerance
of Grubbs-type over Schrock-type catalysts, inspired the decision to limit experiments to
Grubbs-type catalysts. Additionally, the Hoveyda-Grubbs catalysts, despite their superior
moisture, oxygen and thermal stability, have far slower rates of initiation than their non-
chelated analogues'™'". The First Generation Grubbs catalyst (Grubbs-I) was not considered
for the tandem system at hand, as the SIMes catalyst would rapidly displace one equivalent
of phosphine ligand and thus effect the transformation from Grubbs-I to Grubbs-II. This
ligand exchange was employed by GRUBBS et al."”” when first synthesizing Grubbs-II. Instead,
owing to its excellent stability tolerance of functional groups and fast initiation rates®, the
Third Generation Grubbs catalyst (Grubbs-11I) was employed. Indeed it has been shown that
the initiation rate of Grubbs-III is at least six orders of magnitude faster than that of
Grubbs-11'"®. Grubbs-III has also been shown to be more effective in the polymerization of
macromonomers than its Second Generation predecessor'”. Additionally, a pyridine

analogue to Grubbs-III, the catalyst Grubbs-1IIP was synthesized according to a method
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reported by GRUBBS and coworkers'™. The pyridine ligands of metathesis catalyst Grubbs-I1I1P

are particularly labile, allowing for fast initiation.

@\/ Metathesis catalyst

n D

OH THF, RT n
OH

NBM

Scheme 2-5: Homopolymerizations of NBM monomer by metathesis catalysts Grubbs-II, Grubbs-III
and Grubbs-I1IP.

Table 2-4: Homopolymerizations of NBM with different metathesis catalysts.

Entry Catalyst Temp.  Time Mn heo Mn exp? Conversion® PDI*
[°C] [min]  [gmol-1]  [g'mol-1]

s | OmbbselRT g 1240 GGy g i

51 Grubbs-I 60 gg 12400 161030000 9985 (Z/Z ?:411431

I T

. Grubbs-IIIP RT o0 12400 12200 o e

Homopolymerizations of 100 eq. NBM with respect to initiator conducted in dry THF at 0.01 M monomer
concentration). * determined via GPC in THF vs. PSt standards. ® determined via '"H NMR.

First, homopolymerizations of NBM monomer were conducted using the catalysts
Grubbs-1IIP, Grubbs-II and Grubbs-III. The results are summarized in Table 2-4. Conducting
ROMP of NBM at elevated temperatures led to a broadening of dispersities. While room
temperature polymerization yielded polymers with dispersities of 1.33 and 1.34, the elevated
temperatures led to polymers with a PDI of 1.44-2.13. This broadening of molecular weight
distributions is well-documented for ROMP and occurs due to increases in side reactions'.
While polymerization was incomplete even after 60 min and 90 min at RT, for both room
temperature and elevated temperature polymerizations with Grubbs-II. In both temperature
regimes, the experimentally established molecular weights remained lower than the targeted
weights. At room temperature, the 8 100 gmol™ determined after 60 min and the elevated
temperature polymerization product with 6000 gmol' were below the expected
12 400 g.mol™". However at longer polymerization times, the 11 500 g.mol"and 11 300 g.mol"
for room temperature and elevated temperature polymerization respectively were only

marginally lower than the theoretical molecular weight.
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Figure 2-10: GPC traces of homopolymerizations of NBM with different metathesis catalysts, in THF
versus PSt standards.

The fast initiating Grubbs-III catalyst reached full conversion within 60 min,
indicating faster polymerization rates than for the Grubbs-II catalyst. The dispersities of 1.37
and 1.38 after 60 min and 90 min respectively are still elevated in comparison to the low
dispersities frequently reported in literature. Experimentally established molecular weights
after 60 min and 90 min were 19 400 g.mol"and 19 500 g.mol™ respectively and lower than
the expected 24 800 g.mol™. The Grubbs-III derivative Grubbs-1IIP reached 100% conversion
within 90 min with much lower dispersities (1.06 and 1.07) than achieved with the other
catalysts (1.37 and 1.38 for Grubbs-II and 1.33-2.13 for Grubbs-II). The theoretical molecular
weight also matched those found via GPC. At 100% conversion, GPC established a M, of
16 300 gmol' with a theoretically expected molecular weight of 12 400 gmol". The
differences in dispersities are reflected by the shapes of the GPC traces (see Figure 2-10). The
most narrowly distributed polymer 17 has a symmetrical peak shape. The polymerizations by

Grubbs-1I and Grubbs-III all show low molecular weight tailing.
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Table 2-5: Simultaneous tandem grafting of NBM and LLA by SIMes and metathesis catalysts
Grubbs-IIIP and Grubbs-II1

Time? b Mn theo Mn theo e e
Entry Catalyst /min Eq. LLA (graft) A(brush) Mn ey PDI
/g.mol™! /g.mol™! /g.mol!

19 15
2 Grubbs-111P 60 50 7 300 730 000 10 500 1.35
50 7300 730 000 12 700 1.23

21 60
s Grubbs-11I - 20 3000 300 000 4 800 1.60
1 45 6 600 660 000 4 500 1.22

Polymerizations conducted in THF at a concentration of 0.1M with respect to LLA. Targeted backbone DP 100 units of
NBM. ®reaction time before quenching with EVE and TFA. ® equivalents of LLA with respect to NBM. ¢ theoretical molecular
weight of side chains assuming 100% conversion of LLA monomer deriving exclusively from NBM initiated chains. ¢ theoretical
molecular weight assuming 100% conversion of NBM monomer and 100% conversion of LLA monomer. ¢determined via GPC
against PSt standards.

The two catalysts were then employed for the tandem system. The results of these
tandem reactions are presented in Table 2-5. The simultaneous polymerizations involving
metathesis catalyst Grubbs-IIIP led to a polymeric product with a monomodal GPC trace (see
Figure 2-11). The experimentally established weights were greater than expected for a single
graft chain (10500 gmol'and 12700 gmol' compared to the theoretical weight of
7300 gmol™") but far lighter than would be expected for a bottlebrush structure
(730 000 g.mol™). PDIs were between 1.23 and 1.35. The 'H NMR spectrum showed no PNBM
specific signal. However for bottlebrush structures, lacking backbone signals have been

reported due to very long relaxation times of the backbone protons.'®!

In contrast, the Grubbs-III polymerized products showed the distinctive bimodal trace
observed previously for the Grubbs-II catalyst. Entry 21 with 20 equivalents of LLA showed a
much greater polydispersity at 1.60 than the 45 eq. LLA product, 22 with a PDI of 1.22. The
isolated polymers were much lighter than the expected bottlebrushes. Entries 21 and 22 had
similar molecular weights with 4 800 gmol' and 4 500 gmol' respectively, while a
theoretical molecular wight for bottlebrushes would be expected at 300 000 g.mol™" and
660 000 g.mol . Overall, the change of catalysts did not result in the desired improvements of

full backbone conversion and high molecular weights.
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Figure 2-11: GPC traces of polymers produced by simultaneous tandem grafting using different
metathesis catalysts. Elution medium THF versus PSt standards.

244 Impact of Inimer

Despite the promising findings by FREUDENSPRUNG et al.'®* and the theoretical insight
provided by GUIRONNET et al.'®®, the above results clearly show that the orthogonal
combination of ROMP and ROP for the synthesis of molecular bottlebrushes is anything but
trivial. Neither the inclusion of spacers nor changes in metathesis catalysts or targeted DPs
resulted in satisfactory ROMP performance. The preliminary NMR experiments should have
ruled out any mutual interference between the monomers and catalysts. Therefore, the
difficulties observed herein must be due to interferences intrinsic to the simultaneousnature
of the polymerization, ie. the interferences must derive from species present in the actively
polymerizing mixture. As the ROP seems to proceed without interferences, the tandem issues
can be pin-pointed to interferences of active ROP intermediates with the ROMP catalyst. The
active ROP reaction mixture is distinct from the preliminary NMR studies and the work of
FREUDENSPRUNG by the presence of a) carbonyl-containing macromonomers and b) the
reaction intermediaries arising from SIMes interaction with (i) the cyclic lactone or (ii) the

norbornenyl-monomer.
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Chart 2-4: Substrates studied by Guironnet et al.'®® via DFT modeling to assess the potential for
complexation with Ru-center. XX-M1 and its stereo-isomer NN-M1 are unlikely to complex to
Grubs-type catalysts and have fast polymerization rates. Compound XX-M2 does not complex,
while NN-M2 does. The growing inimer-chains are structurally related to the model
compounds XX-M1 and NN-M1 and should therefore not complex.

Despite their otherwise excellent functional group tolerance, Grubbs-type catalysts,
are sensitive to strong LEWIS bases'*’. Moreover, even substrates bearing mild LEWIS bases like
carbonyl groups can be problematic and show slow reaction rates, depending on their
substitution pattern and capability to chelate with the active Ru center'®®'2. Slow
polymerization rates could therefore stem from the growing polyester chains pendant off the
backbone monomer. Substrates that are capable of forming five- or six-membered rings with
the ruthenium center (similar to the HOVEYDA-GRUBBS catalysts see Chart 1-3) are
particularly unfavorable'®. The ability of this macromonomer carbonyl to chelate depends
on its three-dimensional orientation during polymerization resting states. These are
dependent on the regio-isomerism of the backbone monomer. Norbornenyl-derived
monomers (such as NBM) exist as two regio-isomers: exo-or endo-functionalized. The former
is well-known to react more rapidly than the latter for a range of monomers™'®.
MATSON et al.'"® conducted thorough investigations to assess the impact of backbone
monomer structure on grafting-through polymerization rates of polyester macromonomers.
The group used density functional theory (DFT) calculations of exclusively exo-norbornenyl
substrates to act as models for macromonomers and contrasted observed polymerization rates
with their ability to chelate through carbonyl groups in their resting states. The results
indicated that macromonomers derived from exo-NBM should polymerize rapidly.
Additionally GUIRONNET and coworkers '*° recently refined the insight provided by MATSON
by studying the energy landscapes of intermediates in the polymerization mechanism of
similar substrates for both exo- and endo-isomers. Their DFT calculations and kinetic
modelling showed that for the model substrates XX-M1 and NN-M1 (see Chart 2-4), the ability
to chelate is low and does not depend on stereo-isomerism. As a consequence, for NBM-

derived macromonomers, both exo- as well as endo- isomers should rapidly polymerize.
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Additionally, reports of Grubbs-type catalysts readily polymerizing macromonomers'* of

various lengths to yield dense BBs further discredit hypothesis a).

As for hypthesis b), the mechanistic studies of NHC-catalyzed ROP of cyclic lactones
has clearly been shown to proceed via a hydrogen-bonding mechanism rather than a
nucleophilic pathway in the presence of primary alcohols. It can therefore be concluded that
the interaction of SIMes with the inimer is the most likely source of the unsuccessful ROMP.
However, the hydrogen-bonding mechanism might indeed cause issues in the ROMP of
NBM. The SIMes catalyst activates the primary alcohol towards nucleophilic attack of
carbonyl groups. In particular, the endo-isomer could form a stable six-membered ring, as
demonstrated by GUIRONNET et al.'®® In the commercial monomer employed so far, the exo-
vs. endo- content is relatively low with a ratio of 1:2 respectively. The SIMes-induced
activation of endo-NBM could thus be the cause of the Grubbs-catalyst deactivation observed

in the experiments above.

To investigate this effect, it was decided to conduct tandem polymerizations with exo-
enriched NBM (exo-NBM). For this purpose, exo-enriched NBM monomer was synthesized
according to a route described by KANAO et al.'™>. "H NMR analyses confirmed that the stereo-
selective hydrolysis led to an improvement of the exo:endo ratio from 1:2 in the commercial

source to 3.5:1 (see Figure 2-12).

NBM exo vs endo 1:2

| !
‘ OH J] ‘ fﬂ n 1
LS A

6 5 4 3 2 1 [ppm]

Figure 2-12: Comparison of 'H NMR spectra of commercial NBM monomer with a distribution
exoendoratio of 1:2 (top) and the synthesized monomer exo-NBM with a exo:endo ratio of 3.5:1
(bottom). Recorded in CDCls at 300 MHz.
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Scheme 2-6: Simultaneous tandem grafting of exo-enriched monomer exo-NBM and LLA.

Table 2-6: Simultaneous tandem grafting with exo-enriched NBM, monomer exo-NBM

Entry | Eq.LLA*  Eq.NBM"  time  Mn e “(graft) Mn eo brush)  Mn g, ¢ PDI°
/min /g.mol™ /g.mol™ /g.mol™
23 15 3500 2.24
50 20 7300 146 000
24 45 8 000 4.57
25 15 12 500 2.06
80 10 11 700 117 000
26 45 14 600 294
27 15 13 500 1.30
100 200 14 500 2900 000
28 45 10 500 1.37
29 15 14 800 1.25
200 5 29 000 145 000
30 45 16 400 1.80

Employing a higher content of exo-NBM, led to a marked change in the GPC traces of
isolated polymers. With all targeted backbone and sidechain DPs, bimodal or trimodal
distributions were observed (see Figure 2-13). In addition, the lighter fraction of the bimodal
GPC traces closely matched the expected molecular weights of the targeted side chains (see
Table 2-6). The large contrast in molecular weights between lighter fraction and heavier
fraction allowed to individually integrate the two peaks. These results are shown in Table 2-7.
For eg: entry 27, the expected side chain molecular weight was 14 500 g.mol* which
compared particularly well with the molecular weight of the lighter polymer fraction with
13 500 g.mol™. Polydispersities for the lighter fractions (assumes side chains) ranged from 1.25
to 1.37. The heavier fractions showed a number average molecular weight around 10-40
times heavier than the lighter fractions. For 27, the lighter fraction had a M,, of 13 500 g.mol
' while the heavier fraction had an M, of 110 300 gmol" and a PDI of 1.17. The lighter
polymer fraction of entry 28 was 10 500 g.mol™, while the heavier fraction had a M, of
462 400 g.mol™". If the lighter fraction represents PLLA homopolymer derived from initiation
by NBM, the heavier fraction could then be a ROMP product of the NBM-PLLA
macromonomers. In that case, the degree of polymerization for the backbone of polymer 28
would be -44. Such a reading is supported by considering the "H NMR spectra of the products.
'"H NMR analyses showed the characteristic shifts expected from poly(NBM) protons. So even
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with a large portion of homopolymeric side chains remaining in the polymerization mixture,

significant improvements in ROMP conversion could be made. Therefore, the use of exo-

enriched monomer helped mitigate the unfavorable catalyst interferences. However, full

conversion could not be achieved. It was stipulated that the residual endo-monomers might

still interfere with the Grubbs-catalyst. With the large excess of inimer concentration over

catalyst concentration, this effect remains pertinent even with the enriched monomer.

Table 2-7: Separately integrated molecular weight distributions of polymer products using monomer

exo-NBM
Ent M iheo © Mn ey © PDI¢ Mn gheo ¢ Mn ey © PDI¢
y (graft) (graft) (graft) (brush) (brush) (brush)
/g.mol™ /g.mol™! /g.mol™! /g.mol™!
27 14 500 13 500 1.30 2 900 000 110 300 1.17
28 14 500 10 500 137 2900000 462400 124
29 29 000 14 800 1.25 145 000 107 000 1.21
27
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Figure 2-13: Simultaneous tandem grafting of exo-enriched NBM led to multimodal distributions. GPC
traces in THF versus PSt standards.
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245 Monomer Design

For successful tandem grafting, the rates and conversion of ROMP must be improved
to match the rates of ROP or else the rate of ROP slowed down. The polymerizations with
exo-enriched backbone monomer did not lead to full conversion but the improvements in
conversion allow to flag the nucleophilic interactions of SIMes-activated monomer with
Grubbs-catalyst as the likely origin of the issues encountered so far. This points towards the
possibility to establish a successful tandem system by help of monomer modification. Clearly
backbone monomer reactivity should be as high as possible to achieve higher conversions.
Additionally, the endo-interactions stipulated above should be suppressed completely, either
by employing isomerically pure exo-monomers or by controlling accessibility of activated

alcohols towards the active ruthenium center, or a combination thereof.

O

OH
N—/_

(0]
N-(hydroxyl ethyl)-
cis-5-norbornene-exo-
2,3-dicarboximide

HONDC

Chart 2-5: Backbone monomer N-(hydroxyl ethyl)-cis-5-norbornene-exo-2,3-dicarboximide (HONDC)

Chart 2-5 shows the backbone monomer designed to fulfill the requirements listed
above. Several considerations motivated the introduction of the succinimide functionality. On
one hand, it was previously shown that tricyclic norbornene dicarboxamides are highly active
in ROMP due to their high ring strain. Polymerizations yield high molecular weight polymers
with relatively low dispersities, even when employed in grafting-through polymerizations®.
Furthermore, stereo-isomeric isolation is facile with this monomer, as the succinimide ring
can exclusively form from cis-isomers. Simple recrystallization allows to isolate undesired
isomers, leading to isomerically pure monomer feed. High monomer purity is crucial for BB
synthesis'*. The ability to isolate pure exo-monomer is a further important factor to avoid
steric bulk, as well as for the reactivity desired herein. The structurally related, endo-
oxanorbornenes have been shown to undergo single addition to a metathesis initiator, while

exo-oxanorbornenes rapidly polymerize.'®>

The succinimide motif was chosen over a maleimide motif to account for the latter’s
affinity towards MICHAEL addition. Maleimide and its derivatives have been found to
polymerize via conjugate addition in the presence of NHC’s'*’. As such interactions would be
disadvantageous for the application at hand, a succinimide motif was chosen. Finally, the

hydroxyl group was introduced with a variable spacer. By help of this spacer, the hydroxyl
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functionality is farther removed from the active site of polymerization during the stationary
point after [2+2] cycloaddition. Chelation of activated alcohol and ruthenium in the stationary
point would require formation of an entropically unfavorable nine-membered ring. As a
consequence, it is expected that even with NHC activation, interference with the ruthenium
center is minimized. A potential disadvantage of the monomer design is the possible
interaction of the two carbonyl group with the ruthenium center. However, DFT calculations
showed that at 298 K, the enthropic penalty for chelation greatly mitigates the enthalpic
contribution, leading to an overall GIBBS free energy change of +0.1 kcal. mol when chelated
to Grubbs-type catalysts'®*'®>. Therefore, chelation through the carbonyl - although possible -

is unfavorable for the monomer design shown above.

Subsequently, the monomer was synthesized according to a procedure reported by
REN et al.'® from ethanolamine and cis-5-norbornene-exo-2,3-dicarboxylic anhydride. The
synthesis was both straight forward and produced good yields (80%). Monomer identity and
isomer purity were confirmed by NMR techniques, elemental analysis and mass
spectrometry. Figure 2-14 shows the assigned '"H NMR spectrum. The axial symmetry of
monomer HONDC and its isomeric purity account for the single olefin peak (a) observed at
5.77 ppm. The hydroxyl proton (e) at 1.59 ppm shows the triplet fine structure expected from
coupling with the neighboring protons (g) at 3.44 ppm. The bridging protons (c) are restricted
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Figure 2-14: 'H NMR spectrum of norbornenyl monomer HONDC recorded with a 700 MHz
spectrometer in in toluene-ds.
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in their mobility and therefore show two different doublets at 1.21 ppm and at 1.15 ppm.

Impurities from vacuum grease produced a signal at 0.20 ppm.

Table 2-8: Test reactions using the backbone monomer HONDC.

LLA HONDC Mn heo Mn heo BB Mn eyp PDI ey
graft
Eq. eq. g.mol™ g.mol™ g.mol™
31 N/A 100 N/A 20 700 15 800 1.16
32 10 100 1600 160 000 8 200 2.24
33 30 N/A 4300 N/A 6 000 1.44

Homopolymerizations of backbone monomer HONDC (see entry 31 of Table 2-8) were
conducted in THF with Grubbs-III catalyst as previous investigations on similar substrates
showed faster kinetics and narrower molecular weight distributions over other metathesis
catalysts'® The polymerization yielded full conversion within minutes to produce a poorly
soluble solid. The polymer dissolved in DMF with hexafluoroisopropanol (HFIP) due to strong
hydrogen bonding. GPC analysis in DMF characterized a polymer with M, of 15 800 g.mol™
and a dispersity of 1.16. '"H NMR analyses confirmed that the monomer underwent ROMP as
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Figure 2-15: Representative 'H NMR spectrum of homopolymer 31 in DMF-d; and HFIP (0.1% V/V)
recorded on a 700 MHz Spectrometer.
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expected, resulting in an unsaturated polymer with a ca. 1:1 ratio of frans:is orientation.
Likewise, Homo-ROP was conducted with LLA and HONDC as initiatior (see 33 of Table 2-8).
GPC analysis revealed a M, of 6000 g.mol™ which is slightly heavier than the expected M,, of
4300 g.mol".

With the new HONDC backbone monomer, simultaneous tandem grafting was
attempted, using L-lactide in THF and the two catalysts SIMes and Grubbs-III (see entry 32
of Table 2-8). The expected improvements in conversion of the backbone polymerizations
could not be observed. The isolated polymer had a M, of only 8 200 g.mol™ and a broad PDI
of 2.24. The new backbone monomer failed to bring about the expected improvements in
ROMP performance. It was previously established that metathesis reactions are sensitively
dependent on the solvent in which they are conducted. WAGENER and coworkers'”
investigated the impact of solvent choice on alternating ADMet performance. While
polymerizations conducted in dichloromethane resulted in high molecular weight polymers,
THF was found to hinder the polymerization. The ability of THF to coordinate towards
Grubbs-type catalysts was found to lead to lower conversions. Unfortunately,
dichloromethane is an unsuitable solvent for the application at hand (vide supra) but the
WAGENER group also established toluene to be an excellent solvent choice for challenging
metathesis reactions'®. While toluene dissolves both SIMes and Grubbs-type catalysts
readily, neither L-lactide nor backbone monomer HONDC are readily soluble in room

temperature toluene.

246 Impact of NHC catalyst

As has previously been discussed, the rates of polymerization in side chain ROP and
backbone ROMP need to match in order to present a truly simultaneous process. In order to
achieve that, ROMP parameters can be tuned to afford faster ROMP or the ROP paramters
can be tuned to slow down the side chain polymerization. Having investigated the parameters
temperature, backbone monomer, side chain length, grafting density, ROMP catalyst and
temperature to increase ROMP rates, without achieving the desired results, it was therefore
decided to slow down the rate of ROP to match the inefficient ROMP. Slower rates of ROP
can be achieved either by lowering the L-lactide concentration or by altering either monomer
or catalyst. Lower concentrations of L-lactide would by necessity imply even lower
concentrations of backbone monomer. However as ROMP is highly sensitive to initial
monomer concentrations®, such an approach would not be beneficial. Alternatively, an
L-lactide solution could be added at intervals over the course of the polymerization. However,

it is unclear whether such an approach could still be considered a simultaneous
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polymerization. Finally, the option of tuning the polymerization rate by employing a slower-
polymerizing catalyst was explored. Among the multitude of NHCs capable of polymerizing

L-lactide, a suitable candidate had to be established.

Certain limitations exist concerning the combined employment of NHC and
metathesis catalysts. When FOGG et al.'® explored the synthesis of Grubbs-type catalysts
featuring NHC ligands with lower steric bulk, they observed ultra-fast catalyst decomposition.
It was found that truncated NHCs are particularly efficient as quenching agents for Grubbs-
I type catalysts. Even at -80 °C, full conversion of Grubbs-I derivative to a new complex
incapable of participating in ROMP was achieved within minutes. Likewise, the second
generation derivative was rapidly decomposed. Particularly in a grafting scenario where the
concentration of metathesis catalyst is particularly low with respect to ROP catalyst, such
combinations must be avoided. Therefore NHCs with low steric bulk cannot be combined

with metathesis catalysts for this application.

Scheme 2-7: Reversible adduct formation of inimer HONDC with NHC catalyst DTT to yield the latent
pre-catalyst (HONDC-adduct).

0 K)ié —\_
/N\
N N
_\—OH * Q N toluene (dry)
o) o RT, 10min

HONDC DTT HONDC-adduct
active latent

Coulembier et al. '** have established the latent, thermally activated 1,3,4-triphenyl-
4,5-dihydro-1H-1,2-triazol-5-ylidene carbene (DTT, see ) as an attractive ROP catalyst with
slower rates of propagation than SIMes. The three phenyl groups were expected to represent
sufficient steric bulk to avoid the rapid decomposition pathway described above. Enticingly,
the triazole forms a reversible adduct with alcohols. At elevated temperatures, the adduct
dissociates and initiates polymerization (see ). This association-dissociation equilibrium has
three significant advantages for the application at hand. First, the adduct has been found to
be less sensitive to oxygen and moisture than SIMes. Second, the adduct acts as a temporary
protective group towards the hydroxyl functionality, avoiding potential chelation with the
ROMP catalyst. And third, due to the phenyl groups of the NHC, the HONDC-DTT adduct

readily dissolves in toluene.
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Figure 2-16: '"H NMR spectrum (700 MHz, toluene-ds) of monomer-DTT adduct HONDC at RT.

When combining triazol DTT (1 eq) and inimer HONDC (1 eq.) in toluene, first a
suspension was formed. Upon stirring for 10 min, all solids were dissolved and a pale yellow
solution formed. Even at concentrations up to 0.2 M, the backbone monomer could be fully
dissolved in toluene. 'H NMR, "C NMR, HMBC, HSQC and NOESY experiments were
conducted in deuterated toluene to elucidate the adduct structure. The 'H NMR spectrum in
shows the equilibrium population of adduct HONDC-adduct and free inimer. The adduct
methylene signals are shifted significantly downfield. Particularly signal f at 3.34 ppm is split
and shifted to f at 3.46 ppm and 3.71 ppm. The vicinal protons are shifted to a lesser extend
from e at 3.43 ppm to €’ at 3.53 ppm. Interestingly, even the alkene protons are minimally
shifted downfield from a at 5.77 ppm to a’ at 5.80 ppm. Nonetheless, the integrity of ring

structure and double bond is not impacted by the adduct formation.
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Scheme 2-8: Ring Opening Polymerization of L-lactide initiated by HONDC and DTT.

Homopolymerizations of L-lactide were conducted, employing HONDC as initiator and
the NHC DTT as catalyst according to Scheme 2-8. The homopolymerization of L-lactide by
pre-formed adduct produces narrowly dispersed, norbornene functionalized polylactide
when polymerized at 80 °C for 60 min (see Table 2-9). Dispersities ranged between 1.20 for
entry 34 and 1.30 for entry 35. '"H NMR spectra of the reaction solution showed the near
quantitative conversion of monomer after 1 h. Conversions of LLA monomer (conv 1) were
calculated according to Equation 2-3, where the numerator is the integral of PLLA methine
proton and denominator is the sum of integrals of methine proton of closed LLA monomer

and polymer.

Table 2-9: Macromonomers synthesized via DTT mediated ROP of L-lactide.

Entry [LLAJo/ Conv. Mn ineo Mn ey M exp *pPDI
[HONDCIo 'H NMR GPC
/g.mol™ /g.mol™ /g.mol™
34 5 98% 900 900 1300 1.20
36 10 99% 1600 1800 2200 1.21
37 20 97 % 3100 3400 3800 1.23
35 30 98% 4500 4400 7500 1.30

Initiated by inimer HONDC conducted in toluene at 80°C for 1h at an initiator concentration of 0.04 M *Determined
via GPC using PSt as standards and THF as eluent.

[(5.12 ppm)
[(5.12 ppm) + [(3.83 ppm)

convyyr (LLA) =

Equation 2-3

Likewise, degrees of polymerization of LLA with respect to initator HONDC (DPyix see

Equation 2-4) were calculated through the relative integrals of the olefin signal in the HONDC
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initiator and polymeric methine peaks. Experimental M, were established by GPC as well as

'"H NMR, according to Equation 2-5.

J(5.12 ppm)

DPyyg (LLA) = [(5.12 ppm) + [(5.90 ppm)

Equation 2-4

Mnyyg(LLA) = M\cmpatnonpcy + Mpra X Eq (LLA) X convyyg(LLA)

Equation 2-5

The expected molecular weights from initiator to monomer ratios matched closely the
molecular weights established via'H NMR (see Equation 2-5), while GPC molecular weights
are somewhat higher than expected. With a HONDC:LLA ratio of 1:5, the expected M, of 34 was
900 g.mol™, which was also the experimental M, established via NMR. The GPC M, on the
other hand was higher at 1 300 g.mol™. Likewise, for the longer polymer 35, the expected M,
was 4 500 gmol™ and the molecular weight established by NMR was 4 400 g.mol™, while GPC
analysis indicated a polymer with M, of 7 500 g.mol™. This difference can be explained by the
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Figure 2-17: Representative 'H NMR spectrum of PLLA initiated by monomer HONDC recorded in
toluene-ds at a 700 MHz spectrometer.
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mismatch between elution behavior of reference material (PSt) and sample of interest (PLLA).
The associated GPC traces were unimodal at targeted DP’s of five to 30 units of L-lactide (see
Table 2-9) Figure 2-17 shows a representative '"H NMR spectrum of inimer HONDC-initiated
ROP of LLA. The bridging proton signals (c at 1.10 ppm and 1.23 ppm), as well as the two
methine protons (b and d at 3.00 ppm and 2.25 ppm respectively) show that the ring structure
remained closed, while the alkene peak (a at 5.90) proves that the catalyst did not react with
the double bond. Meanwhile, PLLA-associated methine (g at 5.12 ppm) and methyl peaks (h
at 1.42) prove the successful polymerization of LLA. DOSY 'H NMR shows the covalent

attachment of poly(L-lactide) chains and the HONDC initiator (see Figure 2-18).
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Figure 2-18: DOSY '"H NMR of inimer HONDC-initiated PLLA, polymerized by the NHC DTT. Spectrum
recorded in CDCls at a 700 MHz spectrometer.

To exclude that the olefinic bond takes part in the reaction and hence prove the
orthogonality of the two polymerizations, the reaction progress was followed by 7n-situ 'H
NMR in toluene d-8 at 85 °C. || | b BN rccorded the spectra at a 500 MHz
spectrometer. The collected spectra were overlaid digitally and aligned (see Figure 2-19). The
peak at 5.89 ppm is the signal of the olefinic proton in the norbornene monomer. The insert
in Figure 2-19 shows the rapid disappearance of the high field shoulder associated with the
triazol adduct. Notice that in contrast to the spectra of inimer HONDC recorded at room
temperature, the kinetic /n-situ spectra were recorded at 360 K, resulting in temperature-
dependent shifts of several protons. After full dissociation of triazol and inimer, the olefin

peak remains unchanged, indicating that the olefin is stable to the reaction conditions of the
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Figure 2-19: /n-situ '"H NMR spectra of DTT mediated ROP of L-lactide in toluene-ds at 85 °C recorded
at a 500 MHz spectrometer. Inserts show the alkene signal of initiator at 5.90 ppm (left) and
PLLA methine signals increasing at 5.12 ppm (right).

ROP. As the polymerization progresses, the polymeric methine peak at 5.12 ppm gains
intensity, whereas the peak at 4.15 ppm associated with the methine signal of the monomer
decreases. The methyl group of the monomer at 1.26 ppm decreases rapidly in intensity,
whereas the methyl peak of the polymeric product at 1.42 ppm increases rapidly at first and
then more slowly as the reaction proceeds. In summary, the in-situ '"H NMR experiments
proved that DTT polymerizes L-lactide without interfering with the integrity of the

norbornene functional group.

24.7 Grafting Through

2 (0]
(i) DTT, 10 min, RT o
(ii) L-lactide, 1h, 90 °C o} __ Grubbs-
N_\_ - e m N o) OH rubbs-
OH Toluene, dry ) Toluene (dry)
(0] n RT, 24h

(0]

Scheme 2-9: Reaction scheme of one-pot, two-steps bottlebrush synthesis

After establishing that DTT catalyzes the polymerization of L-lactide without
interfering with the olefin of the norbornene functional group, it was investigated whether
the ROMP catalyst interferes with the DTT catalyst. For this purpose, HONDC initiated and

DTT catalyzed ROP of L-lactide was conducted in a first step and in a second step, without

71



Simultaneous Bottlebrush Polymerization

quenching, ROMP catalyst was added. Conceptually the two-step process represents a case of

graliing through polymerization with the synthesis of macromonomers in a first step, and the

subsequent ROMP to afford BBs (see Scheme 2-9).

Table 2-10. Equivalents and molecular weights of ttepwise bottlebrush synthesis (grafting through

approach)
Entry MM Eqg. MM My theo Conversion * My, exp? My exp® PDI®
'HNMR  GPC
/g.mol /g.mol™ 1% /g.mol! /g.mol™
38 1300 25 32 500 100% 22 800 28 200 1.20
39 1300 50 65 000 100% 45 700 50 900 1.28
40 1300 100 130 000 99% 90 400 95 900 1.26
41 2 200 25 55 000 100% 40 900 43 500 1.24
42 2200 50 110 000 100% 81 700 64 500 1.31
43 2 200 100 220 000 100% 163 400 116 700 1.27
44 3400 25 85 000 100% 75100 56 000¢ 1.21°¢
45 3400 50 170 000 100% 150 200 103 100°¢ 1.23¢
46 3400 100 340 000 98% 294 300 162 900° 1.27°¢

GPC using PSt standards and DMF as eluent. ‘small amount of late-eluting polymer population.

Conducted in toluene at RT for 24h at an initial concentration of 0.04 M. “Determined by '"H NMR "Determined via

Following DTT mediated ROP of L-lactide (see Table 2) in toluene at 80 °C, the reaction

mixture was cooled to room temperature and various amounts of Grubbs-11I were added for

the ROMP of the macromonomers. Macromolecules with five, ten or 20 units of L-lactide

Figure 2-2C. . © covcce or viie pony oo
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a small amount of late-eluting polymer.
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were synthesized and immediately subjected to ROMP with a targeted backbone DP of 25, 50
and 100 each. Bottlebrushes could be synthesized with excellent yield and quantitative
conversion of macromonomer. GPC traces were narrowly distributed with dispersities
between 1.20 and 1.31 (see Table 2-10). Some trailing was observed towards later elution
times, as is expected with molecular bottlebrushes'® (see Figure 2-20). It was previously
established that the trailing is not necessarily due to lower weight macromolecules but a
phenomenon originating in the characteristic interactions between molecular brushes and
the stationary phase'®”. The molecular weight distribution may hence be even narrower than
characterized. This clearly shows a good control over the ROMP process in particular. The
experimental molecular weights were lower than the theoretical weights expected from
(nearly) full conversion. For entry 38 for example, the theoretical M, was 32 500 g.mol™, while
GPC indicated an experimental M, of 28 200 g.mol™". '"H NMR analysis allowed to calculated
an experimental molecular weight of 22800 g.mol'. Likewise, polymerization 44 was
expected to yield a polymer with M, of 85 000 g.mol™, while the experimentally established
M, were at 75 000 g.mol™ and 56 000 g.mol* for 'H NMR and GPC respectively. The presence
of a small, later eluting peak observed for polymerizations 44, 45 and 46 (see Figure 2-20) may
be the cause of such a mismatch. The lower molecular weight chains could be
unfunctionalized PLLA chains that are incapable of participating in ROMP and therefore
lower the molecular weights.
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Figure 2-21: Linear relationship between Targeted DP of MMs (i.e. ratio of MM to initiator employed) and
molecular weights of BBs. Squares for MMs with 5 units of LLA, circles for 10 units of LLA and
triangles for 20 units of LLA. Lines indicate linear fits.

For all DP’s tested, the polymerizations were well-controlled. There was a linear relationship

between targeted DP and molecular weight of the resulting bottlebrushes (see Figure 2-21).
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Figure 2-22: Representative 'H NMR spectrum of bottlebrush synthesized from L-lactide and backbone
monomer HONDC, recorded in toluene-ds on a 700 MHz spectrometer.
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NMR experiments were conducted to establish whether the polymeric products are
covalently attached. Figure 2-22 shows the assigned 'H NMR spectrum of a PLLA grafted
bottlebrush. In contrast to the sharp inimer-signals of the macromonomers (see Figure 2-17),
the backbone proton signals are much broader. Notably, the unsaturation of the inimer
HONDC persists in the bottlebrush. Significant shifts were observed for signals b (at 2.90 ppm),
c (at 0.75 ppm) and d (at 3.42 ppm) as expected due to the open ring structure of the
norbornene backbone. At first, the signal at 5.87 ppm was mistakenly attributed to an
incomplete ROMP process and interpreted as inimer signal. However, 2D NMR experiments
revealed that despite the similar chemical shift, the signal a at 5.87 ppm and a* at 5.59 ppm
refer to the fransand cisjoints in the polymer backbone, respectively. The approximate 50:50
trans:cis ratio is expected in Grubbs-catalyst polymerized ROMP polymers due to the facile
carbene roation'”. In deuterated chloroform, the difference of inimer methine signal and
polymer methine signal is much more pronounced. The closed ring’s alkene proton occurs at
6.29 ppm, while the polymer signals occur at 5.69 ppm (srans) and 5.46 (cis) in CDCls, while
in deuterated DMF (DMF-d;), occurred at 6.08 ppm and 5.79 ppm respectively. CDCl; and
DMF are better solvents for the PLLA-grafted BBs. Conversion data was therefore collected in

deuterated chloroform by integration of the alkene signals. Molecular weights of
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bottlebrushes were determined according to Equation 2-6. DOSY 'H NMR showed that all
polymeric signals occur at the same diffusion coefficient and hence indicate a covalent
attachment of the individual segments. No macromonomers could be detected, for brushes
39-43 indicating a complete reaction, as expected from the GPC traces. As for BBs 44-46, it
was expected to observe a second population of polymer at a greater diffusion coefficient to
account for the late eluting polymers observed via GPC. However, this population could not
be resolved via DOSY '"H NMR.

Mnyyr(BB) = Mnyyr(LLA) X convyyr (\cmpd{HONDC}) x Eq (\cmpd{HONDC})

Equation 2-6

Although the bottlebrushes above were synthesized in a two-step process, unlike
previous publications, the second step does not depend on the addition of a quenching agent
of the ROP catalyst. As the DTT catalyst’s equilibrium between active and dormant state is
shifted towards inactivity at lower temperatures, conducting the ROMP step at room
temperature is sufficient to deactivate the ROP catalyst. The presence of the inactive catalyst
does not seem to interfere with the ROMP process. These model experiments proved that DTT
does not interfere in the ROMP process, and that Grubbs-III polymerizes the sterically
challenging macromonomers reliably, fulfilling most requirements for a tandem process.
Finally, it remained to see whether the active DTT and the elevated temperatures required for

DTT mediated ROP still allow for well-controlled ROMP.
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248 Tandem Grafting with DTT and Grubbs-III

:é Grubbs 1]
\ + m I I Toluene (dry)
ZN 90°C

HONDC-adduct LLA

Scheme 2-10: Reaction scheme of tandem bottlebrush polymerization. One-pot, one-step reaction.

Following all the previous studies, it was established that at room temperature, the
presence of DTT does not interfere with the Ruthenium catalyst, and the ROP does not
interfere with the integrity of the olefin. A tandem approach combining the Grubbs Third
Generation initiated ROMP of inimer HONDC and DTT catalyzed ROP of L-lactide was then
investigated. The one- pot, one-step process was conducted at 80 °C in dry toluene, combining
all reagents simultaneously in a SCHLENK tube (see Scheme 2-10). The tandem polymerization
produced short bottlebrushes with excellent control. For bottlebrushes with targeted
sidechain degrees of polymerization between five to 20 units of L-lactide, and backbone DP’s
of 25 to 50 units of inimer HONDC, quantitative conversions were achieved in under 1h

reaction time (see Table 2-11).

Table 2-11: Tandem polymerizations of short bottlebrushes with various side chain lengths.

Equivalents tfime Conversion @
. q /min /%
ntry
[LLAJo/ [HONDClo/
[HONDCl [Grubbs-ITl, LLA HONDC

47 5 25 60 95% 100%
48 9 25 60 94 % 100%
49 5 50 20 99% 95%
50 10 40 60 94 % 97%
51 10 50 60 99% 96%
52 20 40 60 95% 99%

Conducted in toluene at 80°C for [HONDClo 0.04 M. ® Determined by '"H NMR

GPC data shows that the tandem process systematically produces narrowly distributed
polymers with PDIs from 1.07 to 1.15 (see Table 2-12). Importantly, the polymeric product
remained in solution during the polymerization. Hence the narrow molecular weight
distributions do not arise from precipitation polymerization. The resulting polymer’s average
molecular weight, as determined via '"H NMR, matches closely to the theoretical molecular
weight. For example the expected M, of entry 47 was 22 500 g.mol™ and 'H NMR and GPC
M, were established with 22 300 gmol" and 22 300 g.mol 'respectively.

76



Simultaneous Bottlebrush Polymerization

Table 2-12: Theoretical and experimental number average molecular weights of short bottlebrushes.

M, /g.mol™ PDI?

Brush Side chains BB 'H NMR GPpC? GPC
theo theo exp exp exp

47 900 22 500 22 300 24 200 1.12
48 1500 37 500 35 700 34 600 1.15
49 900 45 000 43 700 38 700 1.15
50 1 600 64 000 60 600 59 900 1.07
51 1 600 80 000 78 400 73 600 1.15
52 3100 124 000 116 600 85 300 1.08

" Determined by GPC using PS as standards and DMF as eluent.

The experimental molecular weight as determined via GPC is lower for entries 48-52
than both 'H NMR and theoretic molecular weights. These findings are in line with the three
dimensional conformation of molecular bottlebrushes as opposed to the linear polystyrene
reference material for the GPC calibration curve''. Associated dispersities range from 1.07
to 1.15. Considering that the molecular weight distributions represent the distribution of two
independent polymerization events, the polymers are indeed very narrowly distributed. They
are indeed far more homogeneous than the stepwise process. GPC traces were either
monomodal and narrowly distributed or else had a very small, clearly separated later-eluting

fraction at the detection threshold of the RI detector (see exemplified for BB 51 in Figure 2-23).
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Figure 2-23: Representative GPC elution trace of 51 in DMF versus PSt standards, showing the
narrowly distributed major fraction and a late-eluting minor fraction of a second population.

In comparison to the stepwise process, this later eluting polymeric fraction is much
smaller in the tandem system. As stipulated before, these minor fractions could represent
unreacted macromonomer or unfunctionalized PLLA, indicating that the tandem approach
encourages quantitative backbone conversion or quantitative inititation respectively. In order
to characterize the late-eluting polymer, DOSY experiments were conducted. DOSY '"H NMR
spectra (see Figure 2-24) show that all polymeric signals occur at the same diffusion
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coefficient, indicating that the product is covalently linked. However, in contrast to the GPC
results, a second, lower molecular weight population could not be detected via DOSY
'"H NMR. As a consequence, the small peak observed via GPC could not by characterized. This
conspicuous absence of low molecular weight DOSY signals could have two origins: (i) DOSY
sensitivity and (ii) inadequate deconvolution of signal processing. Regarding hypothesis (i), it
is worth pointing out that the observed second peak is very low in intensity. With '"H NMR
being a relatively insensitive bulk characterization technique, the concentration of the lower
weight polymers might be too low for detection. As for hypothesis (ii) it is worth noting that
the single DOSY '"H NMR diffusion coefficient may mask several polymer populations' In
a meticulous study involving mixtures of block copolymers and homopolymeric impurities,
HILLER '* has shown that when applying one-component exponential decays when
processing DOSY spectra, homopolymeric impurities overlap with the block copolymer to
yield an average diffusion coefficient. It is hence little surprising that the small amounts of

homopolymer shown by GPC are not detected via NMR.
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Figure 2-24: DOSY 'H NMR showing the single diffusion coefficient associated with all polymer
signals. Spectra recorded in toluene-ds at a 700 MHz spectrometer. Signals marked with
asterisk are solvent-derived.

Figure 2-25 shows the narrowly distributed GPC traces of polymers 47-52. A certain
asymmetry could be observed due to trailing towards the late eluting side of the trace. This
effect is well-established for bottlebrush polymers. Nakamura ' showed that due to their
confined geometry, molecular brushes have a smaller radius of gyration and hence elute later
than their linear counterparts of equal weight. Determining the molecular weight of

bottlebrushes through GPC calibrated on linear polymers hence leads to an underestimation
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of their weight. Likewise, it was demonstrated that molecular weights can be underestimated
by a factor of up to 10. '** To account for such effects, the GPC results were contrasted to the

"H NMR results.
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Figure 2-25: GPC traces of one-pot, on-step simultaneous polymerizations 47-52, in DMF versus PSt
standards, showing narrowly distributed polymeric products.

However, the '"H NMR data may also be suffering from systematic bias. The molecular
weight calculations based off '"H NMR intensity integrations, as well as conversion data are
all based on the assumption that the intensity of all protons depends solely on the
concentration of the observed proton. However, in the case of molecular bottlebrushes, the
decreased mobility of backbone monomers can lead to a decrease in backbone signal
intensities. In '"H NMR, the observed signals are net magnetizations that oscillate at the
LARMOR frequency. The net magnetization is progressively dephased (dampened) due to
inhomogeneities in the applied magnetic field as well as intrinsic transversal relaxation (T2)
mechanisms. These processes are incorporated into the concept of T2* decay, a simple
exponential decay with the time constant T2*"°. MATYJASZEWSKI —and coworkers'®!
investigated the relaxation times of bottlebrushes in dependence of grafting density and
chain length. The signals of backbone monomers had significantly lower transversal
relaxation times (T2) than the more mobile side chains. T2 times are inversely proportional
to the line width of signals in FOURIER-transformed NMR spectra. Short T2 times (i.e. rapid

dephasing) leads to a broadening of signals. For very efficient dephasing, signals can decrease
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in intensity or ‘disappear’ due to low signal-to-noise ratios'”. Such effects could lead to the

underestimation of backbone signal concentrations and therefore falsify kinetic calculations.
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Figure 2-26: overlaid '"H NMR spectra of bottlebrush polymer 53 measured at varying temperatures
from 298 K to 363 Kin DMF-d; at an 850 MHz spectrometer. Temperature-induced shift could
be observed for DMF and H-,O, while peak shapes and positions of both backbone and side
chains remained constant.

To assess whether the kinetic data gathered by '"H NMR experiments suffers from
such effects, a set of NMR spectra were recorded at different temperatures. As increasing
temperatures correspond to an increase in molecular motion, relaxation becomes less
efficient and T2 times increase'”. Therefore, if some of the backbone signals were masked by
low mobility, greater temperatures should lead to an increase in backbone signal intensity
and a sharpening of signals. The side chain signals on the other hand with their greater
mobility even at low temperatures should not change significantly. As a consequence, it would
be expected that the ratio of side chain signal integrals to those of the backbone should
decrease with increasing temperature. Figure 2-26 shows the digitally overlaid spectra of
molecular bottlebrush 53 with a side chain DP of 6 LLA units at temperatures between 298 K
and 363 K. The peak shape (Iine width) of the methine backbone proton (55.39 ppm to 5.96
ppm) does not does not shift nor sharpen with temperature. The temperature increase does
affect residual DMF and water signals that shift as a function of temperature'. Figure 2-27
shows the integral intensities as a function of temperature as, well as the relative signal ratios
as a function of temperature. Although large differences in relative integral ratios could be

observed, the backbone signals do not increase in intensity with temperature. This behavior

80



Simultaneous Bottlebrush Polymerization

indicates that even at room temperature, there is sufficient mobility in the backbone to show
quantitative signal intensity. Therefore, relative integral intensities can be used for

conversion and molecular weight calculations.
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Figure 2-27: Left: integrals of backbone methine peak (5.39 ppm to 5.96 ppm, black squares) and side
chain integral (4.89 ppm to 5.34 ppm, red circles) as a function of temperature. Right: relative
peak intensity of side-chain to backbone integrals as a function of temperature.

Table 2-13: Tandem polymerizations of short bottlebrushes with different polymerization times

Entry [LLAJo/ [HONDClo/ time Conv LLA? Conv HONDC?
[HONDCIo [Grubbsl1I] /h 1% 1%
54 0.5 100% 100%
55 1 95% 100%
5 25
56 3 95% 100%
57 20 100% 100%
58 0.5 94.% 100%
59 1 94.% 100%
9 25
60 3 94.% 100%
61 20 100% 100%
62 1 94.% 97%
63 10 40 2 95% 98%
64 39 96% 99%
65 1 95% 99%
66 2 96% 98%
20 40
67 17 97% 98%
68 23 96% 98%

Conducted in toluene at 80°C for [HONDClo 0.04 M.  Determined by '"H NMR
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Following the successful tandem polymerizations, their relative rates of conversion
were investigated. For this purpose, polymerizations were conducted and samples were
removed for analysis via GPC and 'H NMR (see Table 2-13 and Table 2-14). The different
polymerization times show that high conversions are achieved rapidly. Importantly, ROMP
conversions are high for all polymerizations even within 30 min reaction time. Dispersities
are low for short reaction times with PDIs between 1.07 and 1.14. At short reaction times, the
experimentally established molecular weights match closely the predicted weights. For
example 54 had a theoretical M, of 23 200 g.mol™" while the molecular weights established by
'HNMR and GPC were 23 200 gmol™ and 23 100 gmol™ respectively. With increasing
targeted backbone degrees of polymerizations, the difference between predicted and
experimental weights increases. In particular, entries 65 to 68 with a backbone DP of 40 show
lower weights established by GPC than by '"H NMR. While the molecular weights found by
'"H NMR matched closely with theoretical weights (117 000 g.mol™ versus 116 600 g.mol™),
the weights established by GPC was lower with 85 300 g.mol™. This effect might be expected
for BBs due to their form factor. However, when allowing for longer polymerization times,
dispersities increase and the difference between theoretical molecular weights and
experimental molecular weights grow more pronounced (see Table 2-13 and Table 2-14).
Especially when considering entries 65 to 68, the average molecular masses seem to decrease
with increasing polymerization time (from 89 000 g.mol™ after 1h to 75 700 g.mol™ after 24 h.
This effect might be due to NHC induced side reactions, similar to the effects observed with

SIMes catalyzed ROP.

Table 2-14: Molecular weights (experimental and theoretical) for polymerizations of short
bottlebrushes (see Table 2-13)

Entry Mn theo Mn theo Mn exp? Mn exp® PDI¢
(graft) (BB) 'H NMR GPC
/gmol-1 /gmol-1 /g.mol-1 /g.mol-1
54 900 23 200 23 200 23100 1.12
55 22 300 24 200 1.12
56 22 300 23 000 1.15
57 23 200 24 700 1.18
58 1500 37 600 35 700 32100 1.14
59 35 700 34 600 1.15
60 35 700 34 800 1.15
61 37 600 35 800 1.18
62 1600 63 200 60 600 59900 1.07
63 61 800 62 300 1.07
64 63 000 54 100 1.11
65 3100 117 000 116 600 85 300 1.08
66 116 600 89 100 1.09
67 117 700 74 700 1.16
68 116 600 75 700 1.17

aDetermined by 'H NMR ? Determined by GPC using PS as standards and THF as eluent.
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Table 2-15: Time-dependent conversions of polymerizations targeting longer backbone DPs.

(LLAL/ [HONDC], time  Conv Conv
Entry [HONDClo /[Grubbs-111J, L-LA HONDC*
/h 1% 1%

69 05  94% 70%

70 5 100 1 94% 70%

71 3 90% 68%

72 05  82% 63%

73 1 100% 63%
11 100

74 20 100% 63%

75 70 98% 59%

76 05 959 389

5 200 & &

77 1 93% 40%

78 03  98% 42%

79 1 98% 41%
10 200

80 16 97% 41%

81 24 97% 38%

82 03  98% 41%

83 1 98% 45%
20 200

84 16 98% 45%

85 24 96% 36%

Tandem bottlebrush poymerizations with longer backbones. conducted in toluene at 80°C for [HONDClo 0.04 M. 2
Determined by '"H NMR

Further experiments were conducted to assess how well the tandem system performs
when targeting longer backbone DPs. Polymerizations were conducted with a [inimer]:
[Grubbs-I11] ratio of 100:1 and 200:1 (see Table 2-15 and Table 2-16). At higher targeted DP’s,
conversion of HONDC decreases noticeably. Interestingly, the maximum DP yielded was
between 70 and 80 repeat units for both sets of experiments, representing a conversions
around 70% and 40% respectively. At lower targeted DP’s, conversion is systematically
quantitative or near quantitative. Entries 76-85 in Table 2-15 show that conversion of HONDC
drops to 40% when an inimer HONDC to Grubbs initiator ratio of 200 equivalents is employed.
In contrast to the entries with lower targeted DP’s, the associated GPC traces show a distinct
bimodal distribution. DOSY '"H NMR show two distinct populations (see Figure 2-28). The
heavier fraction are short bottlebrushes and the lighter fraction are HONDC-initiated poly L-
lactide chains that have not undergone ROMP. These findings are supported by the presence
of '"H NMR signals corresponding to the metathesis ring opened HONDC associated with
monomers in the backbone as well as signals of the closed structure covalently bonded to
PLLA. Even when increasing reaction times from 1h to 40 h, conversion does not increase,
indicating the deactivation of Grubbs catalyst. This finding is in keeping with the lower
solution stability of Third Generation Grubbs catalysts at elevated temperatures compared to
the earlier generations'”. The high temperatures required for the successful DTT mediated

ROP hence limit the versatility of this tandem approach.
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Figure 2-28: DOSY 'H NMR of simultaneously polymerized bottlebrush 69 recorded in CDCls at a
700 MHz spectrometer.

Table 2-16: Molecular weights (theoretical and experimental) of polymerizations targeting longer
backbone DPs

Mn theo Mntheo Mn exp 'H NMR® b
Entry (side chain)  bottlebrush MI/l eﬁi)l(_}fc PDIP
/g.mol-1 /g.mol-1 /g.mol-1 &

69 61900 56 300* 1.33%*

70 900 92800 61900 58 400* 1.32%

71 58 200 55 900* 1.35%

72 95 000 89 200* 1.38%*

73 112 900 95 400* 1.42%
1800 179 300

74 112 900 91 200* 1.41*

75 103 900 93 600* 1.40%*

76 67 800 84 900* 1.16*
900 185 600

77 70 200 86 500* 1.18*

78 136 100 85 200* 1.20*

79 132 800 102 700* 1.19*
1600 329 700

80 131 600 95 900* 1.23*

81 122 000 94 100* 1.23*

82 248 600 101 300* 1.15%

83 272900 127 500* 1.19*
3100 618 000

84 272900 133 600* 1.20*

85 214 200 131 200* 1.20*

Tandem bottlebrush poymerizations with longer backbones conducted in toluene at 90°C for [HONDCJo 0.04 M. ?
Determined by 'H NMR® Determined by GPC using PS as standards and DMF as eluent. In case of multimodal distributions,
refers to heavier fraction *Multimodal distribution.
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The conversion of L-lactide ROP remains quantitative for 5, 10 and 20 equivalents
with respect to backbone monomer. However, when considering entries 72-79, experimental
molecular weights are much lower than the calculated theoretical weight. Figure 2-29 shows
the diversion between targeted molecular weights and targeted DP. Significantly, the
difference increases with increasing side chain length. This discrepancy may either arise
from the unique conformation of bottlebrushes impacting their elution behavior or else
polymerization proceeds preferentially on unreacted side chains over side chains attached to

the growing backbone polymer.
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Figure 2-29: Linear correspondence of molecular weight of bottlebrush on monomer: initiator ratio
employed for 10 equivalents of L-lactide (light squares) and 5 equivalents of L-lactide (dark
squares. linear fits show strong linear dependence at low DP’s. At higher DP’s linear fit and
experimental data diverges, indicating lack of control. Corresponding dispersities plotted on
the same graph (circles).

On the other side, when considering the bimodal elution traces, the experimental
molecular weight of the brush fraction is lower than expected, while the molecular weight of
the unreacted homopolymer is heavier than expected. For the bimodal GPC trace of 84 for
example, the two fractions were evaluated separately. 'H NMR analysis of the reaction
mixture predicted a theoretical molecular weight of 273 000 gmol’, while the GPC
determined an average molecular weight of 134 000 g.mol™. The lighter fraction, representing
HONDC-initiated PLLA has an expected Mn of 3 100 gmol" whereas the experimentally
established weight is higher at 4 000 g.mol™. This indicates that L-lactide polymerization
proceeds preferentially at the less sterically hindered free chains rather than at the crowded
bottlebrush. If that be the case, incorporation of the growing side chains may result in a

certain gradient effect reminiscent of the conical bottlebrush polymers that MATSON et al.'®*
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have synthesized via sequential macromonomer addition. However, the simultaneous nature

of this work makes it impossible to spatially resolve the side chain distribution along the

backbone.
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Figure 2-30: In-situ 1TH NMR in toluene-d8 at 298K of tandem process. Olefin peak at 5.85 ppm of
monomer HONDC decreases (window left) as polymeric HONDC olefin peak at 5.87 ppm
increases. polymeric L-lactide methine peak at 5.07 ppm increases simultaneously (window
right). Proving the simultaneous nature of the process. The spectra were recorded by
Dr. Manfred Wagner.

As before in-siru 'H NMR spectra were recorded by || [ GTcGcGGG_G

polymerizations were conducted with an initial HONDC concentration of 0.06 M, a targeted
side chain DP of 10 and a backbone DP of 100. The recorded spectra were digitally overlaid
and globally aligned (see Figure 2-30). Red spectra show early stages in the polymerization
and purple spectra represent late stages in the reaction. As in the ROP only kinetic study, the
methine signal’s intensity of the polymer increases steadily. Unlike the ROP only spectra, the
Tandem process shows distinct changes throughout the reaction progress. The olefin peak at
5.85 ppm loses intensity as the reaction progresses, with the concomitant appearance of
polymeric olefin peaks at 5.87 ppm and 5.59 ppm. These signals are characteristic for the
successful ROMP of the HONDC backbone monomer. As the reaction was stopped after 24 h,

the ROMP process has not reacted to completion as evidenced by the remaining intensity of
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the signal at 5.85 ppm. These kinetic '"H NMR prove that the polymerization does indeed take

place simultaneously and the catalysts remain active during the entire timeframe surveyed.
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Figure 2-31: Kinetic plots of tandem polymerization. Left: concentration of L-Lactide monomer
(black) with linear fit showing the rapid decrease in monomer during initial reaction
stages followed by an equilibrium range due to monomer solubility and product
concentration (red) showing rapid polymerization in the beginning and pseudo zero-
order kinetics in later stages of the reaction. Right: half-logarithmic plot of conversion of
HONDC monomer with reaction time with two distinct linear fits showing biphasic
behavior.

The kinetic plots (Figure 2-31) show the L-lactide concentration (monitored via relative
intensity of the peak at 4.08 ppm) in the tandem reaction mixture to decrease rapidly at first
and then entering a stable plateau. These finding reflect the limited solubility of lactide in
toluene at 80 °C. After an initiation period where dissolved L-lactide is consumed, an
equilibrium establishes between dissolution rate and monomer being consumed through the
proceeding polymerization. The constant concentration of monomer leads to pseudo zero-
order kinetic behavior of the polymerization. Plotting product concentration as a function of
time produces a straight line (see Figure 2-31). A linear fit shows good agreement after the

initial polymerization period with a rate constant of koys = 1.1x10”° mol.dm™.s™".

The concentration of HONDC monomer in the polymerization solution was monitored
by the peak intensity at 5.85 ppm. Due to the partial overlap between monomer and polymer
peaks, the data was deconvoluted using a data processing function in MESTRENOVA X64. To
assess the reliability of the deconvolution software, a solution with known concentration of
macromonomer and bottle brush polymer was prepared in toluene-ds and compared to the
deconvoluted integrals. The deconvolution software was able to separate the two peaks
efficiently. Additionally, the experiment was repeated in CDCls, as it was previously
established that in a more polar solvent, the monomer and polymer signals are better
separated.
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Plotting the natural logarithm of HONDC conversion against reaction time produces a
kinked line, characteristic for a biphasic exponential decay (see Figure 2-31). The biphasic
nature of the system can be explained by the growing side chain length with progressing
reaction extend, which limits the mobility of the reacting species. Two linear curves were
fitted to the distinct reaction phases with the initial phase showing a rate constant of
ki =3.2x 10" s"alater phase with rate constantk,= 7.2x 10°s™. These findings are in marked
contrast to the first order kinetic behavior reported of ROMP homopolymerizations with
Grubbs-I1I catalyst®*'*® and can be linked back to the interacting nature of the tandem system
at hand. Nonetheless, this kinetic data shows that both polymerizations truly proceed

simultaneously.
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2.5 Bottlebrush Structure

Y

Figure 2-32: Schematic representation of potential intramolecular side chain distributions all resulting
in the same number average molecular weight of molecular brush. Left: low dispersity of
individual side chains, center: statistical incorporation of high dispersity side chains,
maximizing side chain degree of freedom and right: preferential ROP in solution rather than
at the growing backbone leads to conical shaped molecular brushes.

The markedly narrow molecular weight distribution of the short brush polymers
synthesized via simultaneous tandem grafting was quite surprising, given that these
copolymers are the product of two polymerizations. This low PDI and close match between
theoretical molecular weight and experimental molecular weight may be taken as indicative
of excellent control over both polymerization mechanisms. However, an alternative
interpretation of the same results is conceivable when considering this particular molecular
architecture. As with any block copolymer, the polydispersity index does not reflect the
dispersity of the individual blocks but rather of the copolymer as a whole. This observation
leads naturally to the question whether the narrow molecular weight distribution observed
herein is the product of both narrow side chain distribution and narrow backbone
distribution or whether the brush architecture masks a wider distribution. When considering
molecular brush 50 for example, the observed molecular weight of -60 000 g.mol may either
be a product of -39 side chains, with each chain -1 600 g.mol™ and narrow polydispersity or
else that of -39 side chains with some side chains markedly heavier and some markedly
lighter (see Figure 2-32 for a schematic representation). GPC and 'H NMR experiments of
molecular brushes allow only to make observations over the whole polymer’s weight

distributions, not that of the side chains.'®®

Additionally, when considering that the steric interactions of for ROP of L-lactide at
the side chains that have already been incorporated via ROMP are much greater than those
that are still freely in solution, it is conceivable that the free chains grow faster than the
tethered chains. Such an effect might could in turn result in the formation of conical shaped

molecular brushes with the terminal side chains much longer than the earlier incorporated
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chains (see Figure 2-31). As the step-wise grown molecular brushes portray markedly
different molecular weight distributions, analyzing ROP of L-lactide only would not help to
answer this question as the characteristic interactions of the tandem system would be
neglected. To test whether the low polydispersities arise from homogeneous and controlled
polymerizations, from statistically distributed side chain lengths, or else from conically-
shaped brushes, a two-fold approach was pursued: the shape of the molecular brushes was
observed via atomic force microscopy (AFM), and depolymerization of the backbone was

employed to determine the side chains’ uniformity.

251 Atomic Force Microscopy

Figure 2-33: AFM micrographs of 86 on a freshly cleaved mica wafer. a) and ¢) topography, color legend
1.5 nm, b) phase, color legend 15.2 ° and d) phase, color legend 5.2 °.

In 2017, MATSON et al'®. synthesized cone-shaped brushes by sequential addition of
macromonomers with different DPs and proved AFM measurements to be capable of
determining such form factors. Similarly, for this project AFM experiments were conducted
to assess any potential form factors arising from a slower polymerization off the backbone

than in solution. For this purpose, a dilute solution of 86 in THF was cast onto a freshly

90



Simultaneous Bottlebrush Polymerization

cleaved mica surface. By this approach, a monolayer of molecular brushes was formed as the
solvent evaporated. The AFM micrographs (see Figure 2-33) show the characteristic “worm-
like” structure of molecular bottlebrushes. Light regions in the topographic micrographs
represent higher structures and darker areas are lower structures. It is evident from the
topography recordings that the brushes (although relatively uniform in general) show a
certain variation in length. The observed length scales correspond to the extended backbone
of molecular brushes, while the side chains may be observed indirectly through the height
profiles. The length of extended brushes is in the order of magnitude of 50 nm while their
height (i.e. the diameter) is around 1.5 nm and corresponds to the spatial arrangement of the
L-lactide coils. Cone-shaped structure such as described above could not be detected, although
such observations might be difficult to make at the length scales at hand. The curved
conformation of the BBs are a result of the poor interaction of side chains with gold substrate.

As a consequence, the PLLA coils minimize contact and adopt a curved conformation. '*?

2.5.2 Depolymerization of Backbone
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Scheme 2-11: Insertion depolymerization of 86 to investigate the side chain length distribution.

The orthogonal nature of the polymerizations employed herein also allow for targeted
depolymerization. The unsaturated backbone can be depolymerized selectively while leaving
the polyester side chains unaffected. This approach permits to investigate the origin of the
low polydispersity index of the low backbone DP brushes, while also giving insight into the
origin of the increased PDI of higher targeted DP’s. If the side chains show a unimodal,
narrow molecular weight distribution, the higher PDI must arise through losing control over
the ROMP process only. WAGENER et al. have established that unsaturated polymers can be
selectively depolymerized through catalyst Grubbs-I mediated metathesis with various
acrylates'”. As previously shown, Grubbs type catalysts do not interfere with (poly-) esters
during polymerization and it may thus be safely assumed that the polyester side chains
remain intact during depolymerization too. Employing acrylates for the depolymerization

allows to work under atmospheric pressure unlike when polymerizing with ethylene gas.
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Table 2-17: Molecular weights of molecular bottlebrush 86 and after depolymerization (87)

Entry ’ DPside chain DPhackbone Mn iheo Mn eyp PDI¢
86 26 55 220000 224 000 1.42
87 26 1 4 000 6 000 1.15

A representative depolymerization was conducted with molecular brush 86 that
portrays the characteristic high PDI of longer targeted backbones (55 repeat units of HONDC).
A sample of 86 was dissolved in ethyl acrylate and after overnight depolymerization by
Grubbs-I the side chains were isolated via preparative GPC. Figure 2-34 shows the molecular
weight distributions before and after depolymerizations. The 224 000 g.mol™ molecular
weight of molecular brush 86 with PDI of 1.42 was decreased to 6000 gmol™ and a PDI of
1.15 in the isolated side chains 87.

The isolated side chains were then submitted to MALDI-ToF MS to yield absolute mass
— 86
87
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Figure 2-34: GPC traces of molecular bottlebrush 86 and its depolymerization product 87 Elution in
THfversus polystyrene standards

information. Unlike the GPC results, MALDI-ToF MS showed a much more narrow
distribution of the side chains at 1.05 (see Figure 2-35). Three main populations were
identified when analyzing the isotopic fine structure, differing only in the mass of one '*O
and half of an L-lactide repeat unit only. The L-lactide repeat unit was confirmed by the
144.040 Da difference between individual peaks of the same population. Analysis of the fine
structure did not lead to satisfying congruence between theoretic end-group and experiment.
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The average degree of polymerization was calculated to be 26 repeat units of L-lactide,
resulting in a number average molecular weight of 3 750 g.mol™. These results are in marked
contrast to the molecular weights established via GPC but may be explained by the mismatch
between polarities of the polystyrene reference material versus the PLLA sample. In
comparing the two analytical tools, MALDI-ToF MS as an absolute method should take
priority in interpretation. The very low dispersities of the individual side chains and the
excellent match between the HONDCLLA ratios as established by 'H NMR with the
established DP via MALDI-ToF MS indicates that the ROP of L-lactide is very well controlled

and its polymer products homogeneous throughout the polymerization.
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Figure 2-35: MALDI-ToF mass spectrum of depolymerized brush 87.
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2.6 Conclusion

The simultaneous bottlebrush project was motivated by a desire to simplify the
synthesis of molecular bottlebrushes, while mitigating some of the caveats of established
techniques. The orthogonal combination of ROMP with ROP was chosen as an advantageous

path to allow for simultaneous polymerization of backbone and side chains in a single step.

Starting from a catalyst combination employed by FREUDENSPRUNG et al.*’, a promising
catalyst-monomer combination was tested. The Grubbs-II catalyst was chosen to produce the
poly(norbornene-methanol) backbone, while NHC SIMes catalyzes the poly(LLA) side chains.
Orthogonality was assessed using 'H NMR experiments and homopolymerizations. It was
shown that the various combinations of orthogonal catalysts and monomers remained stable
over the experiment timeframe. In contrast to the auspicious findings of these preliminary
experiments, employing this set of monomers and catalysts did not result in the expected
bottlebrush polymerization. It was established that the stereochemistry of backbone
monomers plays a significant role for the polymerizability using Grubbs-type catalysts. As a
consequence, monomers were designed to reduce steric interactions (exo-monomers) and
lower the probability for forming inactive complexes with the metathesis catalyst. The
norbornene-derived monomer HONDC combined great ring strain, exo- orientation and

entropically favorable placement of hydroxy group.

In addition to compatibility and orthogonality, this project rested on the ambition to
establish a tandem system with comparable reaction rates. Previous publications reported the
simultaneous ATRP and ROMP to yield molecular bottlebrushes but saw full conversion of
one monomer within minutes, while the second monomer polymerized in several hours.
Likewise, for the purposes of this project, SIMes was found to polymerize LLA too fast to match
the rate of ROMP by Grubbs-type catalysts Grubbs-II, Grubbs-III and pyridine analogue
Grubbs-I1IP. The thermally activated NHC DTT finally allowed to match reaction rates. The
DTT mediated ROP of L-lactide was proven to act orthogonal to the Third Generation Grubbs
catalyst mediated ROMP of HONDC.

A two-step process was established involving the synthesis of a macromonomer and
the subsequent ROMP thereof without quenching or work-up steps. Excellent yield and
control was achieved with several side chain lengths as well as several backbone DP’s. The
DTT NHC proved both valuable in tuning reaction kinetics due to its temperature

dependence, as well as solubilizing the monomer in an apolar solvent.
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For the first time, a simultaneous tandem bottlebrush polymerization was conducted.
In only one step, the Third Generation Grubbs catalyst mediated ROMP of HONDC produced
a polymeric backbone. Simultaneously, the DTT mediated ROP of L-lactide was conducted in
the same reaction vessel, which produced covalently tethered poly(L-lactide) chains off the
HONDC polymeric backbone. The simultaneous nature of the process was highlighted through
the /n-situ "H NMR observation of the tandem procedure. The one-pot, one-step technique
produced very well-defined, narrowly dispersed bottlebrushes under excellent control when
low backbone DP’s were targeted. The one-step approach produced much more narrowly
distributed molecular brushes than the two-step process, even when using the same catalysts
and monomers. Depolymerization of the backbone showed that both backbone and side
chains are narrowly distributed. The low molecular weight distribution was attributed to the
ability of tandem polymerizations to mitigate the steric demands usually associated with
bottlebrush synthesis. However at longer targeted backbones, the high temperatures required

for the tandem process hindered full conversion of the backbone monomer.

The tandem process extends the synthetic toolbox for yielding molecular
bottlebrushes. The remarkable control over the reaction when targeting short brushes enable
the synthesis of well-defined, highly precise products. Pursuing one-pot strategies not only

lowers solvent consumption but provides a greatly simplified synthetic route.
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3 SIMULTANEOUS SURFACE GRAFTING

3.1 State of Literature

The project described in this chapter aimed at synthesizing mixed binary brushes in
only one polymerization step. Synthesizing densely grafted, covalently attached mixed
polymer brushes requires both adequate control over the two polymerization steps, the
grafting density as well as control over the individual chains’ lateral distributions. Previously,
these requirements are addressed via multistep syntheses that can be roughly divided into
the “grafting to” and “grafting from” categories. An overview of these strategies is presented
in Figure 3-1. Counting among the former, previously synthesized polymer chains can be
deposited on a surface by functionalization with a reactive end group capable of bonding with
the surface of interest. Either two different homopolymers bearing an anchoring group are
deposited one after the other (see Figure 3-1 a) or else Y-shaped diblock copolymers are
deposited on the surface in one step (see Figure 3-1 b). Using a sequential grafting-to
approach, DUPONT-GILLAIN et al.'” synthesized PEO/PAA brushes on gold surfaces to study
protein adhesion, MINKO et al.*® deposited poly dimethyl siloxane (PDMS)/P2VP brushes for
chemical gate applications and PDMS/polyethylinimine®*' to study non-wettable hydrophilic
brushes. Prominently, STELLACCI et al**>. immersed nano-sized gold particles into a solution of
hydrophobic and hydrophilic thiols to produce amphiphilic mixed brushes. The simplicity
and versatility of this approach is counterbalanced by its poor control over the chains’ lateral

distribution. Although STELLACCI*** established via (contested*”) STM measurements that the
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self-assembled structures led to a range of interesting surface separations, it remains that
thermodynamic, rather than synthetic considerations dictate the self-assembly of the two
polymers on the surface. A one-to-one lateral resolution can be enforced by employing
previously synthesized diblock copolymers. As every surface reactive group is attached to both
polymers, these two will by definition be neighboring. TSUKRUK et al**. have employed the
above technique to synthesize mixed short chain polymer brushes and observed spontaneous
micelle formation on the surface due to chain incompatibility. However the Y-shaped diblock
grafting-to approach further exacerbates the predominant issue associated with grafting-to
techniques: steric hindrance. Grafting-to requires either solution or melt conditions. As a
consequence, polymer chains are in their random coil structure, potentially shielding the
anchoring group and blocking other inbound polymers from attaching to the surface.
Depending on the radius of gyration (and by extension molecular weight) of the inbound
brushes, high grafting densities may not be achieved and the polymers often remain in a
mushroom rather than a brush regime. Hence, if high grafting densities are a desired

property, this technique is unsuitable.
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Figure 3-1: Schematic illustration of different synthetic routes. (a) Step-wise “grafting to” of individual
homopolymers, (b) “grafting to” of Y-shaped diblock copolymers, (c) step-wise “grafting from”
via surface-initiated free-radical polymerization (SI-FRP) using non-selective initiators, (d)
“grafting from” via SI-RDRP using Y-shaped bifunctional initiators, and (e) “grafting from” via
surface-initiated reversible-deactivation radical polymerization (SI-RDRP) using two disparate
co-deposited initiators. Reproduced with permission from *.
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The grafting-from approaches can roughly divided into three groups of synthetic
strategies. The synthetically most straightforward technique relies on the random surface-
initiated (free radical) polymerization (see Figure 3-1c). The surface is first functionalized with
a non-specific initiator (e.g. azo-initiators) that then initiates the free radical polymerization
of the first monomer. As the thermal decomposition of azo-imitators is temperature
dependent, the reaction conditions can be tuned so that only a portion of the initiators has
been consumed by the end of the first polymerization. In a second step, the other monomer
is polymerized by the remaining surface initiators. MINKO et al.'*"'°**** used this technique to
graft thick incompatible brushes with the combination of PMMA/PSt, PSt/P2VP and PMA
with the random copolymer Poly(styrene)-star-poly(2,3,4,5,6-pentafluorostyrene) (PSF) and
observed a responsive surface self-organization. Employing free radical polymerization has
its own intrinsic issues: the immobilization of initiators on the surface dictates that the
propagating chains are all in very close proximity to one another, increasing the probability
of recombination. Employing controlled polymerization techniques may solve this particular
issue but unselective initiators still suffer from poor control over lateral resolution. MINKO et
al.'”! reported that using unselective initiators led to a “nucleation”-induced separation of the
two homopolymers. The group observed that small fluctuations in the grafting points led to

microphase separation and hence impacted the location of the phase separated domains.

To overcome the issue of unselectivity, one can employ two orthogonal polymerization
techniques. Through deposition of two independent, selective initiators, the two brushes can
be grown without competition for the same grafting site. The two initiators can either be
(co-)deposited randomly (see Figure 3-1 e) or by exploiting three-armed (Y-shaped) initiators
(see Figure 3-1 d). Employing a Y-shaped bifunctional initiator with anchoring moiety allows
for much greater control over the location of the two immiscible polymers. In a first step, a
monolayer is formed by reacting the bifunctional initiator with a complementary functional
group on the surface of interest. The use of Y-shaped bifunctional initiators allows to
introduce heterofunctional initiating moieties. By this approach, the two polymer chains can
grow independently off the surface, while also ensuring that the two polymers are well-
mixed. Indeed, an alternating surface coverage can be enforced®. This approach has been
employed for the step wise RAFT and ATRP off mesoporous silica particles'>. Through the

combination of NMRP and ATRP, mixed brushes were synthesized at silica wafers**.

If the aim is to produce a densely grafted surface, well within the brush regime, the
step-wise polymerization is unsuitable. For all surface-initiated syntheses of binary brushes,
one major issue remains: the steric hindrance of the represented by the radius of gyration of
the first polymer blocks access to the initiating sites. The first polymerization step occurs

(relatively) unimpeded: initiation takes place at the unhindered surface. If all chains grow at
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comparable rates, monomers only have to diffuse to the polymerizing front of the brush.
However when polymerizing the second set of chains, the monomer has to diffuse through
the crowded chains of the first polymer to the surface. Although monomers are small, the
high steric bulk inside the brush represents a great hindrance. The effect is only exacerbated
when the second monomer has a polarity incompatible with the already existing chains.
MINKO et al.'”* explored the effects of grafting sequence on the final polymer composition.
When synthesizing PS/P2VP mixed polymer brushes, they found that grafting the second
polymer was only possible if the less polar polymer was grafted first. The polar polymer
interacted more strongly with the silica surface, impeding grafting of the second polymer.
Increased steric hindrance is inherent in all step-wise polymerizations, irrespective of the

polymerization technique or monomer identity.

The only way to avoid these steric effects is to ensure that both polymers grow at the
same time and at comparable reaction rates — a simultaneous approach is required.
Controlled and spatially defined polymerizations yielding two chemically distinct polymers
necessitate the use of orthogonal techniques. The polymerizations must not interfere with
one another while chemically distinguishing between the two monomers. Although such
approaches have been successfully employed in the synthesis of block copolymers, their
successful application for the synthesis of mixed binary brushes remains limited. BRITTAIN et
al*®. and ZHAO et al*" used the NMP/ROP system developped by SOGAH et al.*® to graft
respectively PSt/poly phenyl oxazoline and PSt/PCL chains “simultaneously”, although no
reports of the kinetic compatibility were made. The employment of NMP as orthogonal
polymerization mechanism is attractive due to the ease of employment. On the other hand,
NMP is notoriously difficult to control when monomers encourage side reactions'>. NMP
works best for the polymerization of styrene and its derivatives while with methacrylates is
liable to suffer from disproportionation. As a result, the choice of monomers and hence the

feasible polymeric architectures is further restricted.

HADJICHRISTIDIS et al.”* have successfully employed ATRP/ROP grafting-from carbon
nanotubes. The functionalization was achieved through [4+2] DIELS-ALDER reaction with the
tube walls, followed by stepwise introduction of the two initiators. The stepwise nature of
their synthesis led to a random distribution of initiating moieties across the nanotube. This
approach does not allow to control the location of the initiating moieties, nor their density.
To the best of our knowledge, a simultaneous synthesis has never been achieved while also
controlling grafting density as well as enforcing maximal mixing on a molecular level. A

system combining hydrophilic and hydrophobic polymers has never been reported.
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3.2 Concept

As explained in the previous chapters, retaining control over the polymerization of
two different monomers to form two discrete polymer blocks requires the employment of two
distinct, mutually orthogonal polymerization techniques®. Employing two types of monomers
with different properties but polymerized via the same pathway in a one-pot, one-step
procedure would result in statistical copolymers. Ensuring an even distribution of hydrophilic
and hydrophobic polymer brushes with nanometer-scale resolution is envisioned via control
over the initiating sites. By choosing polymerization mechanisms that are initiated selectively
by chemically different initiating functionalities, the placement of the initiators on a surface
will thus determine the placement of the resulting polymer chains. To maximize the interface
between hydrophobic and hydrophilic polymer chains, the two initiating sites are bonded
together covalently at a one to one ratio, enforcing an alternating grafting. This is achieved
by the help of a trifunctional center, where one arm initiates polymerization of a hydrophobic
monomer, a second arm initiates polymerization of a hydrophilic monomer and the final arm
serves to immobilize the initiators on the surface. After the formation of a monolayer of this
trifunctional linker, the two monomers and necessary (co)catalysts are added in one step to

start the simultaneous polymerization. The concept is pictorially represented in Figure 3-2.

gt _

Figure 3-2: Schematic representation of simultaneous surface grafting concept. In a first step, a self-
assembled monolayer (SAM) of the trifunctional, dual initiator is immobilized on a surface
(left). In a second step, the two monomers are added to the reaction mixture and polymerized
with the help of suitable catalysts (right).

The chemical identity of the initiating sites is dictated by the polymerization processes
to be employed. ATRP appears to be a promising approach for the purpose of simultaneous
surface grafting. The technique offers a relatively large range of reaction parameters that

may be tuned and hence has been shown to successfully polymerize a large multitude of
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monomer functionalities*'®. Synthetic access to the alkyl halides that commonly serve as ATRP
initiators is relatively straightforward. These considerations dictate the chemical identity of

the first initiating arm.

The second polymerization technique to be employed must be orthogonal to ATRP, i.e.
must not proceed via a radical polymerization pathway. Anionic ROP of cyclic esters promises
to be a viable candidate for this purpose due to the range of monomers and catalysts that may
be employed, as well as the large ranges in polymerization kinetics that have been
described’*'"*'>. ROP is most commonly initiated by primary alcohols, offering hence a motif

for the second initiating arm.

It is of major importance that the two polymerizations occur with comparable rates so
that the growing polymer front does not hinder access to the active chain ends. Additionally,
the simultaneous polymerizations must allow to target different molecular weights. As was
shown by simulations®, a large mismatch in chain lengths (orders of magnitude) would lead

to only one polymer dominating the interface (vide supra).

Depending on surface properties, various functionalities are conceivable for
anchoring the initiators, including chemically bonded approaches as well as physisorption.
While physisorption offers a synthetically more facile access, chemical bonding offers the
advantages of greater robustness and greater specificity'®. Physisorption is a dynamic,
equilibrium controlled process. Although great stability has been demonstrated, particularly
when exploiting multi-valent interactions, it is conceivable that in a high-temperature
environment and subjected to various monomers, catalysts and solvents, the physisorbed
linker may detach from the surface. The increased steric repulsion of the growing polymer
chains on the other hand might then provide a barrier to re-attachment. Desorption of
individual linkers would then lead to a decrease in grafting density, which is to be avoided,
making the chemically bonded approach more attractive. The exact identity of the anchoring
group depends on the substrate of choice. Gold surfaces, such as those explored by
STELLACCI*®, are often functionalized by the help of thiol groups. Silica and silicon surfaces
are most commonly addressed by trialkoxisilanes, or trichlorosilanes. Iron oxide surfaces may
be decorated by the help of phosphates etc. For the scope of this project, it was decided to
explore the functionalization of silica or silicon surfaces. This decision was inspired by the
relative price of the substrate as well as by the scope of comparable literature available of

functionalized silica surfaces in a vast variety of geometries*'>.
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3.3 Synthesis of Bifunctional Initiator

For the envisioned concept, the key to attaining spatial resolution of the two polymers
is the molecular design of the initiator. Generally speaking, initiator choices are dictated by
the monomer that is to be polymerized and the polymerization mechanism. For a well-
controlled system, the rate of activation should be at least as fast as the rate of propagation®'.
In a simplified picture, if the rate of initiation is much faster than the rate of propagation,
most initiating sites will be activated within early polymerization times and monomers react
statistically with all initiating sites. Conversely, if the rate of propagation is much faster than
the rate of initiation, only few initiating sites will be activated and will consume large
proportions of the available monomer before other initiating sites react. The selection of an
efficient initiator is particularly important when employing ATRP to graft off surfaces. A
dense distribution of ATRP-derived chains can only be achieved if each site initiates reliably.
The initiator can be thought of as a dormant chain end and thus activity predictions for
initiators rely on the same principles as predicting monomer reactivity: the better a radical is
stabilized by adjacent functional groups, the higher the initiator activity®'>. Hence, tertiary
alkyl halides are much more reactive than secondary or primary alkyl halides and
neighboring ester groups result in better initiators than a phenolic residue*”. Additionally,
weaker C-X bonds make more efficient initiators and hence initiating efficiency increases in
the order Cl<Br<I""". Generally speaking, choosing an initiator that is much more active than
necessary is more desirable than an initiator that is not active enough for the system. A
commonly applied rule of thumb dictates that the initiator be structurally related to the
employed monomer”®. ATRP of styrene for example is commonly initiated by
1-bromoethyl benzene  and  methacrylate  polymerizations initiate well  with

alkyl 2-bromoisobutyrates.

A convenient synthetic access to highly active alpha-bromo ester initiators is provided
through esterification of an alcohol or amine with the initiator precursor

bromo-isobutyryl bromide. 88
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Scheme 3-1: Synthetic overview to yield trifunctional linker for planar silicon surfaces without
protective groups. STEGLICH esterification of trimethylol ethane (89) by undecenolic acid in
under-stoichiometric proportions followed by under-stoichiometric deprotonation and
esterification by bromo isobutyryl bromide (88) and final platinum (IV) oxide mediated hydro-
silylation.

In the first step, trimethyloyl ethane 89 was functionalized via STEGLICH esterification
with 10-undecenoic acid. Several solvent systems were tried out and only the DMF:DCM 3:4
mixture was found to satisfactorily dissolve all educts and reagents. The lack of chemical
specificity of this reaction involving three identical alcohols implies the formation of a
statistical distribution of singly, doubly and triply esterified products, as well as unreacted
starting material. To counteract this tendency and reduce the waste of valuable chemical
resources, the inexpensive triol 89 was employed in three-fold excess to the coupling reagents.
By this approach, the amount of doubly and triply functionalized side products was reduced.
The water-soluble unreacted excess 89 could then be washed out in a simple extraction step.
The target molecule 3-hydroxy-2-(hydroxymethyl)-2-methylpropyl undec-10-enoate 90 was
isolated from the unwanted side products by column chromatography. The isolated yield was
expectedly low with 40% with respect to the carboxylic acid. '"H NMR (see Figure 3-3), MS and

IR (see Figure 3-7 a)) were used to confirm the successful reaction.
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Figure 3-3: 'H NMR spectrum of diol 90 isolated via column chromatography, recorded in DMSO-ds at

The 'H NMR of product 90 showed the characteristic olefin peaks with the multiplet

at 5.87 — 5.66 (j) and the two doublets at 4.99 and 4.93 (k). The signal at 3.86 (d) shows the
successful ester coupling through the significant downshift with respect to the four
equivalent protons at 3.25 (b). Integration of the three methyl protons at 0.77 (a) show the
expected 3:1 intensity with respect to the 3-vinylic proton (j).
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Scheme 3-2: Acylation of diol 90 by acylation with BriB and triethylamine in THF to yield the dual
acylated product 91 preferentially over the single functionalized 92.

In order to introduce the ATRP initiating group, one of the primary alcohols of the
ester molecule 90 was acylated through reacting with the acyl halide a-bromo isobutyryl
bromide 88. As before, the two primary alcohols are equivalent to one another and a mixture
of products is expected. The alcohol and trimethylamine were dissolved in THF and reacted
with slowly added, neat acid bromide 88. The acid bromide 88 was employed in just under-
stoichiometric amounts so as to reduce the amount of doubly-functionalized product. After
48h, 'H NMR spectra of the crude product proved the quantitative reaction of 88 with the diol
90, while thin layer chromatography showed the disappearance of acid bromide 88, with
remaining diol 90 as expected given that 88 was employed as limiting reagent. However, after
purification of the product by column chromatography and isolating the individual product
fractions, it transpired that the crude product comprised two side products and unreacted
starting diol 90. The major product was the doubly functionalized ester 91 with 90% yield. A
much smaller fraction was isolated and characterized as the desired compound 92 in only
10% yield. The reaction was repeated with 0.8 equivalents of acid bromide 88 with respect to
diol 90, to encourage a greater fraction of single functionalized product. Given that under-
stoichiometric amounts of acyl halide were employed, it was concluded that the reaction
conditions favored the dual functionalization per se. Two hypotheses were explored: either
the addition of neat acyl bromide 88 into the reaction solution leads to a local concentration
spike, followed by rapid reaction with more dilute diol or else the inter- or intramolecular
interactions of diol 90 are strong enough as to make the diol less nucleophilic. To test the first
hypothesis, the reaction was repeated with addition of 0.8 equivalents of 88 with respect to
diol 90. Contrary to the previous reaction, the acyl halide was added to a dilute solution of
diol 90 in THF. The reaction again showed the preferential dual functionalization. The
reaction progress was monitored via '"H NMR and showed that the reaction of acid bromide
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88 proceeded relatively slowly; after 2 hours of reaction time, conversion was only 8%. These
findings speak against the hypothesis of local concentration differences that favor the dual
functionalization, as such an effect could only be observed if the rate of diffusion is much
lower than the rate of reaction. Observing that THF is a good solvent both for diol 90 as well
as for acid bromide 88 and that the reaction rate is relatively slow, the hypothesis of diffusion

controlled kinetics was rejected.
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Figure 3-4: Three-dimensional model of diol 90 showing the intramolecular hydrogen bonding
interactions, stipulated to discourage single acylation.

The presence of strong intra-molecular interactions have previously been

216

demonstrated for 1,3-diols both in theory*'® as well as experimentally*'"”. If the diol 90 exhibits
strong intra-molecular hydrogen bonding, the oxygen lone pairs are less available for
nucleophilic attack on the acyl halide88. Conversely, after undergoing one acylation reaction,
the intramolecular interactions are interrupted and the remaining alcohol of 92 is activated
with respect to the diol 90. Formation of the dual acylated product 91 is hence favored and
would explain the observed trends. This hypothesis was tested by changing the reaction
medium to a more polar solvent. N,;N-dimethyl formamide has a larger dipole moment than
THF and with the addition of LiCl, it was hoped to break the hypothetical hydrogen bonding
present in the diol. The reaction in DMF with LiCl yielded marginally higher yields of 92 than

in THF. Still, these yields were deemed too low as to represent a worthwhile solution to the

synthetic problem at hand.

Instead it was opted to encourage a single acylation by deprotonating the diol 90 with
the help of under-stoichiometric amounts of NaH. It was stipulated that the dual
deprotonation of the diol is thermodynamically unfavorable due to the presence of two
negative charges within the same molecule. Additionally, deprotonation is a reversible
process and hence an equilibrium may be reached so as to maximize the population of single
alkoxides which are then trapped by the addition of acyl halide 88 to yield the targeted
molecule 92. This approach significantly increased the proportion of desired compound 92 to
80% in the crude product, and 65% overall yield after purification by column

chromatography.
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Figure 3-5: 'TH NMR of spectrum of bifunctional initiator 92 in DMSO-dsat a 700 MHz spectrometer.
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'"H NMR spectrometry was used to confirm the chemical structures of isolated product
92. Again, the vinylic proton (1) at 5.78 were used to compare the integral ratios between the
three methyl protons (c) at 0.91 and the six methyl protons (a) at 1.90 and found the expected
ratio of 1:3:6. The signal at 4.00 (b) reveals the successful synthesis of haloester 92 and the

broad signal at 4.79 (e) confirms that only one equivalent of alcohol reacted.
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Scheme 3-3: Test reaction of hydrosilylation of 10-undecenol 93 with trimethoxysilane according to
Mioskowski, yielding a mixture of terminal silane 94 and its regioisomer 95

Hydrosilylation was conducted using platinum (IV) oxide according to a procedure

published by MIOSKOWSKI et al. . The procedure has been shown to be resilient and tolerant
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of a wide range of functional groups, including primary amines and carboxylic acids.
However, the group did not report on the efficiency for the reaction with vinyl compounds
bearing alcohols. A model reaction was conducted to ensure the compatibility of this
functional group with the hydrosilylation conditions. For this purpose, 10-undecenol 93 was
reacted with trimethoxysilane using platinum (IV) oxide as catalyst. 'H NMR spectra showed
the complete disappearance of the olefin signals and the new appearance of two high field

signals representing the products arising from silylation of the methine and the methylene

Br
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carbon respectively.
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Scheme 3-4: Hydrosilylation reaction of 92 to produce the target compound 96 with a 10% occurrence
of regioisomer 97.
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Figure 3-6: 1H NMR of bifunctional anchor 96 in DCM-d2 at a 700 MHz spectrometer.
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After the successful test reaction, the hydrosilylation reaction was repeated with 92 to
produce the target linker. Unlike the test reaction, the hydrosilylation was more selective
towards terminal silylation with a selectivity of 90% 96 and 10% of regioisomer 97. The
silylation occurred quanitatively after 40 h reaction time. The linker was characterized via

'H NMR, "C NMR, DOSY NMR;, IR and MS.

Successful silylation was confirmed by 'H NMR analysis (see Figure 3-6). The
quantitative silylation was confirmed by the absence of vinylic protons in contrast to the
earlier reaction steps. Noteworthy changes include the appearance of silyl ether signals
(kand1) at 3.78 and 1.22 respectively and the shielded proton adjacent to the silyl ether (j) at
0.87 ppm. The calculated integrals match the expected signal intensity ratios of a:c;j:k of 6:3:2:6.
The arrow in Figure 3-6 indicates the presence of minor product 2-silyl ether (97). Throughout
the spectrum, signals of the minor isomer appear as impurities. Separate DOSY 'H NMR
experiments further confirmed the covalent attachment of all functional groups. All target
molecule derived signals occur at the same diffusion coefficient. Mass spectrometric analysis
confirmed the presence of a compound at 553.3 u. This mass reflects the expected mass of

target molecule 96 of 598.25 lacking the mass of C;HsO as a consequence of fractionation at

the silyl ether.
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Figure 3-7: FTIR spectra of a) diol 90, b) haloester 92 and c) linker 96.
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Fourier transform infrared spectroscopy was conducted on the intermediaries and the
target molecule described above (see Figure 3-7) The characteristic signals are reported in
Table 3-1 and confirm the 'H NMR measurements. All three products show the broad O-H
stretching vibrations between 3520-3475 cm™ expected from the primary alcohol in all
compounds. Unspecific alkane C-H stretches were observed for all compounds between
2850-2975 cm™. In contrast to diol 90, products 92 and 96 showed the characteristic germinal
dimethyl bending doublets at 1388 cm™ and 1371/1368 cm™. As expected, diol 90 and
haloester 92 show terminal olefin stretching at 1640 cm™ and bending vibrations at 992 cm
"and 908 cm™ respectively. The hydrosylilated target molecule 96 in contrast does not show
these olefin signals. All three compounds produce ester stretching vibrations between 1725
cm™ and 1740 cm™ and two signals at 1270 cm™ and 1160 cm™ All these signals were expected

and confirm the 'H NMR results.

Table 3-1: Summary of characteristic vibrations measured by FTIR (ATR crystal) of compounds 90, 92

and 96

Compound Wavenumber Vibrational Mode
3479 br. med. v (-O-H)
2924 and 2853, s, med. v (-CH, sp?)

% 1724, s, strong v (-C=0 Ester)
1158 s, strong, v (-C=0 Ester)
1052 v (-C-OH alcohol)
992 and 909 6 (-CH=CH,)
3518 br. med. v (-O-H)
2976, 2927 and 2855, s. med. v (-CH, sp?)
1731 s, strong, v (-C=0 Ester)
1640 v(-CH=CH>)

92 1463 s, weak 6 (-C-H)
1388 and 1371 s, med. 6 (-C-H gem. dimethyl)
1272 s, med. and 1158 s, strong v (-C-O-C Ester)
1055 v (-C-OH)
992 and 908 6 (-CH=CH»)
3499, br. weak v (-O-H)
2971, 2928 and 2854 s, med. v (-CH, sp’
1739 s, strong, v (-C=0 Ester)

96 1465, s, med. v (-CH, sp’)
1388 and 1368, s, med. § (-C-H gem. dimethyl)
1269, s, med. 1161, s, strong v (-C-O-C Esten)
1076 v (-C-OH)
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3.4 Immobilization on Silicon Wafer
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Scheme 3-5: Immobilization of linker 96 on an ozone pretreated silicon wafer to yield the linker
modified wafers 98.

Commercially available silicon (100) wafers have an ill-defined surface chemistry. In
order to maximize the amount of linker binding onto the silicon surface and hence produce
a full self-assembled monolayer, these wafers must be pretreated to produce a homogeneous
surface, available for chemical targeting. For this purpose, the 5 mm x 5 mm wafer cutouts
were first cleaned through consecutive washings in cyclohexane, methanol and acetone in
an ultrasound bath to remove any soluble impurities on the surface. By treating the wafers in
an ozone oven for 30 min, the surface was hydrophilized. Treatment of silicon surfaces with
ozone plasma results in the oxidation of the surface reaching several nanometers into the
wafer substrate?'”. This approach maximizes the number of accessible silanol groups on the
surface. In the presence of trace amounts of water, these silanol groups react with the silyl
ethers of linker 96 to yield the condensation product of linker modified silicon surfaces. The
wafers were characterized via ToF-SIMS, XPS (see Figure 3-8) and contact angle

measurements (see Figure 3-9).

XPS characterization showed a dominating signal associated with oxygen (O1s) on
both the reference wafer 99as well as the functionalized wafer 98, as expected (arrows on
Figure 3-8 A) and B)). The surface layer of the silicon wafers was fully oxidized by treatment
in an ozone oven, reflected in the strong oxygen peak. A closer view at the characteristic
binding energy of C1s between 280 and 290 eV (Figure 3-8 C) and D)) reveals the presence of
carbon species both in the reference 99 and the functionalized wafer 98. These findings are
not surprising as most samples even in brief contact with atmosphere show a small
(nanometer thick) layer of adventitious carbon**. During sample preparation, the both wafers

were in contact with air and a clear signal of adventitious carbon is to be expected. However
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Figure 3-8: XPS plots of A) survey of clean reference wafer, B) survey of immobilized linker 98 C) high
resolution C1s region of clean wafer D) C1s region of immobilized linker 98 with prominent
carbonyl shoulder, E) Br1s region of reference wafer showing background noise only and F)
Br3d region of linker wafer 98 showing weak signal of characteristic signal of bromine.

when observing the C1s peak of the functionalized wafer 98, it is noticeable that in contrast

to the reference 99, a significant shoulder can be seen (see arrow in Figure 3-8 D)). This higher

energetic shoulder indicates the presence of carbonyl carbons associated with the linker

functionalities. The binding energies associated with bromine show a weak, yet significant

characteristic signal for the initiating wafer 98 in contrast to the reference wafer 99 (compare

arrows in Figure 3-8 F) to E)). These spectra strongly indicate the presence of linker species

after treating a clean wafer with a solution of linker 96.
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Figure 3-9: Contact angle measurement of water on reference wafer (top two images) revealed a contact
angle of 79.9° £ 0.2°. The linker modified wafer 98 (bottom two images) had a contact angle of
92.7° £ 0.8°.

Contact angle measurements revealed a significant increase in contact angle
following the immobilization of linker on pre-treated wafers. For the purpose of these
measurements, the reference wafer chosen was a commercial silicon (100) wafer from the
same batch as the functionalized wafer, washed with methanol and acetone in an ultrasound
bath but was not submitted to ozone treatment. This is to reflect that wettability of ozone
treated wafers depends on the time of ozone treatment, as well as the time elapsed after
treating with ozone®”'. The cleaned wafer had a contact angle with water of 79.9° + 0.2°. In
contrast, the wafer functionalized with linker 98 had a much more hydrophobic surface,
resulting in a contact angle of 92.7° + 0.8°. These contact angle measurements will serve as

basis for contrasting the grafted wafers.
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3.5 Reaction Conditions for Simultaneous ATRP-ROP

In 2005, FONTAINE et al**2. have shown that DBU can be used as a ligand for the ATRP
of methacrylates and sytrene. Polymerization products of methyl methacrylate showed
narrow molecular weight distributions (1.19) and good molecular weight control when using
ethyl 2-bromoisobutyrate (2-EBiB) as initiator. Polymerization control was worse for
methacrylic acid and styrene and in most cases, conversions remained relatively low (40% -
70%). A catalyst system that combines ATRP and ROP has been reported in 2015 by ZHANG
et al. > ZHANG et al. have elegantly used DBU to act both as catalyst for the anionic ring
opening of L-lactide as well as a ligand for CuBr to catalyze the ATRP of methyl methacrylate.
Their one-pot approach yielded block copolymers with a polydispersity between 1.40 and 1.88.
Although other synthetic strategies frequently yield block copolymers with much lower
dispersities, this catalytic system looked promising for the implementation of simultaneous

surface grafting and was adopted for the purposes of this work.

3,51 Polymerization mechanisms

Standard ATRP mechanism

ATRP is a firmly established and relatively robust type of controlled radical
polymerization technique. The seminal work to establish ATRP was published by the
MATYJASZEWSKI group in 1995 and has since found numerous applications in both industry
and academia®*. Well-controlled polymerizations have been reported for a range of vinyl
monomers and targeted architectures. Monomers include the versatile groups of sytrenes,
(meth)acrylates, (meth)acrylamides and acrylonitriles (see Scheme 3-6). ATRP was further
employed yielding architectures ranging from homopolymers, block-copolymers™ 5%,

statistical ~ copolymers®—*°  networks*'",  grafted surfaces®*° or molecular

bottlebrushes'*?150:250=255,
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Scheme 3-6: Selection of monomers successfully polymerized via ATRP.

Control over the polymerization is achieved through a dynamic equilibrium between
an active, propagating radical (initiator, monomer or propagating polymer) and a dormant
species. Activation of a dormant chain end, controlled by rate constant k., occurs via homolytic
cleavage of a carbon-halide bond (P-X) by a transition metal complex L/M;" to yield the radical
P" and the metal halide complex in its higher oxidation state L/XM™"!. Deactivation with its
associated rate constant kq is the reversal of the activation process, where the higher oxidation
state deactivator catalyst complex is reduced and the propagating radical is halide end-capped
(see Scheme 3-7). The ratio between k, and ks determines the position of the polymerization
equilibrium, Karre and hence the rate of polymerization®.

k
Karrp = k_Z

Equation 3-1

Rate of deactivation and activation are both sensitively dependent on the choice of
ligand and monomer. The overall equilibrium position depends on bond strengths of alkyl

halide and Mt"*'-X and thus their relative propensity towards homolysis*'.
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Scheme 3-7: Mechanism of ATRP.

The best control over the polymerization is achieved when a) the equilibrium is
established rapidly and b) the equilibrium is positioned so as to favor a small concentration
of active species only. These conditions can be fulfilled by choosing a catalyst that deactivates

growing chains more rapidly than it activates dormant chains.

The ATRP equilibrium (Karrp) may be reached from either side: initiation of the
polymerization can proceed via “normal ATRP” or via “reverse ATRP”. Normal ATRP relies on
the addition of catalyst in its activating, lower oxidation state. In the reverse approach, the
catalyst complex is added in the deactivating, higher oxidation sate. During the initiation
stage, the catalyst is reduced into its activating, lower oxidation state by the help of reducing
agents or conventional radical initiators. As a results, various initiation techniques have been
established with particularly noteworthy contributions from the MATYJIASZEWSKI group,
including ARGET ATRP>»?*7261 AGET ATRP**%%223  photo-ATRP***7*%, SARA ATRP'#»?67=270
and e-ATRP?07270271,
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Ring Opening Polymerization with DBU

Diazabicycloundecene (DBU) as a catalyst for the ROP of cyclic esters was first reported
in 2006 by LOHMEIJER et al.*”* In the presence of a primary alcohol, the polymerization follows
the activated-alcohol pathway with a ketene aminal as major intermediary'® (see Scheme
3-8). Propagation occurs via a quasi-anionic mechanism with attack on the carbonyl carbon.
As in the NHC mediated ROP discussed above, driving force for propagation is the alleviation
of ring strain in the cyclic monomer. Without primary alcohol, the mechanistic picture
becomes more complex, yielding cyclizations analogous to the NHC catalyzed ROP of cyclic
esters’. The catalyst shows high activity even at ambient conditions and produces high

molecular PLA with narrow molecular weight distributions*”.

Initiation with Primary Alcohol
XY N { - o
/N N--H N H \W)\O

/\
OH "R +_5- -Lacti -
N N e} L-Lactide N—+ “‘OVO
—R R o

Quasi-Anionic Propagation

Ketene-aminal

Scheme 3-8: Mechanism of DBU catalyzed ROP of L-lactide
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352 Tandem DBU (co)Catalyzed ROP-ATRP

Table 3-2: Molecular weights and reaction conditions for test polymerizations

Entry | Monomer 1 Monomer 2 Time Conversion1 Conversion2 M, PDI
LLA NIPAM /h LLA NIPAM

100 - 100 eq 20 - 70% 2300 2.62

101 100 eq - 20 100% - 6000 2.38

102 97% 77% 20 100% 67% 5200 3.11

Polymerizations conducted in toluene at 85 °C for 20 h. M experimentally determined via GPC in THF against PMMA.
Conversion calculated by 'H NMR.

Unlike ZHANG et al. who polymerized two monomers with relatively similar polarities,
grafting amphiphilic polymer brushes requires monomers with dissimilarpolarities. For this
purpose, the two monomers L-lactide (LLA) and N-isopropyl acrylamide (NIPAM) were
selected. The choice of NIPAM as comonomer was inspired by its polymer’s hydrophilic
nature on one side and its thermoresponsive behavior on the other side. PNIPAM has a lower
critical solution temperature (LCST) in aqueous solutions of 32-33 °C*™ and hence allows to

control the hydrophilic-hydrophobic properties of surfaces grafted with PNIPAM.

. ) Y
HN (0]
\|)LO/\ n /\H/N\( CuBr,4DBU
o) ~©

Br toluene, dry Br
85°C, 20h 0 n

EBiB NIPAM 100

Scheme 3-9: Homopolymerization of NIPAM 100 with initiator EBiB and DBU-ligated CuBr

NIPAM homopolymerizations were first conducted and tuned so as to establish
whether the catalytic system above reliably produces PNIPAM in a controlled fashion.
NIPAM was polymerized with initiator and four equivalents of DBU as ligand for catalytic
CuBr in toluene. The ligand to initiator ratio established by ZHANG** et al. reflects the ability
of one copper center to complex with three DBU equivalents with an extra equivalent free for
ROP of cyclic ester monomers. The reaction conditions outlined by ZHANG et al. resulted only
in the formation of oligomers at low conversions before catalyst decomposition limited any
further polymerization. The atypically poor reproducibility of these initial polymerization

attempts indicated that the system is very sensitive to trace amounts of oxygen and water,
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requiring rigorous drying and degassing procedures and the storage of all reagents under

inert atmosphere.

Tuning the reaction conditions (toluene at 85 °C) allowed complete conversion of the
monomer to produce a relatively broad distribution of PNIPAM (PDI 2.60, see Figure 1-2). The
many ATRP catalyst systems that have frequently been reported to produce polymers with

low dispersities*”> "

stand in marked contrast to the broad distributions yielded here.
Narrow distributions achieved via ATRP occur only when the equilibrium between active
and dormant chain ends is achieved rapidly and generally result in slow polymerization
progress. Despite the broad distributions yielded herein, it was decided to continue working
with this catalytic system, as the declared aim of grafting simultaneously off a surface does
not require a narrow molecular weight distribution as much as a reliable initiation of the

growing chains.

O‘ OH g\rof DBU, CuBr ( spectator)
OO fo) 0 toluene,
85°C 20h

1-pyrenebutanol L-Lactide 101

Scheme 3-10: Homopolymerization of L-lactide by DBU in the presence of spectator CuBr, initiated by
1-pyrenebutanol to yield PLLA homopolymer 101.

Similarly to the test reactions above, homopolymerizations of L-lactide were
conducted so as to establish ideal reaction conditions for both polymerization before moving
towards the simultaneous approach. Polymerization of L-lactide was initiated by the UV-
active 1-pyrenebutanol and catalyzed by DBU. CuBr was added as a spectator salt so as to
gauge whether the catalyst interferes with the polymerization of L-lactide. Unlike the
polymerization of NIPAM, after only 1h, conversion was quantitative and produced a
relatively broad distribution of PLLA with 2.38 (see entry 101 in Table 3-2: Molecular weights
and reaction conditions for test polymerizations). Interestingly, prolonging the reaction
timeframe led to a broadening of the molecular weight and a lowering of the number average
molecular weight. These observations indicate that after consumption of the monomer, DBU

encourages transesterifications.
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Scheme 3-11: Simultaneous, one-pot polymerization of LLA and NIPAM by the DBU-CuBr catalytic
system to produce the polymeric mixture 102.

The two independent polymerizations were then combined in a one-pot, one-step
procedure to gauge the compatibility and mutual orthogonality. The polymerization of LLA
and NIPAM in one reaction vessel at the same time was conducted in toluene at 85 °C.
Conversion of the LLA polymerization was quantitative, while the maximal conversion for
NIPAM polymerization stayed at 67%. (see entry 102 of Table 3-3) This lower conversion is
in contrast to the homopolymerization of NIPAM, that yielded quantitative conversions.
There seems to be minor interactions between the two polymerization techniques. GPC traces
were bimodal with a dominating heavier fraction and a shoulder towards lower molecular
weights. This type of bimodal distribution is expected for mixtures of polymeric products
having two distinct molecular weight regimes. The 'H NMR molecular weight calculations,
already suggested that the two polymers were expected to have different molecular weights.
The observed GPC shape is therefore expected. GPC traces do not provide information about

the chemical composition of the individual populations. In addition, DOSY NMR
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Figure 3-10: GPC trace of LLA test polymerization 101 (tan), NIPAM test polymerization 100 (turquois)
and test tandem polymerization 102 (blue). THF was used as eluent and calibrated using a
PMMA standard curve.
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experiments were conducted to give information about the molecular structure as a function

of hydrodynamic radius.
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Figure 3-11: DOSY '"H NMR of 102 showing the diffusion coefficients of the PLLA (solid line) and
PNIPAM polymers (dashed line) respectively. Arrows indicate initiator signals.

The DOSY 'H NMR spectrum (see Figure 3-11) shows two polymeric populations, only
marginally separated by their respective diffusion coefficients. Species with larger
hydrodynamic ratios appear higher on the spectrum, indicating that the PLLA block is larger
than the PNIPAM polymer product, reflecting the greater degree of conversion achieved in
the ROP than in ATRP of NIPAM. It is worth pointing out that the initiator derived signals
(marked with an arrow) lie on the same diffusion coefficient as the polymer signals. The
covalent attachment between initiator and polymer indicates that ROP of LLA and ATRP of
NIPAM is indeed initiated by pyrenebutanol and EBiB respectively. This observation is of
particular importance for the further steps in this project, as only initiator-derived polymers
contribute to the grafting from a surface. In contrast, non-initiator derived polymer
populations could occur by unwanted chain transfer reactions or by macrocycle formation,
as is frequently observed in the ROP of L-lactide in the absence of alcohol initiators®'. Such
polymers have poorly defined end groups and would remain in solution rather than tethered

to the surface.
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Table 3-3: Reaction conditions for simultaneous ATRP-ROP catalyzed by DBU

Entry Solvent T Time Conversion® Conversion®
1°C /h LLA NIPAM
102° Tol 85 20 100% 71%
103 Tol 85 24 99% 44%
104 Tol 90 18 97% 77%
105 Tol 75 20 99% 14%
106 MeCN 75 24 86% 58%
107¢ Tol 90 23 100% 31%
108 DMF 90 20 75% 16%

Polymerizations were conducted with copper catalyst CuBr (1 equivalent) and DBU (co-) catalyst (4 equivalents) at
90 °C. Initial concentration of LLA monomer: 0.5 M. Equivalents with respect to initiator:CuBr:DBU:LLA:NIPAM.1:1:4:100:100:
Precipitated in hexane. Initial LLA concentration 1M. “calculated via 'H NMR; "ATRP initiator: EBIB, ROP initiator
pyrenebutanol® CuBr ligand: PMDETA

For the next steps of gauging the applicability of the DBU system for this project, the
two simultaneously occurring polymerizations were initiated by a covalently tethered
heterobifunctional initiator in solution. The dual initiator 2-hydroxyethyl 2-
bromoisobutyrate HBIB has a primary alcohol to initiate ROP of LLA and the isobutyryl

bromide motif commonly employed as ATRP initiator (see Scheme 3-12).

(0} 0}
o] LLA, NIPAM
’ Br AO OH

\I)LO/\/OH Cubr, 4DBU Wo {Q/LOJ\J'

Br toluene, dry o) NH n

90 °C, 20h )\

2-hydroxyethyl
2-bromoisobutyrate

HBIB

Scheme 3-12: Simultaneous tandem polymerization using hetero bifunctional initiator HBIB to yield
P(LLA)-b-P(NIPAM) block copolymer 103.

Employing dual initiator HBIB and DBU as ligand/catalyst led to nearly complete
conversion of LLA within the first two hours, while NIPAM conversion remained incomplete
(and low) even after 2 days of polymerization. Contrasting with the earlier, disconnected
initiators, conversion of NIPAM was much reduced to 44% at the same reaction conditions
(see entry 103, Table 3-3). Incomplete conversions may be tolerated for the sake of this project
but the much faster ROP over ATRP is undesirable. If one monomer polymerizes much faster
than the other, steric hindrances increase for the slower polymerizing monomer to reach the

propagating sites and the advantages of the simultaneous approach are lost. There are several
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parameters through which balancing the rates of polymerization may be achieved: choice of

monomer, solvents, temperature and catalyst all impact the polymerization kinetics.

Reaction temperature plays a crucial role for the successful implementation of
simultaneous polymerizations. If the two polymerizations have different energetic
requirements, adjusting the reaction temperature might allow to find a temperature regime
where both polymerizations occur with comparable rates of propagation. Shifting the
reaction temperature towards a regime that encourages one polymerization and is sub-ideal
for the other polymerization technique might allow to control the reactivity ratios. To test the
impact of the reaction temperature on conversion per time (ie. the reaction rate), the
polymerization temperatures were altered systematically. Raising the temperature from 85 °C
to 90 °C doubled the rate of polymerization. In contrast to the findings of ZHANG et al. *** who
reported the highest activities for a temperature of 85 °C, the higher temperatures led to a
marked improvement in NIPAM conversion (entry 104). While at 85 °C, a conversion of only
44% was achieved, at 90 °C, 77% conversion of NIPAM was determined. Other temperatures
(e.g. entry 105) considerably lowered conversion to only 14%. Additionally, the GPC trace
produced by polymers under these conditions showed marked trailing with a particularly
high associated dispersity. M, for entry 105 was found to be 16 800 g.mol™ at a dispersity of
3.71. For all temperatures studied, LLA polymerization always proceeded quantitatively or
near quantitatively within 2 h of reaction time. Further experiments were thus conducted at

90 °C.

As was demonstrated in chapter 2, the choice of solvent can be of central importance
for matching reaction rates in tandem systems. In chapter 2, the choice of solvent allowed one
polymerization to operate at optimal conditions, while limiting solubility (and hence
concentration) of the faster polymerizing monomer. It was hoped that by altering the solvent,
one could achieve a similar control over the ATRP-ROP combination. Both NIPAM and LLA
are polar monomers but NIPAM solubility in toluene is relatively poor. By employing a better
NIPAM solvent, ATRP reaction rates might be improved due to higher monomer
concentration and greater polymer mobility. Most commonly, ATRP of NIPAM is conducted

in protic solvents*™

, such as iso-propanol or water. Unfortunately protic solvents are
precluded due to the simultaneously occurring ROP but polar, a-protic solvents might still
improve the polymerization. Additionally, a more polar solvent might help in the dissolution
of the ATRP catalyst. The copper complex’ solubility is highly dependent on the ligands’
solvophilicity. DBU as a ligand is much more polar than other ATRP ligands commonly
employed in toluene (e.g. 4,4'-di-5-nonyl-2,2"-bipyridine) and might therefore perform better
in polar solvents. MATYJASZEWSKI et al. *'° have demonstrated that solvent choice strongly

affects the rate of ATRP with kinetic differences being reported up to a factor of 80. The choice
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of solvent affects the ATRP equilibrium through affecting the underlying equilibria positions
in disproportionation, electron affinity of the halogen atom, alkyl halide bond homolysis and
reduction/oxidation of metal catalyst, among others*'. Additionally, it was reported that the
solvent molecules compete with the ligand for complexation with the catalyst*”. Commonly,
the multidentate ligands employed in other ATRP systems show are stronger ligands than
solvents like DMF and MeCN and this effect is negligible. However, as the DBU ligand
employed herein is monodentate, the much higher concentration of solvent molecules over
ligand concentration may shift the equilibrium significantly toward mixed solvent-ligand
complexation. MeCN in particular has been shown to stabilize the lower oxidation state
selectively over the higher oxidation state in copper-catalyzed ATRP. It was thus hoped that
by employing MeCN, the reactivity of the catalyst can be modulated selectively and lead to

longer reaction lifetimes.

The choice of solvent is somewhat limited by the need to avoid protic solvents as they
my initiate ROP of LLA. Furthermore, not all solvents are stable to the catalysts and monomers
employed. DMSO for example is not chemically inert in the presence of DBU**. The solvent
was therefore varied from toluene to DMF and MeCN (see Table 3-3 reaction conditions 108
and 106 respectively). DMF as solvent resulted in the lowest conversions with only 16% w.r.t.
NIPAM and incomplete ROP of L-lactide. ATRP in DMF stopped after only 2 h, allowing no
further polymerization. MeCN as solvent (reaction 106) resulted in higher NIPAM
conversions despite lower reaction temperatures (due to the solvent’s boiling point) but
polymerization still stopped after 2 h. When considering the GPC traces of the precipitated
polymers, the M, of 10 300 g.mol" showed a marked shoulder towards longer elution times

despite a relatively narrow molecular weight distribution of 1.37.

The (near) complete loss of catalytic activity within a few hours was a common trend
for the simultaneously conducted ATRP of NIPAM. Suggestively, conversion stopped with
concomitant color change of the reaction mixture. The DBU-CuBr complex is colorless or
faintly green in dry toluene, turning moss green in the presence of NIPAM monomer and
after a few minutes at elevated temperatures, turquois. As ATRP progresses, the colorful
polymerization mixtures consistently turned brown within three to four hours. This color
change was accompanied by precipitation of a dark brown substance at the SCHLENK flask
walls. Such behavior is well-documented for poor ATRP systems and stems from oxidation of
the copper catalyst by trace amounts of oxygen. The oxidized metal falls out of solution and
no longer facilitates and controls the radical polymerization of acrylic monomers. Oxygen
impurities may further react with active carbon radical chain ends, terminating the
polymerization. The limited oxygen tolerance is one of the major pitfalls of conventional

ATRP?™. Despite the rigorous degassing procedures used for all polymerizations and
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consistent application of SCHLENK techniques, sufficient amounts of oxygen seemed

penetrate into the reaction vessel to impede further polymerization.

Alternatively, the catalyst degradation may be a result from poor ligand affinity. Well-
controlled ATRP systems rely both on the relative and absolute catalytic activities as well as
on the catalyst’s stability within the reaction medium. Both the rates of activation and
deactivation are sensitively dependent on ligand identity. Activity differences arising from
ligand choice with up to nine orders of magnitudes have been reported*'. The ability of a
given ligand to donate electrons greatly influences the stability of the metal ion in its higher
and lower oxidation states and its propensity to abstract or transfer (pseudo-)halogens. Hence,
through the choice of ATRP ligand, redox potentials of the metal salts can be adjusted.
Commonly, the most active ATRP ligands are nitrogen based, multidentate and represent low
steric hindrance for interaction with chain ends. Ligands with four nitrogen atoms (e.g.:
HMTETA see Scheme 3-13) available for complexation are more stable, as well as more active
as those with three (like PMDETA, see Scheme 3-13) and three-nitrogen ligands are more so
than those with two.

SN
N | |
L/ /N\/\N/\/N\
N \N/\/N\/\N/ |
| I
1,8-Diazabicyclo[5.4.0Jundec-7-en Tris(2-dimethylaminoethyl)amine NN, NN
’ y o y y Pentamethyldiethylenetriamine
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Na~gSNe~ - Me2N. . _.-NMe
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| | LA
N
Me2
1,1,4,7,10,10- _
Hexamethyltriethylenetetramine CuBr-PMDETA complex
HMTETA CuBr/PMDETA

Scheme 3-13: Selection of ligands for copper halide ATRP catalysts.

Although the DBU ligand contains two nitrogen atoms, only one may bind with the
copper ion at any time**”. As a consequence, the entropically favored dissociation of ligand
and copper ion cannot be counteracted by any chelating effects. The high temperatures
required for polymerization might therefore suffice to cause catalyst dissociation. CuBr could
then disproportionate to Cu® and CuBr,. As both are insoluble in toluene, they would
therefore precipitate, leading to the observed black precipitate on the reaction vessel walls. In

the absence of reducing agent, this precipitation is irreversible and polymerization stops.
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Additionally, it was found that the hybridization of the adjacent carbon atoms further impact
the catalyst activity with alkyl amines showing the highest activity and then decreasing
according to alkyl amine = pyridine > alkyl imine >> aryl imine > aryl amine**'. DBU as a
ligand therefore performs poorly due to its monodentate structure, paired with it alkyl imine
structure. When contrasting the ligand structure with the electronic structure of the
monomer - NIPAM - it becomes evident that the ligand is in competition with the monomer
for binding with the catalyst. The color change observed (from clear to green) during addition
of monomer strongly suggests an interaction with the catalyst. This competition is
compounded by the difference in concentration between NIPAM and DBU. For this
combination of monomer and reaction conditions, the ligand DBU seems to be the key issue

for the polymerization.

Expecting to achieve faster ATRP by employing a more active and more stable ATRP
catalyst, PMDETA was employed as a ligand. PMDETA bears three nitrogen atoms able to
chelate to the copper ion. Additionally, the methyl groups do not represent large steric
hindrances. PMDETA ligated CuBr is a common catalyst choice for ATRP systems due to its
high stability, high activity and commercial availability**>. The PMDETA CuBr complex was
formed by dissolving the ligand in toluene and suspending CuBr in the solution. DBU was
still employed in the (co)polymerization as catalyst for the ROP of LLA (see entry 107 of table

Table 3-3). Unfortunately, no marked improvement in either stability or conversion was
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Figure 3-12: Representative GPC traces of simultaneous polymerizations. The eluent was THF for all
measurements, using a PMMA calibration curve.
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observed. Total conversion remained at 31% of NIPAM after catalyst decomposition occurred

within 3 h. Within the first hour, meanwhile 91% of LLA monomer had polymerized.

Contrasting the sluggish polymerizations of NIPAM catalyzed with the DBU system
with those of MMA reported by ZHANG et al**, indicated that the acrylamide monomer
employed herein seems to cause the synthetic difficulties. As is well established for radical
polymerizatios, methacrylic monomers are orders of magnitude more reactive towards
polymerization than acryl amide monomers®””. The propagating chain end’s radical is
stabilized by a tertiary carbon center in the case of methacrylic monomers, while the
secondary radical in NIPAM is less stable. FONTAINE et al. have shown that DBU catalyzed
ATRP is characterized by a slow electron transfer, as evidenced by slow redox processes
measured by cyclic voltammetry. The slow redox process dictates a slow establishment of the
ATRP equilibrium. A catalyst with poor activity is unsuitable for a polymerization of an
unreactive monomer such as NIPAM** Although MMA is not hydrophilic as NIPAM,
PMMA’s polarity is dissimilar enough to PLLA as to afford phase separation and self-
organization within a selective solvent®”. It was thus decided that further experiments were

to be conducted with MMA as comonomer.

Table 3-4: Simultaneous polymerizations of LLA and MMA catalyzed by DBU

Entry Equivalents Solvent Conditions Reaction time Conversions®
LLA | MMA I°C /h LLA MMA
109° 100 100 | Tol 90°C, dark 1h 100% 14%
20h 100% 23%
110 100 200 | Tol RT, UV 2h 100% 3%
28h 100% 5%
111 100 200 | DMF RT, UV 2h 78% 0%
20h 75% 0%
112°¢ 100 100 | Tol RT, UV 2h 100% 0%
20h 100% 2%
113 100 100 | THF RT, UV 2h 26% 0%
20h 33% 0%
114 100 100 | Tol 95°C, dark 1h 59% 0%
6 h 85% 0%

Polymerizations were conducted with copper catalyst CuBr (1 equivalent) and DBU (co-) catalyst (4 equivalents).
Equivalents with respect to initiator HBIB. Precipitated in hexane. Initial LLA concentration 1M. acalculated via '"H NMR;*"ATRP
initiator: EBIB, ROP initiator pyrenebutanol® Initial concentration of LLA monomer:0.5 M.

Despite the higher reactivity of MMA compared to NIPAM, the ROP of LLA continued

to proceed much faster than the ATRP of MMA. Full conversion of LLA was systematically
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achieved within 1-2 h of polymerization, while only low conversions of MMA were achieved

at long reaction times (20-28 h) (see entries 110 and 109 in

Table 3-4). These mismatching kinetics were discouraging for the purposes of this
project. As before, it was stipulated that by altering the reaction temperature, the ATRP
kinetics could be accelerated, while slowing down the ROP of LLA. Increasing the reaction
temperature to 95 °C resulted in no ATRP taking place, while only slowing down ROP of LLA
marginally (see entry 114 in

Table 3-4).

Hoping that lower temperatures might lead to a more favorable kinetic balance, it was
then attempted to conduct simultaneous polymerizations at room temperature, initiated by
UV irradiation. WANG et al”**. have previously shown that the 360 nm UV absorption of CuBr
can be exploited for the simultaneous photo-initiated ATRP of MMA with DBU catalyzed ROP
of LLA. The group used 2,2,2-tribromoethanol as initiator and a 365 nm UV source and
reported the formation of block copolymers at room temperature. Applying these conditions
with the initiator HBIB led to full conversion of LLA within one hour reaction time and 5%
MMA conversion after 28 h in toluene (see entry 110). Altering the polymerization
concentration (entry 112) led to an even lower conversion for MMA while impacting the LLA

polymerization very little.

Following the insight gained by MATYJASZEWSKI et al.*', the solvents employed for
these polymerizations were varied. Unfortunately, DMSO is not chemically inert under UV
light in the presence of DBU> and could therefore not be employed for these
polymerizations. Room temperature tandem polymerization were further attempted in DMF
and THF (entries 111 and 113 respectively. In neither solvent did ATRP of MMA initiate at
all, while conversion of LLA sank to 78% in 2 h for DMF and to 26% for THF. Clearly, the
UV-initiated polymerizations performed even worse for the purposes of this project than the

kinetically mismatched thermally activated ATRP-ROP system.

With (nearly) all DBU (co) catalyzed tandem polymerizations, GPC traces showed a
marked shoulder, indicating several polymeric populations. This observation could be
explained when referring back to the issue of DBU as a poor ligand. The ratio of DBU:initiator
employed was set to 4:1 due to the catalyst complexing with three DBU ligands and an extra
DBU equivalent to polymerize the cyclic ester, in accordance to ZHANG et. al**. If, however a
large proportion of the ligand dissociates, an excess of DBU is free to react with cyclic

monomers. As a consequence, complex mechanistic pathways may arise, as simulated by
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SCHERCK et al. *'. DBU can both initiate polymerizations in the absence of primary alcohols,

as well as cause cyclization of growing polymer chains.
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Scheme 3-14: Complex mechanistic pathways arise when DBU is employed in excess to ROH initiator.

Based on these dissatisfying results, it was determined that the kinetic mismatch

between the DBU-catalyzed ROP and ATRP is too large to serve as a basis for this project.

3.53 Tandem Sn(Oct), (co)catalyzed ROP and ATRP

When addressing polymerization rates, chemists have several options: altering
reaction conditions, solvents, and monomers or change the reaction mechanism by
employing other catalysts. The previous experiments using DBU as (co)-catalyst showed that
the polymerization of cyclic ester was consistently (too) fast in comparison with the
polymerization of LLA, while the polymerization of acrylic monomer via ATRP was slow,
initiated unreliably, produced bimodal distributions (i.e. did not ensure covalent attachment)
and resulted in catalyst death before completion of the polymerization. Wanting to preserve
the general motif of ATRP-ROP combination due to the range of available monomers, a new
set of reaction conditions and catalyst choices was explored to match the polymerization rates.
Changing solvents and reaction conditions (temperatures and concentrations) did not lead to

the desired results. Rather than altering monomers, it was decided to change the catalytic
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system altogether to address the issues of catalyst instability and transesterification side

reactions.

Sn(Oct), catalyzed ROP of cyclic esters

The previous experiments suggested that the ROP was too fast compared to the ATRP
and a ROP catalyst with lower turnover might be beneficial. The NHC catalysts employed in
for simultaneous bottlebrush polymerization, might therefore be ill-suited for the purposes
of this project. Additionally, the high affinity of NHC’s towards transition metal complexes
might interfere with the ATRP process. Similarly, as was exploited in the previous attempts,
strong bases such as DBU or 1,5,7-Triazabicyclo[4.4.0ldec-5-en (TBD) have the tendency to
form complexes with transition metals. Finally, metalorganic catalysts such as the industrially
well-established tin (II) octoate®, Sn(Oct), (see Scheme 3-15) might be a viable choice.
Stannous octoate owes its widespread use to it racemization-free polymerization of cyclic
lactides with high yields and high molecular weights. Additionally, in combination with an

alcohol co-initiator, control of molecular weights can be achieved with defined end-groups.
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Scheme 3-15: Mechanism of stannous octoate Sn(Oct), mediated ROP of CL. 1) Initiation, 2) chain
extension 3) reversible termination and 4) side reaction in the presence of water.

The polymerization mediated by stannous octoate follows a general coordination-
insertion ring opening polymerization mechanism. The catalyst Sn(Oct), is added to a
solution containing water or another hydroxy-functional initiator. Reaction between two
equivalents of initiator and catalyst produces the true initiator, stannous alkoxide Sn(OR),,

while liberating two equivalents of 2-ethylhexanoic acid (see Scheme 3-15, Step 1). The
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stannous alkoxide species Sn(OR), then proceeds to react with CL monomer (Step 2) by
coordination-insertion at the ester bond. Further reaction with monomer constitute the
propagation steps of the polymerization. KRICHELDORF et al***. Has shown that low dispersities
may be achieved using this catalyst due to a rapid dynamic equilibrium of propagating
stannous alkoxide and other hydroxy-functional molecules present in the reaction solution
(see step 3). A particularly notable aspect of stannous octoate mediated ROP is the role of
adventitious water (Step 4) as a (welcome) side reaction. KRICHELDORF has further
demonstrated that complexation of water with the catalyst produces a much less active
“‘dormant” species of catalyst, lowering the effective catalyst concentration. The reversible
nature of addition of water allows to reactivate the catalyst when reacting with further
alcohol present in solution. By this approach, (strongly depending on reaction temperatures),
narrowly distributed PCL has been synthesized. The wide range of reaction temperatures as
well as the option to tune reaction rates by addition of water or catalyst equivalents make this
catalyst a promising option for the implementation of tandem reactions, as long as its

interactions with the ATRP catalyst can be controlled.

Sn(Oct), co-catalyzed ATRP

Since the first implementation of ATRP by the MATYJASZEWSKI group in 1994**7, the
intense research on this type of CRP has led to the creation of a host of initiation techniques,
(co-)catalyst complexes and monomer libraries. Various techniques have been established
that rely on the reduction of copper complexes by an added co-catalyst or a radical generating
initiator. Activator Generated by Electron Transfer-ATRP (AGET) ATRP is a technique
whereby the copper complex is employed in its deactivating, higher oxidation state and by the
addition of a suitable reducing agent, the copper catalyst is reduced to its activating form. For
this approach, the reducing agent is employed in an amount that suffices to reduce the copper
catalyst only once. Activator (Re-)Generated by Electron Transfer (ARGET) ATRP further
exploits the reducing agent by consistently re-generating the activator and hence significantly
decrease the degree of termination by catalyst death. In this approach, the higher oxidation
state copper catalyst is employed in reduced quantities (ca. 10-50 ppm) and the excess of
reducing agent leads to a continuing reduction of deactivating copper complex into its
activating form. The mechanism of this technique is presented below. Other techniques, such
as Initiators for Continuous Activator Regeneration (ICAR) ATRP, or Simultaneous Reverse &
Normal (SR&NI) ATRP rely on the use of conventional radical sources in addition to copper
catalysts. The continuous production of radicals in the polymerizing solution reduces the

deactivating copper catalyst in a similar manner as in A(R)GET ATRP?%%,
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If the equilibrium position of Kare is shifted towards the activator side, a larger
proportion of chains are present in their active state. Hence, continuous regeneration of
activator encourages a faster polymerization rate, albeit with the side effect of greater
dispersities. For the purpose of this project, a faster rate of ATRP might allow to match the
rapid ROP of cyclic ester. High dispersities, on the other hand may be tolerated to a certain
degree. If] in addition, the lifetime of catalysts may be extended, the polymerization might

proceed along a first order kinetic trajectory for a longer time.

cu"-X,/Ligand

sn'R,
AGET
X,Sn'VR,
R-X + cu-X/ Ligand — R+ Cu'X,/ Ligand
’

R-R + cu"-X,/Ligand

Sn”RZ

Scheme 3-16: Mechanism of Activator (Re) Generated by Electron Transfer ATRP - A(R)IGET ATRP.

ATRP techniques that rely on conventional radical sources appears less favorable for
the sake of surface grafting. Due to the addition of thermally decomposing radical sources, a
certain number of chains would be derived from the radical initiators rather than off the
surface. While washing off dissolved homopolymer is not an issue for this project, it is
questionable whether the solution-initiated chains can diffuse to the crowded
polymerization front. The tandem system would essentially combine a surface-initiated ROP
with a grafiing-to ATRP. Alternatively, azo-initiators could be anchored directly onto the
surface with a different tandem linker. This option was dismissed due to the intrinsic
sensitivity of azo-initiators to heat, which would limit synthetic options for the linker
synthesis. In addition, the kinetics of ICAR ATRP depend on the rate of initiator

decomposition, rather than on the position of the ATRP equilibrium.
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Stannous octoate N,N,N’,N",N"-Pentamethyldiethylenetriamine CuBr-PMDETA complex
Sn(Oct), PMDETA CuBr/PMDETA

Scheme 3-17: Catalyst system for simultaneous ROP and ATRP. Stannous octoate serves to catalyze ring
opening as well as reduction of deactivator complex. CuBr/PMDETA complex activates
initiators or dormant chain ends.

AGET and ARGET ATRP on the other hand, both employ copper catalysts in their
higher oxidation state and initiation is achieved by first reducing the initiator to its activating
lower oxidation number. The reducing agent itself is incapable of initiating radical
polymerization. Therefore, a certain induction period exists, where no ATRP takes place, while
the ROP of the cyclic ester monomer initiates rapidly. It was stipulated that by employing the
copper catalyst in its lower oxidation state, ATRP would also initiate rapidly, while the
presence of reducing agent still allows to take advantage of the regeneration of activator. It is
worth noting that a system combining reducing agent and copper catalyst in lower oxidation
state is not a case of either AGET or ARGET, although the reactivation is a common motif
between these techniques. Various reducing agents have been reported for the purposes of
AR)GET ATRP, including tin(II) octoate®*® Sn(Oct),, ascorbic acid*** and hydrazine**. Of these,
the stannous catalyst Sn(Oct), is particularly noteworthy as it is also a common choice for the

ROP of cyclic esters (see above).

Tandem ATRP and ROP with Sn(Oct),

In contrast to the reports of DUMAS et al.”®%, JAKUBOWSKI and MATYJASZEWSKI*** have
demonstrated that the two polymerization techniques can indeed be combined in a one-pot
strategy to yield block copolymers. Although they did not succeed to copolymerize a
hydrophilic with a hydrophobic monomer, the group demonstrated the simultaneous block-
copolymerization of CL with ODMA. Hence, to combat the previously identified issues of
catalyst death and poor initiation, it was opted to explore employing catalyst Sn(Oct), as

reducing agent and ROP catalyst for the system at hand.

In order to contrast the reactivity of this catalytic system with that of the DBU
catalyzed system, the same monomer combination was employed. The cyclic ester LLA and
the acrylic monomer MMA were combined in a tandem polymerization in toluene. For one
equivalent of dual initiator HBIB, one equivalent of CuBr/PMDETA catalyst complex and two

equivalents of stannous octoate were employed. Usually, Sn(Oct), is employed at sub-
133



Simultaneous Surface Grafting

stoichiometric ratios due to the rapid equilibrium of the different stannous alkoxide species.
However the dual role of the catalyst here, functioning also as a reducing agent leads to the
catalyst being consumed throughout the ATRP process. Failure of the catalyst to initiate ROP
when employed in stoichiometric or sub-stoichiometric amounts with respect to initiator,
determined a 1:2 ratio of initiator to stannous catalyst. Reactions were conducted at monomer

concentration of 1M in toluene or in bulk for liquid monomers at 90 °C.

Table 3-5: Conversions and reaction times of simultaneous tandem polymerizations using Sn(Oct); and

CuBr/PMDETA.
Time Cyclic monomer Acrylic monomer

Entry /h equivalents Conversion® equivalents Conversion®
115 20h LLA 100% MMA 26%
4d 100 100% 100 48%
116 2h 66% 32%
3h LLA 81% MMA 37%
6h 100 87% 400 38%
117° 1h 5% 31%
3h CL 86% MMA 35%
6h 100 100% 200 38%
118 2h 8% 8%
3h LLA 9% NIPAM 7%
4h 100 15% 100 14%
1191 2h 8% 37%
3h CL 31% MMA 39%
4h 100 63% 200 41%
120 2h 6% 18%
3h CL 10% NIPAM 18%
4h 100 19% 100 19%

Polymerizations conducted with copper catalyst CuBr/PMDETA (1 equivalent) and stannous catalyst Sn(Oct)> (2
equivalents) at 90 °C monomers 1M in toluene, equivalents with respect to initiator. Precipitated in hexane. *calculated via 'H
NMR ‘in bulk

For entry 115 (see Table 3-5) 100 equivalents of each monomer were employed with
respect to dual initiator HBIB. Polymerization of LLA proceeded to full conversion within
20 h, while MMA reached a conversion to 48% after four days of reaction time. After
precipitation, the polymer’s molecular weight was determined via GPC. The 8 200 g.mol™
found for this polymer is around half the theoretical weight calculated based on monomer
conversion (see entry 115 in table Table 3-6). Some deviation might be explained by a
mismatch between calibration standard (MMA) and monomers but the similar structure of
MMA and LLA are unlikely to influence the elution behavior to this extend. Encouragingly
though, the new catalytic system showed that the ATRP lifetime could be prolonged to several
days of activity. The isolated polymer’s monomer composition closely mirrored the theoretical

composition based on the assumption that all converted monomer was incorporated into the

polymer chain.
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Using the same monomers, their respective equivalents were altered to mirror their
relative reactivities (see entry 116 in Table 3-5). The lower conversion of MMA in the previous
experiment led to a lower comonomer incorporation. Conversely, increasing MMA
equivalents should therefore lead to a higher comonomer insertion. Samples were drawn
periodically from the reaction mixture to assess conversion. Indeed, the fourfold excess of
MMA resulted in a precipitated polymer with a much higher ratio of acrylic monomer
incorporation. The polymerizations were quenched after 6 h to reflect the tendency of
stannous catalysts to encourage transesterifications after prolonged reaction times**.
Conversions accelerated to yield 38% MMA conversion within 6 h and 87% of LLA. However
GPC results showed a much wider dispersity of 3.38 in the precipitated polymer (see 116 in
Table 3-6. The very large dispersity might explain some of the deviation between theoretical

and observed molecular weights. But as before, the theoretical molecular weight is circa twice

the experimental molecular weight.
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Figure 3-13: GPC traces of test tandem polymerizations 114, 118 and 116. GPC eluent was THF and
calibrated against PMMA standards.
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Table 3-6: Experimental molecular weights and comonomer incorporation fraction of simultaneous
tandem polymerizations using Sn(Oct); and CuBr/PMDETA.

Entry Time M, exp? Bopc? M. theo® S
/h g.mol™ /g.mol™ /g.mol!
115 P 8200 1.50 0.28
20h nd. nd. 17000
4d nd. nd. 19200
116 14 500 3.38 0.75
2h 9 800 4.39 22300
3h 10 600 3.81 26500
6 h 10 500 3.68 27800
11714 P 11 100 1.79 0.40
1h 5700 2.50 6800
3h 10 000 1.73 16800
6h 8 800 1.94 19000
118 P nd. nd. 0.24
2h 8 900 217 2100
3h 900 1.09 2100
4 h 900 1.14 3700
119¢ P 7 800 1.76 0.46
2h 835 1.14 8300
3h 3500 2.73 11300
4h 4100 2.22 15400
120 P 10 800 1.79 0.45
2h 2 200 145 3400
3h 4100 1.35 2700
4 h 7500 1.35 4200

Polymerizations conducted with copper catalyst CuBr/PMDETA (1 equivalent) and stannous catalyst Sn(Oct). (2
equivalents) at 90 °C monomers 1M in toluene, equivalents with respect to initiator. Precipitated in hexane. # GPC in THF versus
MMA standards;  calculated via '"H NMR © acrylic monomer fraction in isolated polymer; din bulk. N.d not determined.

With these reaction conditions, the tandem system was explored with a set of new
monomers. e-Caprolactone (CL) was first tested in a homopolymerizations. The PCL
homopolymerization 121 yielded a polymer with M, of 12 700 and PDI of 1.55. CL was then
employed as cyclic ester monomer for ROP (see entry 117 and Figure 3-14 a)). Under the
conditions outlined above, full conversion was achieved within 1 h when employed together
with MMA in a 1:2 monomer ratio. The precipitated polymer mirrored the conversion of

MMA and LLA with an acrylic comonomer incorporation of 0.4. The PDI was much narrower

at 1.79 and the theoretical molecular weight matched the theoretical weight more closely.

The combination of LLA and NIPAM (see entry 118) was found to proceed the slowest.
GPC traces of the polymer after 1 h showed a molecular weight of 8 900 gmol™" while the
reaction sample after 4 h reaction time indicated a polymer with molecular weights around

900 g.mol™. The low molecular weight does not reflect the true polymer weight. Instead, it
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reflects the poor solubility of the (co)polymer in all GPC adequate solvents. The precipitated
polymer could not be dissolved again. MMA and CL were copolymerized in bulk (see entry
119). Employing a monomer ratio of MMA:CL of 2:1 led to a 0.41 acrylic monomer fraction.
After four hours of reaction time, MMA conversion was 41% and LLA conversion 63%. The
precipitated polymeric product had a dispersity of 1.76. Combining the two monomers with
most disparate polarities (CL and NIPAM) resulted in poor NIPAM conversion that stopped
around 19% and a slow conversion of CL that reached 19% after four hours (see entry 120).In
incorporation of NIPAM in the precipitated polymer was 045. The NIPAM and CL
combination had most similar reaction rates - albeit slow. The molecular weight distribution

was also relatively narrow at 1.70 (see Figure 3-14).

The poor solubility of NIPAM-derived copolymers synthesized above led to
considering other hydrophilic monomers. The choice of comonomer is limited for this system
as any hydrophilic monomer bearing primary alcohols or primary amines may initiate ROP
of the cyclic ester comonomer. Furthermore, acrylamides bearing heterocycles such as
gylcidyl methacrylate can undergo ring opening polymerization when employed in tin
octoate co-catalyzed ARGET ATRP. Finally, the NIPAM polymerizations have shown that the
lower reactivity of acrylates versus methacrylates impedes matching the polymerization
kinetics. With these considerations in mind, the next choice for radically polymerizable
comonomer fell on dimethyl aminoethyl methacrylate (DMAEMA). This monomer combines
the advantages of methacrylate reactivity with pH-dependent amine hydrophilicity without
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Figure 3-14: GPC traces of test tandem polymerizations yielding the P(CL)-b-PIMMA) copolymer 117
(in blue), PCL homopolymer 121 (in turquois) and PCL-b-PNIPAM homopolymer 120 (sand
color). GPC eluent was THF and calibrated against PMMA standards.

137



Simultaneous Surface Grafting

being able to initiate or undergo ROP. Additionally, PDMAEMA portrays a LCST of 32-53 °C,
depending on chain length, pH and salt concentration®'. Hence, the following reactions were
conducted with DMAEMA as co-monomer.

Table 3-7: Monomer equivalents and conversions of DMAEMA and CL polymerizations using
simultaneous ATRP-ROP with stannous co-catalyst Sn(Oct),

time CL DMAEMA
/h equivalents ~ Conversion®  equivalents  Conversion®
1h 42%
122 100 - -
20h 98%
1h 44%
123 20 h - - 100 64%
26 h 74%
1h 15% 52%
124 3h 100 72% 100 53%
20h 90% 72%
1h 22% 58%
1254 2h 100 34% 100 58%
3h 54% 58%
2h 21% 57%
126 6 h 200 46% 160 61%
20h 85% 80%
2h 37% 51%
127 6h 100 58% 160 56%
20h 74% 88%

Polymerizations conducted with copper catalyst CuBr/PMDETA (1 equivalent) and stannous catalyst Sn(Oct).
(2 equivalents) at 90 °C in bulk equivalents with respect to initiator. Precipitated in hexane. *calculated via 'H NMR ; *GPC in
THF versus MMA standards; * DMAEMA fraction in isolated polymer; 44 equivalents of $n(Oct)..

Homo-polymerization of DMAEMA at 90 °C in bulk, with the previously established
catalytic system using copper complex CuBr/PMDETA and stannous reducing agent Sn(Oct),
reached a conversion of 44% within one hour and 64% after 20 h (see entry 123 in Table
3-7). Precipitation into ice cold hexane yielded a polymer with M, of 6000 g.mol™', and a PDI
of 2.10, contrasting with a theoretic molecular weight of 9000 g.mol™” (see entry 123 in
Table 3-8) The dispersity determined via GPC is very large for an ATRP derived product, this
broadening of molecular weight distributions were previously reported for a similar system
and was interpreted as a consequence of the shifted Kargp equilibrium towards the activation
side. However, the rate of conversion compares favorably to that of CL polymerized under the
same conditions. The polymerization of CL reached 42% conversion after 1 h and 98%
conversion after 20 h. The isolated PCL had a molecular weight distribution of 1.71 with
molecular eight of 15000 gmol”, comparing to a theoretical molecular weight of

11 000 g.mol™ (see entry 122 in Table 3-8). These first test reactions encouraged to proceed
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with simultaneous tandem polymerizations. The choice of monomers and reaction conditions
allowed to match the conversions within the first few hours of polymerization. Hence it was
expected that based on the time of polymerization quenching, truly simultaneous tandem

polymerization may be conducted.

Table 3-8: Experimental molecular weights and comonomer incorporation fraction of DMAEMA and
CL polymerizations using simultaneous ATRP-ROP with stannous co-catalyst Sn(Oct),

time M, exp” Bopc® M. theo S
/h
Isolated 15 700 1.71 0
122 1h 5 500 1.10 4 800
20 h 10 700 211 11 200
Isolated 6 000 2.10 1
123 1h 3000 212 6 300
20 h 4 600 2.75 9 200
26 h 6 000 245 10 600
Isolated 10 300 1.86 041
1h 2 700 1.72 9 200
124
3h 6 800 1.39 15 800
20 h 6 700 1.60 20 600
Isolated 5140 1.68 0.40
1h 2 000 1.87 10 800
1254
2h 2 600 1.69 12 200
3h 4 100 141 14 500
Isolated 11900 1.98 0.30
2 h 9800 2.20 17900
126
6 h 11100 1.85 24500
20 h 9500 2.29 37700
Isolated 0.50
2h 6000 143 15900
127 6 h 7700 144 19400
20 h 7300 1.59 28600

Polymerizations conducted with copper catalyst CuBr/PMDETA (1 equivalent) and stannous catalyst Sn(Oct), (2
equivalents) at 90 °C in bulk equivalents with respect to initiator. Precipitated in hexane. “calculated via "H NMR ;*GPC in THF
versus MMA standards; ¢ DMAEMA fraction in isolated polymer; 44 equivalents of Sn(Oct).

Using the same conditions as in the test reactions, CL and DMAEMA were employed
in a simultaneous tandem polymerization in bulk. The dual initiator HBIB was employed
together with the catalyst system described above. In contrast to the individual
polymerizations, the DMAEMA conversion after 1 h reached 52% and plateaued at 72% after
20 h, while the CL conversion after 1 h was much lower at only 15% to reach full conversion
after 24 h, see entry 124 in Table 3-8). In contrast to the DBU (co)catalyzed reactions, this
monomer-catalyst system allowed to conduct simultaneous chain growth. Despite not

achieving a perfect congruence of polymerization rates, the two chains grew at a comparable

time frame.
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However when contrasting the conversions within one hour between individual
polymerizations and the tandem system, the increased conversion of DMAEMA and the
decreased conversion of CL seems to indicate that the combination of the two polymerization
processes leads to some degree of mutual interference. The ATRP shows only a slight increase
in activity despite a two-fold dilution in DMAEMA concentration. The ROP on the other hand
showed a marked decrease in polymerization rate during the first hour of polymerization.
This effect may indicate that the combination of the two techniques results in increased side
reactions. On the other hand, the change in reaction kinetics may also be explained by a lower
percentage of stannous catalyst Sn(Oct), available for polymerizing CL due to its consumption
by copper catalyst reduction. To test the influence of stannous catalyst concentration on
relative reaction rates for the two polymerizations, the polymerization was repeated with the
same concentration of both monomers and copper catalyst but with an increased
concentration of stannous catalyst (see entry 125 in Table 3-8). Increasing catalyst Sn(Oct); to
four equivalents with respect to initiator led to an increase in polymerization rate for both
ATRP and ROP. The conversion of CL reached 22% within one hour, while at the same time,
the ATRP consumed 58% of DMAEMA monomer. The increase in polymerization rate was
more pronounced for ROP than for ATRP. This experiment suggests that the interaction

between the two polymerizations is a kinetic effect due to available catalyst concentration.

ROP of cyclic esters are known to experience significant amounts of transesterification
side reactions when employing organo-stannous catalysts*. As the transesterifications
increase after with increasing monomer conversion and with reaction time, polymerizations
were stopped when conversion of CL neared 100%. When monitoring CL conversion via
'"H NMR, (near) quantitative conversions were usually achieved within 24 h of reaction time.
Within the same time frame, conversions of DMAEMA of up to 88% could be achieved. The
precipitated products’ '"H NMR spectra revealed a comonomer distribution that matched the
relative monomer equivalents and their conversions. By adjusting the initial monomer
concentrations, the polymeric products reflected the expected monomer distributions. By this
approach, polymers with DMAEMA:CL ratios between 1:2 and 1:1 were targeted, as well as
isolated (see entries 126 and 127). Dispersities of the polymers ranged between 1.41 and 2.20.
Although much narrower molecular weight distributions have been reported for a range of
copolymers, these values are relatively low considering the simultaneous nature of their
polymerization.

It is worth pointing out that in all simultaneous copolymerizations of CL and
DMAEMA, the NMR signals of polymer product indicated that both monomers indeed

polymerize. This observation is in contrast to MATYNESWESKI'S work who found that,
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simultaneous polymerization of these two monomers is not possible. They stipulated that
DMAEMA complexes with the tin catalyst and therefore impedes ROP of CL**®. By contrasting
the reaction conditions employed herein and in the cited work, the employed stannous
catalyst and its equivalent with respect to ATRP catalyst were found to vary. The 1:1 ratio of
copper catalyst to stannous catalyst employed by MATYIJESWESKI et al. suggests rather that the
reduction of CuCl, by catalyst Sn(Oct), occurs preferentially over polymerization of CL
monomer. As a result, stannous catalyst is continuously removed from the polymerization
mixture with each reduction of copper catalyst and ROP cannot proceed. The excess Sn(Oct),

employed herein counters this effect.
'H NMR spectra of precipitated polymers were recorded and confirmed that both

monomers participated in polymerization (see Figure 3-15).
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Figure 3-15: "H NMR spectrum diblock polymer 126 in CDCls.
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With these promising results, it was decided to adopt the Sn(Oct), and CuBr/PMDETA

catalyzed simultaneous tandem polymerization of CL and DMAEMA for surface grafting.
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3.6 Tandem Polymerization on Silicon Wafers

After functionalizing the wafers with heterobifunctional initiators, and establishing
that the two polymerization techniques — Sn(Oct), catalyzed ROP and ATRP — are mutually

orthogonal, the polymerization system was then tested for simultaneous surface grafting.

Conducting polymerizations initiated off a surface confront the synthetic polymer
chemist with an interesting issue: how to track reaction progress in situ? Usually, when
tracking the kinetics of a polymerization, samples are drawn periodically, quenched and after
(optional) removal of catalyst, both conversion (via NMR or IR) and molecular weight (via MS
or GPC) of the growing polymer chains are determined. However, when trying to observe the
polymer chains growing off a surface, this approach is complicated by the covalent
attachment to said surface. This issue precludes liquid NMR as a method to determine
conversion directly, as well as GPC to measure molecular weight. One way to overcome this
limitation is by calculation conversion by integrating monomer signal with respect to an
internal, inert reference material and measuring molecular weight by cleaving the brushes
from the substrate. In the case of silica surfaces, this is commonly achieved by treatment with
concentrated hydrofluoric acid. However, this approach is not only labor intense and
potentially dangerous, it also suffers from the uncertainty of whether the individual chains
are cleaved in completion or have been degraded by the harsh conditions of the cleaving
process. To overcome this obstacle, the polymerizations were conducted with a short,
sacrificial initiator present in the reaction mixture. Assuming that the kinetics of
polymerizing chains in solution are comparable to those at the wafer interface, samples
drawn periodically from the reaction mixture allow to make approximations for the
polymerization progress. This approach is commonly chosen for the ease of drawing samples
without the need to resort to harsh, destructive methods*****, Evidently, the assumption
that this approach rests on — namely the comparable kinetics of solution and interface
polymerization — is the major weakness of this approach. The much higher steric demand at
a surface and the lower degrees of freedom of tightly growing polymer chains intuitively
speak against the assumption. On the other hand, a TROMMSDORF-like effect has been
suggested'*>***. Various publications have investigated the validity of this assumption by
comparing the polymer properties grown in solution with a sacrificial linker with that of the
polymers yielded when cleaving off the linker*******>. Although some controversy regarding
specific systems remains, there is consensus that this assumption holds well enough to make

good approximations about the polymerization kinetics. A fuller picture relies on contrasting
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the insight gained by free-linker derived kinetics with information from XPS, film thickness,

contact angle and ToF-SIMS.

The sacrificial initiator allows to further assess the initiation efficiency of the tandem
system. Additionally, through sacrificial initiator, the molecular weight of the polymer can be
controlled more accurately. With the surface initiating groups present in such low
concentrations (with respect to the overall polymerization mixture), even small amounts of
inhibitor would suffice to quench the reaction. The amount of initiator on the surface also
depends on the exact area of the wafer employed. Employing sacrificial initiator allows to
target molecular weights***. Poor or unequal initiation efficiency would be highly detrimental
to the functionalization of surfaces. If, for example, initiation at the alcohol were much slower
than that of ATRP, the growing PDMAEMA chains could impede growth at the neighboring
ROP initiating sites. Or else, if initiating efficiency is generally poor, only a sparsely grafted
surface could be synthesized. Similarly for the free sacrificial linker, if initiating efficiency is
relatively poor, a large proportion of the resulting polymeric products would be expected to
be homopolymers of either one or both monomers. Hence by assessing whether the
simultaneous tandem system yields block copolymers, some information about the initiating

efficiency can be derived.

Table 3-9: Monomer equivalents and molecular weights for simultaneous tandem polymerizations on
silicon wafers.

Entry CL DMAEMA M,? PDI® Vi
128 20 20 5140 1.68 0.40
129 100 - 15 700 1.71 0
130 - 100 6 000 2.10 1
131¢ 100 - 14 400 2.00 0
132¢ - 100 17 100 2.21 1
133 200 160 11 900 1.98 0.3
134 30 30 9 000 2.00 0.5
135 100 160 7 000 1.56 0.6
136° 200 200 10 700 1.66 0.4
137¢ 100 160 14 000 2.00 0.6

aDetermined via GPC in THF versus PMMA standards. "fraction of PDMAEMA in polymer sample, determined via
'H NMR. cusing a functionalized glass slide.

143



Simultaneous Surface Grafting

The polymerizations of DMAEMA and CL were conducted with a CuBr/PMDETA
catalyst: initiator HBIB : Sn(Oct), ratio of 1:1:2 at 90 °C in bulk. Just before the polymerization
was initiated, a functionalized wafer was added to the SCHLENK flask. In order to ensure
stirring, a very small stir bean was added to the flask. Care was taken that the stir bar was not
in direct contact with the wafer to avoid scratches on the surface. Various monomer ratios
were targeted. When employing the DMAEMA and CL monomers in a 1:1 ratio, the DMAEMA
fraction was between 0.4 and 0.5 of the precipitated polymer (see entries 128, 134 and 136 of
Table 3-9). Homopolymerizations yielded the expected pure homopolymer. When employing
a lower ratio of DMAEMA;CL the incorporated DMAEMA is lowered. For entry 133, a
DMAEMACL ratio of 1.6:2 was employed and the isolated polymer had a DMAEMA fraction
of 0.3. When employing a DMAEMA:CL monomer ratio of 1.6:1, the isolated polymer had a
DMAEMA monomer fraction of 0.6 (see 137. Polymeric products had a PDI between 1.56 for
entry 135 to 2.21 for entry 132.

Interestingly, when using a functionalized microscope slide rather than a small silicon
wafer, the isolated polymers had greater molecular weights. While employing 100
equivalents of DMAEMA in a homopolymerizations, the wafer polymerization yielded a
polymer with M, of 6 000 gmol™ (see entry 130). The polymer isolated from the glass slide
polymerization had a M, of 17 100 g.mol™ with the same equivalents (see entry 132. Likewise,
when contrasting entry 137 with 135, the glass slide polymerization produced a polymer with
14 000 g.mol™', while the small wafer produced a polymer of only 7 000 g.mol ™. The difference
between the ROP only of 129 polymerized with a small wafer with entry 131 on a glass slide
is less pronounced. This effect might be explained by different diffusions in the reaction

vessel. When using the large glass slide, no stir bar was employed.

GPC traces of the polymers derived from sacrificial linker in the simultaneous surface
grafting generally showed a unimodal distribution (see Figure 3-16). However, some
asymmetries could be observed. Polymer 136 and 131 showed low molecular weight trailing
and 134 showed some indication of a high molecular weight shoulder. A unimodal
distribution of two polymerizations can arise either as a result of block copolymers eluting as
a function of their molecular weight, or else due to the presence of two homopolymers with
only one being soluble in the elution medium. GPC separates based on molecular weights of
eluting polymers. It does not provide information about the chemical composition of the
analytes. The '"H NMR data shows the chemical composition of the precipitated polymer but

does not differentiate between a mix of two polymers and block copolymers.
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Figure 3-16: GPC traces of sacrificial initiator derived polymers of simultaneous surface
polymerizations 137 and 134. GPC versus MMA standards in THF.
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Figure 3-17: DOSY 'H NMR of simultaneously polymerized PDMAEMA-PCL block copolymer 134
shows all polymer signals occurring at the same diffusion coefficient. Signals marked with
asterisks refer to DMAEMA derived chemical shifts and circles were used to mark CL signals.
Recorded in CDCl; at 700 MHz.

To overcome these limitations, '"H DOSY NMR spectra were recorded. These NMR

experiments show chemical shifts ordered by diffusion coefficients. A pure block copolymer
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with narrow molecular weight distribution would be expected to show only one major
diffusion coefficient for all chemical shifts. Indeed, Figure 3-17shows that all polymeric
species have the same diffusion coefficient. Of course two separate polymer populations with
similar molecular weights could also give rise to the observed effect. However, given the
disparities in comonomer incorporation with DMAEMA making 30% of the total polymer
signals, this explanation is highly unlikely. The DOSY experiment therefore proves that the

above describes system initiates reliably to produce copolymers.

Thermogravimetric analysis (TGA) was conducted of the polymer synthesized using
the above system. Figure 3-18 shows the gravimetric loss curves as a function of temperature
at a heating rate of 10 Kmin™. The PCL reference 121 shows one single decomposition step
with an inflection at 330 °C as is expected from literature**>. The PDMAEMA homopolymer
portrays the characteristic two decomposition temperatures associated with scission of C-N
bond in the first step and carbonyl degradation in the second step**®. The two decomposition
steps occur at 285 °C (45% weight loss) and 405 °C (37% weight loss) respectively. KASHIWAGI
et al.”” demonstrated that poly (methyl methacrylates) show a marked weight loss below
200 °C as a result of carbon-carbon scission from head-to-head monomer addition. Radical
polymerization, as well as ATRP is selective for head-to-tail monomer addition®. The more

labile head-to-head sites are therefore indicative of termination reactions by combination of
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Figure 3-18: TGA curves of PDMAEMA reference 123, PCL reference 121 and copolymers 135 and 134.
Arrow indicates shoulders.
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active radicals. Absence of degradation at this temperature range therefore indicates that the
polymerization shows very few termination events. The two copolymers 134 and 135 show
two marked decomposition temperatures each with inflection points at 310 °C and 360 °C.
The higher temperature decomposition peak has a shoulder around 400-410 °C in both cases
(see blue arrow). However this shoulder is not very prominent. The higher PDMAEMA
bearing sample 135 also shows a greater weight loss (32%) associated with the first
PDMAEMA decomposition temperature than the lower PDMAEMA containing sample (28 %).
Again, no decomposition could be observed below 200 °C and is therefore indicative of a low

incidence of combination events.

Dynamic Scanning Calorimetry (DSC) was used to gain insight into the macroscopic
thermal properties of the polymers synthesized above. The glass transition temperature (Ty)
of PDMAEMA reference 123 had a point of inflection at 8 °C. A melting point (T,) was not
observed in the temperature range studied and therefore indicates amorphous behavior. PCL
reference 121 showed no T, This absence of glass transition is unexpected. Literature reports
glass transitions of PCL at around -70 °C**®. A marked T, occurred at 54 °C, indicating the
semi-crystalline nature of the reference material. The copolymer containing a DMAEMA
fraction of 0.30 (134) had a T, at 53 °C and a glass transition at -49 °C, indicating that the
copolymer has a semi-crystalline structure. In contrast, the 1:1 PCL-PDMAEMA copolymer
(135) showed a Tgat -46 °C, a T, at 50 °C and underwent cold crystallization at -4 °C.
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Figure 3-19: DSC curves of PDMAEMA reference 123, PCL reference 121 and copolymers 134
and 135.
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Figure 3-20: DLS of block copolymers 133 (left) and 135 (right) showing supramolecular assemblies.

Amphiphilic block copolymers have the tendency to form supramolecular structures
when dissolved in a selective solvent. Solubility of the produced polymers can therefore be
seen as an indirect assessment of covalent attachment between the two polymer blocks.
Dissolving the PDMAEMA-PCL in water under stirring immediately produced a turbid
solution. Dynamic light scattering (DLS) determines the diffusion coefficient of the
supramolecular structures formed. Via the STOKES-EINSTEIN relationship, their
hydrodynamic radius can be determined. Figure 3-20 shows the DLS plots of copolymers 133
and 135. The block copolymer with lower PDMAEMA fraction 133 produced structures in
water with 554 nm diameter with a PDI of 1.0. The higher PDMAEMA fraction in 135 led to

smaller structures of 420 nm with a PDI of also 1.0.
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3.7 Surface Characterization

3.71 Atomic Surface Composition — XPS
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Figure 3-21: XPS survey of grafted wafers. a) binary brush 135, b) binary brush 134, c) PDMAMEA
homopolymer brush 130 and d) PCL homopolymer brush 129: Dotted line indicates the N1s
peaks (to the left), dashed line shows C1s signal (to the left) and dotes/dashed line shows Si2s
and Si2p signals (to the left).

To assess whether the surface was functionalized successfully, its atomic composition was
determined via XPS. XPS is both surface sensitive as well as non-destructive and allows to
make semi-quantitative determinations of atomic surface composition. The plain silicon
wafer has an oxidized surface and only silicon and oxygen derived signals are expected, with
the customary carbon signals derived from adsorption and surface reactions by handling
under atmosphere. The linker-functionalized wafer 98 showed weak bromine signals, and
strong carbon and oxygen signals (see Figure 3-21). With these references, a change in signal
intensity ratios can be used to qualify whether the polymerizations led to the growth of

polymer chains. DMAEMA monomers further contain nitrogen atoms and it is expected that
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only those wafers grafted with PDMAEMA contain (strong) nitrogen signals. So for all grafted

wafers, the carbon, nitrogen, oxygen and bromine signals are regions of interest.
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Figure 3-22: XPS spectra of grafted wafers. a) copolymer 135, b) copolymer 134, ¢) PDMAEMA
homopolymer 130, d) PCL homopolymer 129. Top left: C1s region, top right: N1s region and
bottom: Br 3d region.

The survey of a representative selection is presented in Figure 3-21 with the two
homopolymer reference brushes 130 and 129 (for PDMAEMA and PCL respectively, see
Figure 3-22 (c) and d)) and two binary PDMAEMA-PCL brushes (for binary brushes 135 and
134 see Figure 3-22 a) and b)). Regions of interest in the spectrum were identified as the N1s,
C1lsand Br3d regions — these are shown in Figure 3-22. All grafted wafers show characteristic
carbon peaks around 286 eV. This signal was identified as deriving from sp3 bonded C-C.
Both PCL and PDMAEMA contain such groups. Additionally, a smaller peak at 290 eV was
identified deriving from sp2 bonded O-C=O carbons. Again, both PDMAEMA and PCL
contain ester groups and the presence, as well as relative intensity of this peak is expected.

Additionally, the C-H derived peak at 286 eV shows a pronounced high binding energy
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shoulder of varied intensity. The shoulder derives either from sp3 bonded C-O carbons or else
from sp3 C-N carbons. The PCL reference wafer 129 shows the lowest and most discrete
shoulder, while the PDMAEMA reference wafer 130 shows the most intense shoulder. Both
PDMAEMA and PCL contain sp3 C-O carbon groups. Only PDMAEMA further features
nitrogen bonded carbon. The relative intensities between C-C and C-N sp3 bonded carbons
therefore reflect the trend of PDMAEMA incorporation, with the most intense shoulder in
the pure PDMAEMA sample 130, a lower intensity in sample 135, an even lower intensity for

the lower PDMAMA fraction sample 134 and the lowest for PCL homopolymer reference 129.

The spectrum showing the Br3d region (around 69 eV) had a low signal to noise ratio.
Only a low Br signal was expected as the concentration of Br in relation to the brushes is low.
[t was further expected to see similar intensities for all PDMAEMA-containing samples while
the PCL reference was expected to show a lower intensity, as it is expected that successful
grafting of PCL would bury the haloester functionality derived from the linker under the PCL
layers. As XPS is a surface sensitive technique, signal intensities are lowered with increasing
depths. Indeed, the Br peak of the PDMAEMA wafer 130 was the most intense, while much
lower for the PCL reference 129. The asymmetric shape derives from the Br3ds;; and ds; spin-
orbit coupling. Surprisingly, the mixed brush 134 showed no Br signal, while 135 had a Br
signal less intense than the PDMAEMA reference 130.

The XPS spectral region around 400 eV shows the presence or absence of nitrogen on
the sample. Neither CL nor the linker contain nitrogen atoms. As a consequence, no N1s
signal would be expected. Indeed, the respective spectrum showed no such peak. All other,
PDMAEMA containing brushes (wafers 130, 134 and 135) all showed an intense N1s peak at
400 eV, as expected. Their relative intensities match the intensity of the C-N shoulder

observed in the carbon spectrum.
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3.7.2 ToF-SIMS

The functionalized surfaces were characterized via Time of Flight — Secondary lon
Mass Spectrometry (ToF-SIMS). For this technique, regions of interest (ROI) on sample
surfaces are sputtered with primary ions (usually noble gas, gallium or bismuth ions) that
trigger a collision cascade in the molecules on the surface. Polymeric samples respond
through a collective molecular motion regime. As kinetic energy is dissipated with each
collision, typically only fragments originating from the topmost multilayers have sufficient
energy to overcome the binding energy of the sample. Ejected fragments may be electrons,
atoms, ions, clusters of ions/atoms and molecules. These fragments can be positively or
negative charged, radicals or neutral. Only the charged species (less than 1%) are accelerated
towards a mass spectrometer’s detector and separated as function of their time of flight. The
distribution of mass-to-charge ratios thus gives highly sensitive (ppm to ppb) information

about elemental, isotopic and molecular composition of the surface.**

With all ToF-SIMS techniques, it is worth keeping in mind that the high variation in
ionization probabilities of different substrates necessitates well-calibrated reference systems
in order to yield quantitative results*”. Barring such standards, the insight gained from ToF-
SIMS measurements must be seen as qualitative only. Furthermore, the high sensitivity of
ToF-SIMS means that even small, fortuitous impurities can yield noticeable signals. This issue
is compounded with the before-mentioned difficulty in quantification due to differences in
ion yields. Nevertheless, ToF-SIMS analysis can be employed to provide valuable information
about the identity and homogeneity of the wafers functionalized via simultaneous surface
grafting. The abundance of signals mandates a selection of characteristic signals. The choice
can follow a manual selection, where characteristic peaks are matched to specific ions that

are considered representative of the samples at hand, or else via statistical methods.

The analytical approach chosen for the system at hand involved ToF-SIMS
measurements of sample wafer 128 after simultaneous tandem polymerization and
subsequent cleaning steps. To identify the origins and identities of the secondary ions, five
reference wafers were measured: one cast with a solution of the catalyst complex
CuBr/PMDETA, one with tin catalyst Sn(Oct),, one functionalized only with the linker (wafer
98), one grafted exclusively with PDMAEMA (wafer 130) and one grafted exclusively with PCL
(wafer 129). The reference measurements and the sample measurement were recorded in
both positive and negative ion channels. From the resulting signals, characteristic mass-to-
charge-ratios were selected manually and assigned to specific fragments, using the mass fine
structure, typical isotopic patterns and chemical probability, wherever possible. The sample
measurement of wafer 128 was subsequently contrasted to the reference signals. Additionally,

multivariate data analysis (PCA, NMF) was performed to identify and separate signals arising
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from different compounds. Depth profile measurements were then conducted on sample
wafer 128 to assess the vertical distributions of previously identified signals and hence judge
the vertical homogeneity of the grafted samples. Finally, ToF-SIMS imaging mode was

employed to assess the horizontal homogeneity of the simultaneously grafted wafer 128.

Manual Selection of Signals and Interpretation

An overview of the surface spectra gathered from the two polymer references (wafers
129 and 130), the linker modified wafer (98) and the simultaneously grafted sample (128) is
provided in the appendix (see Figure 7-2 for positive channel and for the negative channel).
From these spectra, individual signals were selected and their likely empirical formula
established by considering the isotopic fine structure of the mass-charge signals detected via
ToF-SIMS. Contrasting these identified signals between the individual reference spectra and
the sample spectra allows to infer the origin of the compounds. An overview of these
manually selected signals is provided in Table 3-10 and Table 3-11 for negative and positive

channels respectively.

Table 3-10: Selection of noteworthy negative ion channel ToF-SIMS signals, their likely empirical
structure and origin. Counts are compared between the sample and reference wafers for each

signal.
Area Norm. By Total lon Intensity Statistics
Origin Mass (u) | CuBr/PMDETA SnOct2 Linker PCL PDMAEMA Mixed Brush

Cu- 62.9448 7.75E-04 1.33E-06 1.51E-05 8.16E-06 2.90E-05 1.19E-04
CuBr- Cu cat 141.865 7.40E-04 3.32E-05 1.06E-04 6.39E-05 5.00E-05 3.07E-04
304.68 u 304.695 4.55E-03 5.67E-05 1.59E-05 1.21E-03 5.23E-05 1.91E-04
C_8H_150_2- 143.149 1.53E-02 2.03E-01 6.50E-04 3.78E-04 1.23E-04 2.59E-04
C_16H_290_4Sn- Sn cat 405.109 3.70E-05 2.66E-03 2.47E-06 6.40E-06 3.03E-05 3.07E-05
453.31u 453.301 5.93E-05 7.31E-04 2.63E-06 6.61E-06 1.55E-05 2.55E-05
Br- Linker 78.9418 4.62E-03 4.96E-06 1.36E-01 8.45E-02 2.94E-03 3.30E-02
SiO_2- 59.9657 1.18E-04 2.10E-03 1.95E-02 4.38E-03 2.25E-03 1.45E-04
Si_20_5H- substrate 136.939 8.80E-05 1.75E-04 1.27E-02 4.59E-03 4.57E-04 4.38E-04
Si_30_7H- 196.899 2.27E-04 1.04E-04 5.11E-03 2.10E-03 2.32E-04 7.83E-04
C_6H_90_2- 113.078 2.14E-04 4.46E-03 1.31E-04 1.21E-02 4.85E-04 6.34E-04
C_6H_90_3- PCL 129.096 1.64E-04 1.03E-03 4.59E-05 1.07E-02 1.26E-04 4.70E-04
C_2H_20_2- 58.0087 2.50E-05 1.34E-04 1.80E-03 1.62E-02 5.67E-04 1.12E-03
C_3H_30_2- 71.0196 1.02E-03 1.64E-02 1.92E-03 2.97E-02 3.02E-03 1.32E-02
CHO_2- PCL/PDMAEMA  45.0005 1.68E-04 1.90E-03 1.92E-03 1.06E-02 6.12E-03 4.14E-03
CN- 26.0128 3.01E-03 2.97E-04 7.19E-03 7.71E-03 8.38E-02 2.29E-02
C_2H_30- PDMAEMA 43.0207 3.94E-05 4.68E-04 1.63E-03 1.08E-02 1.86E-02 7.36E-03
C_4H_50_2- 85.0367 3.07E-04 7.04E-03 6.83E-03 7.47E-03 1.18E-01 4.62E-03
163.07 u PDMS 163.063 1.71E-04 2.67E-03 2.16E-04 5.50E-04 4.79E-03 2.17E-04
SiC_3H_90- 89.0531 2.04E-04 4.45E-03 3.95E-04 1.57E-03 2.26E-02 1.82E-03
NO3/C4N? 61.9799 8.56E-06 5.66E-05 6.61E-04 3.10E-03 1.61E-03 7.80E-03
S- 31.9749 7.11E-06 4.70E-07 3.10E-04 8.99E-05 5.25E-05 1.80E-04
SO_2- unclear 63.9731 6.93E-06 6.62E-06 1.89E-03 1.39E-03 1.44E-03 3.18E-03
SO_3- 79.9583 6.44E-05 1.63E-05 1.00E-02 1.93E-03 3.59E-03 1.86E-02
SO_4H- 96.9627 6.62E-05 2.40E-05 4.94E-03 1.08E-03 2.57E-02 1.19E-01
CNO- 41.9941 2.64E-04 3.36E-04 3.32E-03 9.37E-03 5.82E-03 9.64E-03
Total Counts 5.78E+07 1.69E+07 6.48E+06 1.10E+07 2.40E+07 2.87E+07
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Table 3-11: Selection of noteworthy positive ion channel ToF-SIMS signals, their likely empirical
structure and origin. Counts are compared between the sample and reference wafers for each

signal.
Area Norm. By Total lon Intensity Statistics
Origin Mass (u) [ CuBr/PMDETA SnOct2 Linker PCL PDMAEMA Mixed Brush

C_16H_40N_6Cu+ Cucat 379.234 5.83E-02 2.25E-05 2.85E-05 8.66E-06 8.93E-06 8.28E-06
C_9H_23N_3CuBr+ Cu cat 315.052 4.71E-03 3.69E-05 3.52E-05 4.08E-05 7.90E-05 6.81E-05
C_5H_10N+ Cu cat 84.0778 5.42E-03 1.52E-05 7.76E-04 3.66E-04 3.71E-03 1.44E-03
Cu+ Cu cat 62.9281 2.54E-03 4.41E-06 2.81E-05 1.58E-05 3.73E-05 2.96E-04
C_5H_8N+ Cu cat 82.0635 3.48E-03 1.04E-05 8.38E-04 3.84E-04 1.63E-03 1.04E-03
Si_2C_5H_150+ PDMS 147.085 1.93E-03 6.18E-02 1.04E-02 5.36E-03 1.39E-03 6.73E-04
SiC_3H_9+ PDMS 73.085 1.30E-02 1.74E-01 3.35E-02 3.08E-02 1.92E-02 1.24E-02
SiC_2H_7+ PDMS 59.0333 2.23E-04 6.78E-03 1.90E-03 9.96E-04 4.90E-04 2.47E-04
Si_3C_5H_150_3+ PDMS 207.057 1.02E-03 1.50E-02 2.33E-03 1.25E-03 3.57E-04 1.90E-04
Si_3C_7H_210_2+ PDMS 221.125 1.52E-03 8.95E-03 2.21E-03 9.51E-04 2.25E-04 1.21E-04
Si_4C_7H_210_4+ PDMS 281.091 5.11E-04 8.06E-03 1.46E-03 7.63E-04 1.22E-04 7.61E-05
Si+ substrate/PC_27.9744 1.22E-04 3.26E-03 2.94E-02 2.15E-03 2.00E-04 4.14E-05
530.46 u Linker? 530.474 4.30E-06 4.68E-05 3.22E-04 1.43E-06 9.99E-07 1.39E-06
368.43 u Linker? 368.429 2.10E-05 1.99E-05 7.73E-05 3.17E-06 1.59E-05 3.64E-05
NH_4+ unclear 18.0353 6.59E-05 0.00E+00 5.89E-04 1.38E-04 3.31E-04 5.02E-04
CH_3+ unspecific 15.0228 7.62E-04 2.81E-04 6.54E-03 1.74E-03 2.92E-03 3.05E-03
SiOH+ substrate 44,9782 4.40E-05 4.18E-04 1.84E-02 1.84E-03 1.48E-04 8.48E-05
SiO_3H_3+ substrate 78.9986 5.07E-05 1.79E-05 9.04E-03 7.55E-04 2.91E-04 4.04E-04
SiO_2H_3+ substrate 62.9923 2.76E-05 4.35E-05 5.40E-03 1.15E-03 1.70E-04 1.67E-04
C_3H_30+ PCL 55.0186 3.26E-04 8.77E-04 8.23E-03 6.28E-02 1.61E-03 1.78E-02
97.07u PCL 97.0706 4.81E-03 2.00E-04 6.96E-04 1.22E-02 5.48E-04 1.08E-03
C_6H_110_2+ PCL 115.085 5.24E-04 9.84E-05 2.66E-04 3.50E-02 4.98E-04 2.42E-03
153.03 u PCL 153.038 7.17E-05 2.14E-05 1.38E-04 8.73E-04 1.94E-04 1.46E-04
197.09 u PCL/PDMAE 197.093 2.43E-05 2.46E-05 5.73E-04 1.51E-03 2.08E-03 1.06E-04
135.07 u PCL/PDMAE 135.078 7.81E-05 5.58E-04 3.39E-03 4.08E-03 7.01E-03 3.90E-04
C_4H_10NO+ PDMAEMA  88.0799 2.98E-04 2.70E-05 3.68E-04 1.63E-04 8.18E-03 8.61E-03
C_2H_4N+ PDMAEMA  42.0343 9.12E-03 2.18E-05 9.82E-03 1.69E-03 2.97E-02 2.02E-02
C_8H_14NO_2+ PDMAEMA  156.117 7.13E-04 1.41E-05 8.84E-05 1.02E-04 3.61E-02 7.34E-03
158.13 u PDMAEMA  158.132 1.12E-04 2.06E-05 2.55E-04 2.61E-04 2.27E-02 1.97E-02
C_3H_40+ unclear 56.0255 4.31E-04 3.37E-05 1.24E-03 4.51E-03 1.55E-03 1.17E-02
C_3H_6N+ unclear 56.0491 5.84E-03 1.48E-04 7.40E-03 4.81E-03 1.06E:02 1.26E-02
C_4H_50+ unclear 69.039 4.04E-04 5.14E-04 4.88E-03 8.51E-03 2.66E-02 2.78E-02
217.08 u unclear 217.076 4.34E-05 1.00E-04 9.21E-05 2.74E-05 4.21E-05 1.64E-03
271.09 u unclear 271.093 8.69E-05 4.56E-05 5.15E-05 7.70E-05 1.03E-04 3.14E-04
289.08 u unclear 289.084 4.90E-05 5.23E-05 3.58E-05 1.45E-05 1.87E-05 3.88E-04
Na+ unspecific 22.9895 5.33E-05 1.46E-02 1.84E-02 3.51E-02 2.46E-03 1.42E-03
K+ unspecific 38.9637 1.29E-05 6.67E-04 1.20E-02 2.20E-02 4.87E-03 1.28E-03
C_3H_5+ unspecific 41.0403 5.86E-03 1.74E-03 7.34E-02 8.54E-02 1.96E-02 3.47E-02
C_4H_7+ unspecific 55.0551 5.20E-03 2.96E-03 3.13E-02 5.73E-02 3.33E-03 1.05E-02
Total Counts 3.93E+07 2.27E+07 6.54E+06 1.33E+07 2.31E+07 2.84E+07

By this approach, the positive ion channel showed several identified signals that can
be traced back to the copper catalyst CuBr/PMDETA. The copper catalyst reference sample
contained signals matching the empirical formula of the full catalyst complex
(CsH23N3CuBr), as well as fragments (CsHioN* CsHgN*, Cu™ and Cu’) and other products
thereof (e.g. CisHiNsCu'). These signals were most intense in the copper catalyst reference
sample as expected. The signals assigned to CsH;oN"and CsHsN* also showed significant
intensity in reference 130 and in binary sample 128. The appearance of these signals is
expected, as CuBr/PMDETA was employed in the functionalization of both wafers. The
presence of Cu” in binary brush sample 128 further indicates that after the polymerization,
some catalyst remains in the sample despite several washing steps. The remainder of trace
amounts of copper is a common issues in ATRP-derived materials and remains a hindrance

to the application of such materials in certain medical fields****".

For the Sn catalyst reference, notable signals from the Sn catalyst Sn(Oct), were
detected in the negative ion polarity. Signals could be matched to the organic anion of the
catalyst complex (CsH150) as well as to the full catalyst complex (C16H2904Sn-). These signals

seem to be exclusive to the Sn cat sample and could not be detected in at significant intensities
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in any other reference material nor in the simultaneously grafted wafer 128. This observation
seems to indicate that the removal of the stannous catalyst is efficient. Additionally, intense
polydimethylsiloxane (PDMS) signals were found in the positive channel of the Sn catalyst
Sn(Oct), reference sample. Generally speaking, PDMS signals are a very common
contaminant on ToF-SIMS samples, owing in part to the widespread use of PDMS-based
materials in laboratory settings as well as to the “exquisite sensitivity” of ToF-SIMS to traces
of PDMS impurities**>**. It is likely that the contamination comes from the INJEKT BRAUN™
needles used for transfer of the catalyst for stock solution preparation. These needles are lined
with silicone oil which may react with tin octoate®* and can thus be leached out, and
subsequently concentrated on the surface while the solvent evaporated. Sn-related signals

themselves could not be observed.

Spectra of the linker sample 98 showed no specific signals, although some signals
could be associated with it. However, these signals were mostly non-specific hydrocarbon and
substrate related signals (e.g: the 468.43 u signal and the CHs" signals). Br- was found to be
most intense on the linker sample 98. Lower intensities were detected also on the PCL sample
129and the simultaneously grafted sample 128. Interestingly, Br™ levels were much lower for

the sample grafted solely with PDMAEMA.

The wafers bearing both linker and subsequently grafted PCL (wafer 129 showed both
specific (eg: CsH110," and CeHsO,) and non-specific (e.g: Na, hydrocarbon) signals. The
specific C¢H110," signal is of particular interest as it matches the empirical formula of one
PCL repeat unit. This signal is conspicuously low/absent in the catalyst, linker and
PDMAEMA reference samples. On the tandem grafted wafer however, CsH1,0," signal
intensity was observed, indicating strongly the presence of PCL on the tandem grafted wafer.
When observing the low intensity however, several explanations can be offered. Either the
total PCL concentration on the wafer is low in comparison with other species present,
indicating an ineffiecient surface-initiated ROP in comparison to the SI-ATRP. Alternatively,
PCL is present in comparabable quantities but suffers from low ion yield, as discussed above.
Or else, the PCL brushes are shorter than the PDMAEMA brushes (or collapsed), meaning that
the brushes are absent from the top-most surface and hence yield fewer signals. Further
analytical tools (multivariate analysis and depth profiles) were employed to elucidate these

options (vide infra).

When observing the spectra gathered from the PDMAEMA reference sample 130,
several nitrogen containing hydrocarbon species could be identified. These signals were
interpreted as characteristic for PDMAEMA. The simultaneously grafted wafer 128 also
showed a high intensity in these PDMAEMA specific signal, while the other reference
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materials had very low signal intensities only. The C;H,N" signal, that was also found to be
intense on reference 130 makes an exception and can also be found with significant intensity
on the copper catalyst CuBr/PMDETA reference and the linker reference 98. These references
do not contain PDMAEMA and therefore the signal is correlated but not specific to this
polymer. Further signals were seen to be most intense in the PDMAEMA reference but also
intense in the PCL and linker reference spectra (e.g. 197.09 u and 135.07 u). No empirical
formula could be established for these signals. The empirical formula of DMAEMA monomer
is C;HisNO,. The strong CsH1uNO," signal observed in the PDMAEMA reference can be
rationalized as a fragment consisting of one PDMAEMA repeat unit with an additional
carbon from a second DMAEMA monomer. The signal is conspicuously low for all other
reference sample and is thus characteristic for PDMAEMA. If this interpretation holds, the
presence (albeit lower) of this fragment is a strong indicator for successful SI-ATRP during

simultaneous tandem grafting.

In addition to the aforementioned signals, which were found in some or all of the
reference spectra, the simultaneously grafted wafer 128 also showed several signals that were
observed in lower intensities for the reference spectra. The CsH,O" and CsHgN™ signals for
example bear the highest intensity in the simultaneously grafted wafer. Several SO,H; signals
were found to show very high intensities for the simultaneously grafted sample 128. Other
signals (mostly unassigned) seem to be only present on wafer 128 too. It is unclear where these
contaminations come from. It was first considered that the sulfate and sulfite impurities may
have been left behind in the washing steps but the use of deionized water should have

precluded such contaminations.

Multivariate Analysis of ToF-SIMS Data

In addition to the manual selection of noteworthy signals, a multivariate analysis was
performed on the spectra of the simultaneously grafted wafer and its reference materials.
ToF-SIMS spectra are usually highly complex, involving several hundreds of signals that are
influenced by composition, chemistry and orientation of the surface. Additionally, as
evidenced from the manual selection and comparison of peaks, several chemical species
produce the same fragments (e.g. non-characteristic hydrocarbons) that only vary in their
relative abundance and composition. ToF-SIMS data that investigates the difference in
surface composition is therefore multivariate by definition. Employing a statistical approach
to analyzing the spectra helps to detect trends in the distribution of constituent surface species

that may have been undetected following the manual approach. This way, principle
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differences between surfaces can be reliably established and the presence of engineered

differences can be verified?®.

Two approaches for multivariate analysis (MVA) were pursued: principle component
analysis (PCA) and non-negative matrix factorization (NMF)*®. The geometrical principle
underlying PCA is an axis rotation. In a first step, the mass spectral data is converted into a
matrix where the rows are spectra and the columns are individual mass channels. In the next
step, the maximal directions of variance within a sample are identified that then serve as the
basis of a new set of axes, called principal components(PC). The matrix is rotated to be aligned
with the new PC axes. It hence serves as a method to investigate the overall variance within
the data sets and concisely portrays the differences and origins of differences between two
samples. After MVA transformation, three new matrices are created containing the scores,
loading and residuals of the samples. Scores and loadings must be interpreted together as
scores solely show the relationship between the spectra based on a projection of the original
data points onto a PC axis, while the loadings show which peaks cause the separation. The
residuals do not contain useful information for the interpretation of the spectra as they are

random noise3°>3%,
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Figure 3-23: Correlation matrix between selected signals in the positive ion channel for MVA with
positive (dark green) or negative (purple) correlation or uncorrelated (white).

The positive ion correlation matrix (see Figure 3-23) produced by comparing the

sample and reference spectra using statistical methods shows which signals have a positive
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or negative correlation or are uncorrelated. They serve as the basis for the principle
component analysis. Noteworthy positive correlations exist between SiCsHo", Si,CsH;sO" and
SnCgH150," fragments. This effect has been identified and discussed for the manually selected
signals too. Interestingly, the Si* and Sn" signals are highly correlated with each other but
have no correlation to the previous signal cluster. Strong negative correlations are observed

between Na* on one hand and CsHgN* and Cu* on the other hand.

Using the correlations established above, the multivariate analysis yielded several PC
axes. When observing the total variance explained by the principle components, PC1-4 make
out >95% of total variance, PC 5 still contains 3.04%, whereas PC6 only contains 0.23%.

Further analyses were therefore performed for PC1-5.
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Figure 3-24: PC1 scores (left) and loadings (right) for catalyst CuBr/PMDETA (circle), catalyst Sn(Oct),
(diamonds), linker 98 (pentagrams), PCL reference 129 (stars) PDMAEMA reference 130
(squares) and sample 128 (triangles).

PC1 shows the greatest variance, separating signals based on PDMS signals (SiCsHy,
Si,CsH1507, etc) and signals from the copper catalyst (CisHioNsCu’, CoH33sNsCu®, C4HsN”,
C4H1oN"). These signals make up the loadings of PC1 (see Figure 3-24 right). The individual
samples are plotted along the PC1 axis to yield the scores (Figure 3-24 left). Based on these
principle components, the stannous catalyst Sn(Oct), and the copper catalyst CuBr/PMDETA
are separated the farthest. The PDMAEMA reference 130 and the sample 128 show notable
scores for PC1 as some of the employed copper catalyst remained in the reference materials.
Linker sample 98 and PCL reference 129 had no contact with the copper catalyst and

therefore are found along the center.
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Figure 3-25: Biplot of scores in PC2 and PC3 for catalyst CuBr/PMDETA (circle), catalyst Sn(Oct),
(diamonds), linker 98(pentagrams), PCL reference 129 (stars) PDMAEMA reference 130
(squares) and sample 128 (triangles) and on the same plot, noteworthy loadings.

In a similar manner, scores of two PC’s can be plotted in a two-dimensional array to
separate samples along these two axes. Figure 3-25 shows the score biplot of PC2 and PC3 for
the simultaneously grafted sample 128 and the reference wafers PDMAEMA 130, PCL 129,
linker 98 and the two catalysts CuBr/PMDETA Sn(Oct),. PC2 separates signals containing
several aliphatic hydrocarbon species and a combination of copper catalyst signals and PDMS
signals. A positive score in this component therefore indicates the presence of PCL. PC3
groups samples based on N-containing hydrocarbon species (CsHsN*, C,H1oN"), and SiCsHo"
as well as several copper catalyst species and some aliphatic hydrocarbons. A positive score in
PC3 therefore reflects the presence of PDMAEMA on the surface. When analyzing the biplot,
PDMAEMA reference 130 only shows a positive score in PC3 due to the significant presence
of N-containing hydrocarbon species. The PCL reference 1290n the other hand shows a large
positive score in the aliphatic hydrocarbon containing PC2. The stannous catalyst reference
Sn(Oct), is located close to the origin, indicating a low variance in either PC. The linker
reference 98 shows a notable score in PC2 and a weak score in PC3 as some aliphatic
hydrocarbons seem to correspond to linker fragments too. However this score is lower than
for the PCL reference 129. The copper catalyst shows a negative score in both axes. Most
importantly, the simultaneously grafted wafer 128 is located in the top right quadrant, i.e. has

a positive score in both PC3 and PC2, indicating the presence of both PDMAEMA and PCL
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correlated signals. This finding is a strong indicator that the simultaneous grafting was

successful.
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Figure 3-26: Correlation matrix between selected signals in the negative ion channel for MVA with
positive (dark green) or negative (purple) correlation or uncorrelated (white).

The same approach as outlined above was repeated for the negative ion channel. First,
a correlation matrix was produced summarizing positive, negative and zero correlations (see
Figure 3-26). Notable correlations include: CHs", OH, Br;, SiO,” and Si,OsH; CN™ and C4H;05;
C,H30,, CsHoOy and CsH 1105, CsHis0, and CisH2004Sn™ Notable anti-correlations were
observed for: Br and CsH 15057, CisH200,Sn” CN™and CsH150,7, Ci6H20048n™.

Of course MVA should not serve as a method to blindly evaluate samples without
critically assessing its findings. The method only reliably identifies the directions of greatest
variance within the samples, it does not assess the pertinence of the sources of variance. If
one sample is contaminated through sample handling and preparation, the maximal variance
is most likely due to the contaminations. Hence, variances within the surface chemistry are
suppressed by the much stronger variance originating from the contamination. A case in
point is the variance shown in PC4 (see Figure 3-27). The previously identified sulfate
contamination has the highest load in this principle component and therefore results in a

large separation between simultaneously grafted wafer 128 and its reference spectra.
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Figure 3-27: Negative ion channel PCA with scores (left) of PC 4 for catalyst CuBr/PMDETA (circle),
catalyst Sn(Oct); (diamonds), linker 98(pentagrams), PCL reference 129 (stars), PDMAEMA
reference 130 (squares) and sample 128 (triangles) and loadings (right).

Nevertheless, the biplot (see Figure 3-28) reveals a clear trend in the distribution of
characteristic signals. The PCL reference wafer 129 shows a negative score in PC1, while the
PDMAEMA reference wafer shows negative loadings in PC3. The simultaneously frafted
wafer 128 on the other hand shows negative loading in both PC1 and PC3, indicating the

presence of both signals on the wafer surface.
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Figure 3-28: Biplot of scores in PC1 and PC3 for catalyst CuBr/PMDETA (circle), catalyst Sn(Oct),
(diamonds), linker 98 (pentagrams), PCL reference 129 (stars) PDMAEMA reference 130
(squares) and sample 128 (triangles) and on the same plot, noteworthy loadings.
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The second multivariate analysis technique employed, (NMF) is a process whereby the
original matrix consisting of spectra and their corresponding mass channels are factorized
into two non-negative matrices. The advantage of this technique over PCA as outlined above
is that it is free of bias. Whereas the selecting, picking and assigning of peaks prior to PCA
allows for biases of the operator or else automatic binning and peak picking routines allows
for algorithmic biases, NMF allows for the analysis of raw, un-binned datasets. The ToF-SIMS
data in both positive and negative channels were subjected to NMF, establishing three factors

each3®.

In the negative channel, the factorization was complicated by the previously
mentioned sulfate ions that seem to dominate the simultaneously grafted wafer surface. The
excellent ion yield of these fragments distort the statistically established distributions. As a
consequence, factor one is dominated by the sulfate ion, resulting in a high separation of
simultaneously grafted wafer 128 from the other samples. Factor two, bearing PDMAEMA
related fragments is high for the PDMAEMA reference 130, notable for the PCL reference 129
and low for all others. This distribution does not reflect the expected trend. Finally, the third
factor that includes H™ and Br signals associated with the linker only reflects the high
intensity of these signals on the linker sample 98 and notable loadings on the PCL reference

129.

In the positive channel on the other hand, the insight gained through NMF is less
ambiguous. The first factor included various oxygen containing hydrocarbons and was
associated with PCL fragments. This factor showed the highest loadings for the PCL reference
wafer 129, notable loadings for the simultaneously grafted wafer 128 and very low loadings
for all other samples. Such a distribution indicates the presence of PCL on the wafer of
interest. Factor two contained signals associated with the linker and was therefore highest for
the linker reference 98, notable for the PCL reference 129 and the simultaneously grafted
wafer 128, and low for the PDMAEMA reference 130. The final factor included nitrogen
containing organic signals that were associated with PDMAEMA fragments. As a
consequence, this factor was high for the PDMAEMA reference 130, notable for the
simultaneously grafted wafer 128 and low for all other samples. Such a distribution indicates
that the two polymers grafted onto the wafer during the simultaneous grafting procedures

are indeed present on the sample of interest.

Overall, the manual and statistical analysis and comparison of the reference spectra
and the sample spectra strongly indicates the successful simultaneously grafting off wafer
128. Further ToF-SIMS based methods were employed to assess the homogeneity of the

grafted surface brushes.
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ToF-SIMS Depth Profiles
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Figure 3-29: ToF-SIMS positive ions depth profile of 128 sputtered with 2.5 keV Arjo0 clusters and
30 keV Bis primary ion source. All intensities normalized to maximum intensity.

The mixed brush wafer 128 was further analyzed with the aim to produce a depth
profile of the relative polymer distributions. Through prolonged sputtering of the sample with
argon clusters at 2.5 keV and 5 keV, the surface was slowly eroded away. After periodic
intervals, higher energy (30 keV) Bis ions were then employed as a primary ion source to eject
characteristic secondary ions. By this approach, a depth profile can be constructed bearing
information of elemental, isotopic and molecular composition, as the relative depth of
secondary ion sources is dependent on sputtering time. Figure 3-29 plots the normalized
intensities of various secondary ions that have previously been identified as characteristic for
the individual reference samples against sputtering time. At low Ario Sputtering times, the
normalized intensity of Si* ions (blue line) is zero and increases slowly, then more rapidly to
yield a maximum after ca. 300 s sputtering time. The other observed ions, with the noteworthy
exception of K*, Na® and Cu* (see below) show a complementary trend to the Si* intensity.
Green intensity traces are associated with PCL brushes and orange intensity traces are
characteristic for PDMAEMA chains. Hence, PCL and PDMAEMA associated signals are most

intense at low depths, decrease in intensity after eroding more material and are replaced by
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substrate signals. These trends fit well with the model of polymeric material being removed

from the surface until the argon clusters start eroding the silicon substrate.

One noteworthy caveat of this technique is that different erosion rates of sputtered
samples are highly dependent on sample identity as well as primary ion source. Mono- or di-
atomic ion beams commonly used for depth profiling of inorganic materials often give poor
results when applied on organic materials, just as the ion cluster sources used to characterize
organic surfaces tend to give unsatisfactory results for inorganic materials®*”’. Hence the depth
profile of inorganic materials within an organic framework may be skewed by their relative
erosion rates. It is with this caveat in mind that the intensities of K*, Na" and Cu* ions should

be compared to the intensities of organic fragments.

The presence of Cu" ions per se is expected despite the thorough washing procedures
outlined above. ToF-SIMS is a highly sensitive technique and even trace amounts of copper
ions trapped within (potentially entangled) polymer brushes are expected to yield noticeable
intensities. Nonetheless, the vastly differing ion yields between metal ions and characteristic
organic fragments do not allow a direct comparison between their relative intensities. This
caveat has been accounted for by the normalization of each signal, making the depth profiles
more useful for qualitative rather than quantitative interpretation. Cu® ion intensity
decreases with increasing sputtering time but remains non-negligible even after the polymer
brushes have fully eroded (their intensity has reached zero). Such a trend could either be
explained by the normalization process or else by the formation of slowly eroding copper salt
clusters on the wafer that continues to yield signals even when the surrounding (faster

eroding) polymers have been removed completely.

The vertical distribution of potassium and sodium ions must also be interpreted with
caution. Both alkali ions are a common contaminant and frequently observed by highly
sensitive analytical approaches. Additionally, they are a very high yielding secondary ion

source while at the same time portraying low erosion rates when present in salt clusters®.
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Figure 3-30: ToF-SIMS negative ions depth profile of binary brush 128 sputtered with 2.5 keV Arigo0
clusters and 30 keV Bis; primary ion source. All intensities normalized to maximum intensity.

Individual secondary ion fragments that have previously been identified to be
characteristic for PCL and PDMAEMA samples were observed for the negative ion channel
too. Figure 3-30 shows in green the depth profiles of C¢HsO, secondary ions — fragments
from the repeat unit of PCL and an unidentified but characteristic trace of 71.02 u also
associated with PCL. These traces follow the pattern already observed for the positive ion
channels: an intense peak is observed at low sputtering times and rapidly decreases as the
surface brush is eroded away. The orange traces of CN and CsHsO are both identified
fragments of DMAEMA monomer and follow the same trend as the PCL fragments. These

observation speak for the presence of both polymers at the surface of the wafer.

As previously discussed, the origin of the SOs ion remains unclear but shows a
somewhat similar trend to other inorganic ions observed: a lower intensity at the surface that
first increases to a maximum at ca. 20 s sputter time and then levels off. In contrast to the
other ions however, the sulfite ion intensity does not fall to zero at sputtering times of 300 s.
Again, this effect is probably due to lower erosion rates of inorganic salts compared to the

organic material surrounding it.
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The vertical bromine distribution follows the patterns established by the PCL related
fragments. The Br™ ion intensity is highest at the very surface and decreases with increasing
sputtering time. Br™ signals may derive either from the linker, dormant chain ends, or from
the catalyst. This distribution is in keeping with the assumption that growing PDMAEMA
chains are terminated with Br- due to the ATRP process. Hence, the chain ends furthest away

from the surface should carry the highest intensity.

It is worth pointing out that the CuBr; signal diverges from the common trend of non-
substrate signal intensities. The intensity of CuBr, ions at the very surface (sputtering time
0 s) is relatively low and then rapidly increases to a maximum to decrease according to the
trend portrayed by the other signals too. Such an observation holds well with the hypothesis
of copper catalysts remaining within the polymer brush sample despite washing procedures.
The initial low intensity indicates that the washing step removed the catalyst from the very
top of the surface (ie. the chains with the highest degree of freedom and mobility) and
consequently decreases within the thicker brush regimes. More importantly though, the high
intensity of Br signals at the very surface with the low intensity of CuBr; signals at the air-
brush interface may be taken as proof that the very surface Br™ signals indeed derive from
dormant chain ends, as would be expected of ATRP-derived polymers. Still, another
precautionary note should be added when interpreting ToF-SIMS patterns. Although the
assignment of CuBr, ions to the secondary ion at 220.81 u is reliable due to the fine structure
and isotope distribution, there is a certain degree of ambiguity as to whether the analyzed
substrate does indeed contain CuBr; salts. In the high energy environment of primary ion
sputtering, chemical reactions can indeed occur upon impact and in flight. For example, CuBr
salt clusters present on the surface of the wafer may react with ejected chain-end derived Br-

ions to produce the observed secondary ion.

In contrast to the positive ion distribution, wafer derived signals (black) reach a
maximum after only ca. 140 s sputtering time. The difference between the two secondary ions
stems from the fact that only the first few nm of the wafer surface has been oxidized by ozone
cleaning, (producing a layer of SiO,) while the bulk material of the wafer is monocrystalline
silicon. Hence the silicon oxide layer giving rise to the Si,HOs signal intensity is depleted,

while the Si* secondary ion is produced by sputtering of both silica as well as silicon substrate.

The depth profiles reveal a rather fast consumption of the layer with an increase in
signals from the substrate starting at about 80 seconds of sputtering. No clear vertical

separation of phases was resolved.
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TOF-SIMS Lateral Distribution of Signals

ToF-SIMS further allows a lateral resolution of molecular, elemental and isotopic
composition. For this technique, a region of interest is chosen and the primary ion beam
focused towards a square of said area. Individual secondary ions of interest may then be
selected from the ejected ions off the surface to produce a range of channels showing high
and low intensities of said secondary ions. In this way an image with detailed elemental
information may be reconstructed, achieving lateral resolutions of 100 nm. The maximal size
is determined by the focus of the ion beam although larger areas may be surveyed by digitally
connecting several smaller areas to produce one large area image. Interpretation of ToF-SIMS
images is somewhat complicated by the incredible data load of this technique: a single 256 x
256 pixel image contains 65536 spectra. As a consequence, only ion channels of interest were

identified and selected manually and therefore underlie operator bias.

Several areas of the wafer were surveyed. Figure 3-31 shows a large areal ToF-SIMS
image of 128, composed of several smaller negative ion channel signals, digitally aligned.
Three secondary ion channels that were previously identified to be characteristic for the two
polymer populations each (PCL and PDMAEMA respectively) were chosen to construct the
image. Bright areas within the image represent high intensities of the fragments observed.
Intensities may only be compared within each channel, the relative abundance between two
populations cannot be established via this technique due to potentially large differences in
secondary ion yield. However, on purely qualitative accounts, characteristic fragments for
both polymers seem to coexist across the wafer. This finding is in line with the synthetic aim
of producing mixed molecular brushes. Several dark areas can be seen on the image. These
dark patches are some 10’s to 100’s of pm large and arose most likely from defect in the wafer
substrate or from drying residues, mechanical abrasions from handling etc. It is worth
pointing out that before, during and after wafer functionalization, care was taken to avoid
direct contact with the wafer surface. However, even the commercially available

monocrystalline silicon wafers used for these experiments are not perfectly flat surfaces.
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Figure 3-31: Negative ion channel, large areal ToF-SIMS image of binary brush wafer 128 showing
lateral distribution of PCL typical secondary ions (left) and PDMAEMA typical fragments
(right). The two populations seem to coincide. Dark spots on the surface arise from wafer defects
and drying residue.

The positive ion channel of the same area (see Figure 3-32) shows the same trends and

the same defects as observed in the negative ion channels.
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Figure 3-32: Positive ion channel, large areal ToF-SIMS image of binary brush wafer 128 showing
lateral distribution of PCL typical secondary ions (left) and PDMAEMA typical fragments
(right). The two populations seem to coincide. Dark spots on the surface arise from wafer defects
and drying residue.

A smaller area within the large area survey is portrayed in Figure 3-33. Here, parallel
curved “grooves” appear within several postitive ion channels. In the CsH14sNO," channel, (a
fragment associated with the DMAEMA monomer), the grooves are areas of lower intensity.
In the 97.05 u channel, associated with PCL fragments, the grooves are areas of higher
intensity, while also showing some brighter (i.e. more intense) circular structures. Hence,
these grooves seem to be characterized by a complementary distribution of PCL and
PDMAEMA fragments. The origin of the grooves is somewhat unclear. A range of origins may
be envisioned. The grooves could be defects from the substrate wafer, caused by mechanical
abrasion while handling for preparation. They could further represent defects within the
linker distribution on the wafer, local differences in the polymerization, residues from
washing and drying or else have occurred during transport and preparation for ToF-SIMS
measurements. The size order of magnitude of these grooves seem to counter indicate self-

assembled origins and speak more for the theory of mechanical abrasions. Interestingly, the
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potassium channel shows a much increased intensity in the grooves structures contrasting

with the rest of the wafer
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Figure 3-33: Positive ion channel ToF-SIMS image of binary brush wafer 128 showing lateral
distribution of PCL typical secondary ions (top left and center left) PDMAEMA typical
fragments (top right and center right) and potassium ion (bottom) in a smaller area. Groove-
like curved structures appear on the surface: within the grooves, PCL and PDMAEMA signals
are somewhat complementary.
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The negative ion channels (see Figure 3-34) show a relatively homogeneous
distribution of PCL and PDMAEMA derived fragments. The CN"and C,HsO;" ions, fragments
from the PDMAEMA repeat unit have a high intensity across the entire surveyed area. These
high intensities indicate that the PDMAEMA polymer is homogeneously distributed across
the wafer. However, in one smaller image, several smaller spots (around 10 pm in diameter)
were observed that portray a slight decrease in the CN™ channel and a marked decrease in
C,HsO; fragment intensity. As for CsHoO, and CeHiiOs channels, these PCL typical
fragments have a lower intensity than the PDMAEMA signals, although direct comparisons
are difficult to make without calibration. These signals, too are distributed with a
homogeneous intensity across the wafer, with the conspicuous exception of a few higher

intensity spots. These high intensity PCL and low intensity PDMAEMA spots coincide.
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Figure 3-34: Negative ion channels of CuBr; (top left), SOH4 (top right), Si:OsH™ (bottom left) and Br-

(bottom right) ions of binary brush wafer 128.

When considering Figure 3-34 and the distribution of CuBr, and SOH, these
inorganic compounds closely match the distribution of the PCL and PDMAEMA variations
respectively. As the sulfate ions were interpreted as impurities from washing steps earlier,
there seems to be an affinity between the sulfate ions and the regions where PCL intensity is

relatively lower and PDMAEMA intensities are relatively higher. The brushes having formed
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first, the sulfate ions seem to attach to these outlined areas. Similarly, the CuBr, distribution

seems to match that of the higher PCL intensities.
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Figure 3-35: Negative ion channel image of small area. PCL derived fragments (left) and PDMAEMA
fragments (right) show a distribution and coexistence across the entire surveyed area. Of note,
small spots of higher intensity PCL fragments coincide with the same spots of slightly less
intense PDMAEMA fragments.
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These observations indicate that there seems to be a phase separation between PCL-
only brushes and other PCL-PDMAEMA mixed areas. Contrasting the order of magnitude of
the phase separations observed herein, with those observed in other Y-shaped mixed polymer

systems, a spontaneous phase separation arising micelle formation seems unlikely.

308 104

Theoretical calculations®® and experimental results’® of such systems predict a phase
separation in the order of magnitude of a few nanometers. The lateral resolution of ToF-SIMS
is around 100’s of nanometers and the structures observed herein are several micrometers
large. Hence the question of the molecular identity of these structures and their origins

remains.

An alternative interpretation might be that the polymerization process itself led to a
spatial resolution between the two monomer types. The large differences in polarity between
the growing polymer chains, may have led to a preferential incorporation of DMAEMA
monomer into regions where due to statistical distribution other PDMAEMA chains had
already grown longer. The hydrophilic monomer might diffuse more rapidly into the
hydrophilic chain than the hydrophobic CL monomer. Such an effect was previously
stipulated by MINKO et al."”" who described similar structural defects as a nucleation effect.
This self-assembling behavior is highly interesting from a surface modification point of view,
a type of covalently bonded two-dimensional polymerization-induced self-assembly (PISA).
However, for the framework of this project, the self-assembling effect would be diametrically
opposed to the synthetic aim of producing densely grafted brushes bearing a maximum of
polarity frustration in sub-nanometer ranges. However, if indeed the polymerization induces
phase separations, these periodic “islands” should be found across the whole wafer surface or

at least in several regions. This was not found to be the case.

The most plausible origin of the observed defects might be defects present before or
during SAM formation, while functionalizing the wafers with linker. If defects within the
SAM of the linker persist, they will propagate and be amplified during the polymerization
process. To assess this hypothesis, a wafer, functionalized only with the linker was measured
in the image mode (see Figure 3-36, left). The most striking contrast between grafted wafer
128 and the linker-only wafer 98 is the absence of large scale defects. The “grooves” that were
observed in grafted sample 128 do not appear on any region surveyed on the linker-only
sample. This observation is in line with the hypothesis of such grooves originating from
mechanical abrasions during handling of the grafted wafer sample. Importantly, the small-
scale inhomogeneity in the Br distribution that were observed in the grafted sample also
appears in the linker-only images. Small spots of low intensity Br” signal appear on the linker-
modified wafer. The order of magnitude and distribution of the low intensity spots are

strongly reminiscent of the structures observed in the grafted sample. It is therefore likely that
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the lower Br intensities observed in the grafted sample are an artefact from the linker
preparation rather than arising from a poorly controlled polymerization. If Br™ signals on the
linker-modified wafer are solely due to ATRP initiation moieties, the polymerization will
therefore proceed to a lesser extend in these low Br regions. This absence of initiator thus
further explains the lower intensity of PDMAEMA-derived signals in these regions. These low
intensity spots hence have a lower grafting density. When sputtering areas with lower
grafting densities with the same energy as the surrounding areas, the polymer layer is
depleted more rapidly and substrate-derived signals occur more intensely. These effects are

also observed in the grafted sample.
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Figure 3-36: ToF-SIMS images of wafer functionalized only with linker 98. The same
inhomogeneities of Br (left) and 71.06 u (right) appear on the wafer surface.

The presence of lower intensity Br areas begs the question, why inhomogeneous
distributions have formed and how to avoid them for future experiments. Analyzing the other
channels in the ToF-SIMS images of the linker-modified wafer 98 revealed a possible cause.
The 71.06 u channel portrays a complementary distribution to the Br  channel. It is not
altogether clear, how to assign this signal. A CsH;O, fragment would produce a 71.013 u
signal. A hesitant assignment to CsH:N, does yield the observed mass of 71.06 u. This
fragment may be matched to a deprotonated dimethyl carbodiimide fragment or else an ethyl
carbodiimide fragment. The latter fragment may be rationalized as an EDC-related impurity
derived from the first step in the linker synthesis. Despite the purification efforts for the
synthesis, the high sensitivity of ToF-SIMS may easily explain the presence of such an
impurity even after three columns. However, it remains unclear how this impurity was able
to bond to the wafer surface to resists further washing steps. The 71.06 u signal also appears
in the grafted sample, complementary to the Br~ distribution, despite hours of elevated

temperatures and mechanical stirring.
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Irrespective of the exact molecular structure of this fragment, it seems clear that some
impurity with a polarity dissimilar enough to the linker as to cause a phase separation,
bonded to the wafer and inhibited polymerization at these areas. The inhomogeneities
observed in the grafted wafer are therefore not an indicator for polymerization induced phase
separation but a linker-distribution difference. So disregarding the linker-derived defects, the
ToF-SIMS image mode allowed to establish that the simultaneous grafting procedure

produced homogeneously distributed binary mixed PDMAEMA-PCL brushes.

3.7.3 Surface Responsiveness

Contact angle (CA) measurements (see Table 3-12) were conducted on reference
wafers and simultaneously gfrafted wafers, following immersion in THF as a good solvent for
all polymers. CA measurements of reference wafers functionalized with PDMAEMA, wafer
130 showed a very low CA, as would be expected for a hydrophilic surface. The contact angle
for PCL functionalized wafer 129 was much greater with measured angles between 60° and
70°. Interestingly, for the wafers functionalized via simultaneous tandem grafting of both
polymers, the contact angles were around the same order of magnitude as the pure PCL
reference sample, reflecting the longer PCL chains in contrast with PDMAEMA chains.
Unfortunately, these low contact angles disqualified the combination of PDMAEMA and PCL

for analysis via dynamic contact angle.

Table 3-12: Representative contact angle measurements under atmospheric conditions.

Entry Surface Good solvent Contact angle
wafer Clean wafer N/A 79.9°
98 Linker modified Toluene/THF 92.7°
130 PDMAEMA Water /THF < 20°
129 PCL Toluene/THF 60° — 70°
128 P(DMAEMA);5-P(CL)33 THF 70° — 75°
134 P(DMAEMA);,-P(CL)44 THF 70° —75°

Instead, Atomic Force Microscopy (AFM) measurements were conducted on the wafer
surfaces in order to assess their responsiveness to selective solvents. The AFM measurements
were conducted in tapping mode, allowing for direct interaction of the cantilever tip with the
surface. This approach allows to directly measure the strength of interaction between the
hydrophilic AFM cantilever tip and the substrate®”. As a consequence, AFM measurements
allow to assess surface topology, homogeneity and the adhesion force between cantilever and
surface brushes. In a first step, a frame of reference was produced by measuring the linker
modified wafer 98, the PCL grafted wafer 129 and the PDMAEMA grafted wafer 130 (Figure

3-37).
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The right column of Figure 3-37 shows the respective adhesion forces associated with
the left hand topologies. The linker modified wafer 98 shows an overall homogeneous surface
topology with low surface roughness. The micrograph shown in Figure 3-37 a) shows three
spherical features with a height of 10 nm and a diameter of -20 nm. When referring back to
the inhomogeneities observed via ToF-SIMS, their size and shape are strongly reminiscent of
the features observed by AFM. It stands to argue that the spherical topologies stem from the
same carbodiimide impurity. The adhesion force is homogeneously low around 3-4 nN, with

the exception of the impurity agglomerates.
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Figure 3-37: AFM micrographs (1000 nm x 1000 nm) in tapping mode showing the wafers in air:
a) linker functionalized wafer 98, surface topology and adhesion force between
cantilever and surface, b) PDMAEMA reference 130, c¢) PCL reference 129
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The PDMAEMA reference 130 (see Figure 3-37 ¢)) showed a smooth surface with only
some gentle elevations (ca. 1 nm height difference). These height differences might represent
differences in the substrate topology or else small differences in grafting density. Higher
grafting density leads to greater steric crowding and hence a more fully extended brush
regime. However, given the small amplitude, it is unclear whether these features warrant
discussion. Overall, the smooth surface is indicative of an even grafting density and
homogeneous chain length. The corresponding adhesion force is weak at ca. 3-4 nN. The
cantilever tip has a hydrophilic silanol surface. As the interaction force measured via AFM is
known to be sensitive to the substrate hydrophilicity®', it was expected that the hydrophilic
cantilever would interact more strongly with the hydrophilic PDMAEMA sample than the
hydrophobic PCL sample or the linker. However this effect was not observed. Instead, the
differences in adhesion force was due to differences in glass transition temperatures. While
PDMAEMA was found to have a Ty around 8 °C, PCL has a Ty around -60 °C (vide supra). As
a consequence, the PCL sample is softer and the cantilever therefore interacts more strongly
with the polymer surface. Between the PDMAEMA brush and the linker functionalized

surface, no significant change was perceived.

The PCL reference 129 showed the greatest inhomogeneities in surface topology.
Several small (10-20 nm wide and 10 nm high) spots can be observed in the AFM micrograph
Figure 3-37 e). With reference to the ToF-SIMS results, these could be catalyst derived
impurities. Apart from these impurities, the surface appears very smooth, implying an even
grafting density and chain length. When considering the adhesion force, a drastic difference
to the other references can be observed. The adhesion force at the PCL references is around
10 nN and hence much higher than for the hydrophilic PDMAEMA, as expected for its low
Ty
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Figure 3-38: AFM microcraphs (1000 nm x 1000 nm) in tapping mode of simultaneously grafted silicon
wafer 128 a) after immersion in THF b) after immersion in toluene for 10 min and c) after
immersion in water for 15 min.

Figure 3-38 shows the simultaneously grafted wafer 128 after immersion in THF as a
non-selective solvent (a), in toluene as a solvent selective for PCL (b) and after immersion in
water, selective for PDMAEMA (c). The wafers were allowed to equilibrate for 15 min in each
solvent to adopt their equilibrium morphologies. Binary brushes have been shown to adopt a
topology that is solely dependent on the ultimate treatment, while all previous treatments are

reversible3!.

However, as all measurements were conducted in air, the underlying
assumption is that through rapid drying of the solvents the equilibrium morphology is locked
in place. Indeed, previous studies have shown that the drying time frame is orders of
maghnitude faster than the time required to adopt equilibrium morphologies." As THF is a
good solvent for both polymer chains, any phase separation would therefore be expected to
result exclusively from the incompatibility of the two polymers. The surface topology after
immersion in AFM is rough, with textured morphologies rising around 10 nm above the

surrounding surface. In addition to the raised chains, the topology is dominated by a periodic
178



Simultaneous Surface Grafting

array of small (ca. 10 nm diameter) indentations. These dimples are present both in the
elevated structures as well as in the surface plane. When TSUKRUK et al.'* investigated their
Y-shaped PBA-PAA brushes, the same features were observed. The group interpreted these
dimples as spontaneous phase separations based on the immiscibility of PBA with PAA. The
indentations were due to the shorter chain length of PAA (see Figure 3-39). With the grafted
wafers herein, the PDMAEMA chains are also shorter than the PCL chains. The high
homogeneity of the observed dimples has several implications: the two polymers indeed
undergo segregation and grafting density and chain length seem to be homogeneous based

on the observed area. Adhesion force of the same area is very low at 0 nN - 3 nN.

c)

Figure 3-39: Molecular graphics representation of the proposed structural rearrangements in
TSUKRUK’S Y-shaped brushes. (a) Internally segregated pinned micelle composed of seven
grafted PS-PAA molecules. Upon treatment with toluene and subsequent drying, the PS arms
(blue) form a corona covering the micelle’s core consisting of PAA(red) arms. (b)
Representation of the same seven molecules swelled in a nonselective solvent (yellow). (c)
Top-open dimple structure containing collapsed PS arms partially covered by seven PAA
chains. Reproduced with permission from '** Copyright (c) 2003 American Chemical Society

The wafer was then placed in a beaker containing toluene — a solvent selective for
PCL. The resulting surface morphology Figure 3-38 b) increased in roughness. The most
notable change was found in the adhesion force. The average adhesion force increased from
to ca. 10 nN. When contrasting these findings with the adhesion forces measured for the
homopolymeric reference samples (see Figure 3-37), the cantilever interaction with the PCL
reference (ca. 10 nN) closely resembles the cantilever interaction with the surface following
toluene treatment. This implies that treatment with toluene allows to selectively bring PCL

chains to the surface.

After immersing the same wafer in water for 15 min, the surface topology showed two
regions: one of high surface roughness, surrounded by an area of lower surface roughness.
Water is a selective solvent for PDMAEMA. As a result, PCL chains, immiscible with

PDMAEMA chains and insoluble in water collapse as far as the steric crowding in the brush
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allows. PDMAEMA chains on the other hand are fully extended. The adhesion force observed
for the wafer after immersion in water decreased to 3-4 nN, as was observed for the
PDMAEMA-only brush. Interestingly, the area showing higher topological features showed
no adhesion interactions distinct from the surrounding area. The higher features might
therefore represent PCL chains with higher DPs than the surrounding surface and could

therefore explain the high intensity PCL signals observed in ToF-SIMS for some regions.

Height Adhesion
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Figure 3-40: AFM microcraphs (1000 nm x 1000 nm) in tapping mode of simultaneously
grafted silicon wafer 134 a) after immersion in water, b) after immersion in
toluene for 10 min and c) after immersion in water for 15 min.

Further AFM measurements were conducted on wafers grafted with longer chains to
assess whether chain length affects phase morphology and adaptability (see Figure 3-40). The
mixed brush 134 with grafted PDMAEMA,, and PCL. had longer chains than mixed brush
128 with PDMAEMA5s and PCLss and a larger chain length difference. The topology of wafer
134 after immersion in THF (Figure 3-40 a)) was smooth. The adhesion force between

cantilver and surface showed a distinct structure: small areas (ca. 10 nm) of high adhesion
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(5 nN) interchanged with equally small regions of low interaction (2 nN). This pattern is

indicative of PCL-PDMAEMA phase separation.

Immersion into toluene then led to a rearrangement of the topology with a
concomitant increase in adhesion force (see Figure 3-40 b). The topological features show a
distinct distribution of 10 nm dimples interpreted as PDMAEMA within a PCL phase. When
the wafer was immersed into water (see Figure 3-40 ¢)), decreased to 3-4 nN. These longer

chains therefore also show the stipulated adaptive behavior.

When contrasting the observations made through AFM topology and adhesion
measurements with those made by TSUKRUK et al'®. (see Figure 3-41), a few topological
differences are striking. The dimples the group observed are surrounded by further, deep
depressions. These contours give their AFM topologies the appearance of craters rather than
dimples. In contrast, the surfaces produced herein show only the spherical or ellipsoid
depressions arising from the shorter chains. The difference can be explained by dissimilar
grafting densities. TSUKRUK et al. used a grafting-to approach. The steric bulk of the

immobilized chains hinders a high grafting density and therefore the surface brushes do not

Figure 3-41: AFM topographical images (500x500 nm) of Y-shaped PS-PAA brushes treated with
toluene (a, c) and water (b,d). The vertical scale is 5 nm. (e) High-resolution three-dimensional
topographical image (70 _70 _10 nm) showing the craterlike (dimple) surface structures in the
long-stem brush treated with water. Representative cross sections (30 _ 3 nm) are shown.
Reproduced with permission from '°* Coyright © 2003 American Chemical Society.
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form a continuous phase. The system presented herein evidently led to a much higher

grafting density and hence only dimples within a continuous polymer phase are observed.

Simulations predict long-range order in the dimple phase'®. The dimple domains
observed above have narrowly distributed sizes and they are densely clustered. However no
long-range order could be detected. Various groups have observed such a mismatch between
theory and experiment.’'*'* Indeed, up to this date the predicted long-range order could not
be observed experimentally. Simulations have shown that even minor differences in grafting
distribution, concentration and composition disrupt the periodicity of ripple and dimple
domains. FREDRICKSON et al.*"* simulated mixed polymer brushes while altering local grafting
densities. They found that the long range order was sensitively dependent on the local
grafting homogeneity. Simulations rely on the assumption that grafting sites are fully
uncorrelated and uniformly distributed. In practice, the grafting sites are random, with
fluctuations in grafting density and composition. Even small fluctuations in composition and
grafting site lead to nucleation of domains within MPB. The ToF-SIMS measurements had
shown the propagation of initiator defects onto the brush composition. So even when
controlling for alternating polymer grafts, the inhomogeneous brush distribution remains
subject to the grafting points of the Y-shaped initiator. This effect was also observed by

contrasting randomly co-deposited immiscible brushes with Y-shape deposited brushes.*'*
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3.8 Conclusion

The simultaneous surface grafting project was undertaken to design a synthetic
pathway that reliably produces binary amphipolar mixed brushes in one single
polymerization step. Employing orthogonal polymerization techniques is a rational necessity
to retain control over such complex polymeric architectures. A particular focus was placed on
the simultaneous nature of the two polymerizations while retaining spatial control (ie.
maximal molecular mixing) over the two polymers. In order to observe the characteristic
phase transitions of amphipolar binary brushes, it was deemed necessary that the grafting

density be as high as possible.

Y-shaped bi-functional initiators with anchoring functionality were identified as the
only synthetic tool to enforce maximal mixing of polymer chains on a molecular level. The
design motif was adopted and a trifunctional center was successfully equipped with two
orthogonal initiating moieties. A primary alcohol on one arm allowed for initiation for ROP
and a halo ester on the other arm initiated ATRP. A third functionality was introduced to
enable covalent bonding with silica substrates. 'H NMR, "C NMR, DOSY NMR, mass
spectrometry and IR were used to confirm the successful Y-shaped linker synthesis. The silica
wafers were easily functionalized with the linker through alcoholysis of the silyl ether
anchoring group. The homogeneous SAM formation on the silica wafer was observed through
AFM, XPS and ToF-SIMS measurements. The ease of functionalizing silica-based materials
suggests that the synthetic approach chosen herein can easily be extended to other silica

based systems and geometries.

The combination of two orthogonal polymerization techniques proved anything but
trivial. The study started out with a previously reported tandem system connecting ATRP with
DBU-catalyzed ROP. Although one-step, one-pot polymerizations of NIPAM and LLA could
easily be conducted, the additional constraint of simultaneous polymerizations meant that
the relative reaction kinetics had to be controlled. The true simultaneity of the two
polymerizations was deemed necessary to avoid mutual steric hindrance. Monitoring relative
rates of conversion as a function of reaction time allowed to assess whether the two
polymeriaztions occur at comparable reaction rates. The DBU/ATRP proved kinetically
mismatched to the extent that the ROP-derived chain would strongly impede the inbound
monomers for ATRP like a stepwise synthesis. The kinetic differences remained in spite of a
systematic altering of reaction temperature, UV irradiation, solvent and monomer. The

findings herein pointed to a more general issue in simultaneous tandem systems. The use of
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the term simultaneous should be restricted to those one-pot, one-step systems that occur at

comparable timeframes.

The Sn(Oct), catalytic system explored thereafter allowed to narrow the gap between
the two polymerization rates by selecting adequate solvent, monomer combinations and
temperature ranges. Non-interference between the two polymerizations and reliable
initiation was proven though employing a bifunctional initiator. The resulting block
copolymers were analyzed via GPC and DOSY NMR and showed covalent attachment
between the two blocks. This covalent attachment meant that the polymerizations were
reliably initiated by the dual initiator without detrimental interferences. It is important to
point out that the conditions reported herein do not generalize to a straight forward protocol
that can be applied to any combination of monomers. On the contrary, this study highlights
the complexity of monomers, catalysts, solvents and temperature at interplay when
conducting tandem reactions. Adjusting reactivity ratios of two polymerizations was shown
to rely on careful tuning of reaction conditions and profound knowledge of monomers and
catalysts involved. The systematic variation of the reaction parameters herein outline a
methodology for independently adjusting reactivity ratios by exploring the available
parameter space including solvents, monomers, temperatures and catalysts. The large range
of adjustable parameters commends ATRP as a much more flexible polymerization technique

than previously reported NMP.

The established system was then applied to the linker-modified wafers.
Polymerization initiated by the wafers was tracked by employing a sacrificial dual initiator.
Wafers with varying compositions of hydrophilic PDMAEMA and hydrophobic CL were
grafted. Polymerizations were robust and work-ups were facile. The sacrificial initiator
derived polymers were analyzed and also produced block copolymers as in the reactions
without wafer present. The amphiphilicity of the resulting block copolymers was observed by

DLS measurements.

Difficulties associated with analyzing chemical compositions on the wafers
themselves were circumvented by applying surface-sensitive analysis techniques. XPS was
employed to assess the success of the simultaneous grafting off linker functionalized wafers.
Particularly the strong N1s signals observed exclusively on DMAEMA-grafted wafers clearly
indicated the presence of PDMAEMA on the surface. The Cls and O1s peaks with their
characteristic shoulders further helped to confirm the presence of the respective polymers
(and their mixed combinations) on the surface. ToF-SIMS was shown to be particularly
powerful in the context of characterizing brush surfaces. The combination of imaging

techniques with depth profiling allowed to show the three-dimensional distribution of
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polymer segments within the brush. It was shown that defects in the linker distribution
propagated onto the grafting densities. Else, the brushes produced showed homogeneous
polymer populations. AFM studies allowed to observe nanoscale phase separations in the
brushes. Treatment of polymer brushes with selective solvents led to a collective
rearrangement of the two polymer populations. A clear transition between a high adhesive
phase and a low adhesive phase was observed as the surface adapted to the solvent. The
changes in adhesive force were accompanied by distinct transitions in the surface
morphology, proving the responsive nature of the synthesized brushes. The reversibility
observed when cycling through selective solvents demonstrated the covalent attachment of
the two polymers. The combination of various characterization techniques allowed to

construct a complete picture of the grafted wafers.
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4 SUMMARY AND OUTLOOK

The present thesis focused on the implementation of simultaneous tandem
polymerizations for accessing challenging polymeric architectures. In Chapter 2, the
synthesis of molecular bottlebrushes was explored, while Chapter 3 focused on establishing

a synthetic pathway to afford binary mixed surface brushes.

The bottlebrush project investigated in Chapter 2 arose from a logical expansion of
the work conducted by FREUDENSPRUNG?? on the orthogonal combination of ROMP and ROP
to yield linear block copolymers. A truly simultaneous approach to synthesize molecular
bottlebrushes via two orthogonal polymerization processes had never before been achieved.
The bottlebrush architecture was targeted by employing a backbone monomer with ROP
initiating functionality. However, despite the preliminary NMR studies and
homopolymerizations that indicated both orthogonality and polymerization control, it
quickly transpired that mitigating the challenging architecture and complexity of two
polymerizations was anything but trivial. It was shown that ROMP was impeded by the
complex interaction of the inimer’s hydroxyl group with the Grubbs catalyst. While in the
absence of SIMes catalyst, ROMP proceeded smoothly with the inimer, the NHC led to
deprotonation of the inimer and allowed for stable complexation with the metathesis catalyst.
Complexation in turn resulted in a deactivated Grubbs catalyst. The ability of inimer
complexation with the metathesis catalyst depends primarily on the inimer structure and
spatial orientation of the hydroxyl functionality. Through rational monomer design, an
inimer was synthesized that polymerized rapidly in the presence of Grubbs catalyst.
Introducing a spacer between the olefin functionality and ROP initiating group allowed to
avoid catalyst complexation, while the exo-orientation of norbornene-functionalization

mitigated the steric demands of monomer coordination.
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In addition to the polymerizability of both systems at the same time, defined by
orthogonality and mutual compatibility, a second aspect of tandem polymerizations are the
relative rates at which these transformations occur. It was stipulated that by carefully
controlling the relative rates of side chain and backbone polymerizations, the challenging
steric regimes that are intrinsic in molecular bottlebrush synthesis could be avoided or at
least mitigated. In all established techniques (grafting to, grafting from and grafting through),
the high steric crowding intrinsic to molecular bottlebrushes either lead to low grafting
densities or incomplete conversion. The tandem approach was expected to circumvent the
intense steric demands, only if the both polymerizations occur simultaneously. A scenario
where one monomer reaches full conversion orders of magnitude before the second
monomer would lead to the same dynamics as a step-wise approach, with the added difficulty
of having to ensure mutual compatibility. In order to match the conversion rates of ROP and
ROMP, polymerization conditions were adjusted and a ROP catalyst with slower turnover was
selected. The NHC DTT was found to match the requirements concerning compatibility,
orthogonality and tunable reaction rates. The combination of DTT temperature dependence,
and LLA solubility in toluene allowed to match the relative polymerization rates of ROMP

and ROP.

The simultaneous nature of the two polymerizations was proven by 7n situ kinetic
NMR experiments. The kinetic curves thus established showed pseudo zero order kinetics for
the ROP of LLA, while the first order kinetics of ROMP showed a distinct kink in reaction rate.
The bimodal reaction rate of ROMP was interpreted as a result of the increasing steric
demands towards the later stage of the polymerization or else a thermally induced instability
of the Grubbs catalyst. Due to the decreasing polymerization rates towards the later stages of
ROMP, only short molecular bottlebrushes could be synthesized with high fidelity, while

longer targeted backbone DPs failed to reach high conversions of backbone monomer.

The molecular bottlebrushes produced via this tandem system were analyzed by NMR,
GPC and AFM. NMR experiments were conducted for full assignment of all proton signals.
DOSY NMR experiments showed the covalent attachment of the side chains and backbones.
AFM micrographs showed the characteristic worm-like brush morphology. All short
bottlebrushes were remarkably narrowly distributed. The bottlebrushes prepared in tandem
were contrasted to those prepared via the grafting through approach, using the same
monomer and catalyst combination. The grafting through bottlebrushes allowed to prepare
longer backbones. However in direct comparison of brushes with the same DP in side chain
and backbone, the tandem brushes were consistently more narrowly distributed. In order to
assess the dispersity of the sidechains, the backbones of molecular bottlebrushes prepared by

tandem grafting were depolymerized and the resulting side chains were characterized by
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GPC and MALDI-ToF. It was found that the side chains were very narrowly distributed. In
combination with the low overall dispersity, it could be shown that both polymerizations
produced narrowly dispersed polymers. Overall, the presented synthetic strategy presents an
extension for the synthetic toolbox to yield molecular bottlebrushes. The independent,
simultaneous nature of this approach sets it apart from the commonly employed strategies of

gralting-from, grafiing-to and grafiing-through.

The synthesis of binary mixed polymer brushes suffers from similar steric challenges
as molecular bottlebrushes. A stepwise approach allows for good surface coverage with the
first polymer but strongly impedes diffusion of the second monomer to the surface/initiators.
Chapter 3 therefore explored how simultaneous tandem polymerization might benefit the
synthesis of such systems. While simultaneous polymerization off a surface has previously
been reported®”, there has not been any successful attempt towards combining simultaneous
polymerization of non-miscible polymers with defined anchoring points. Control over the
brush distribution, grafting density and grafting ratio was targeted through rational initiator
design. A Y-shaped dual initiator was designed bearing an ATRP and a ROP initiating
functionality. Additionally, a silyl ether group was chosen as anchoring functionality for
immobilization on a silica surface. Successful synthesis was proved by help of 'H, *C and 2D
NMR techniques, as well as IR and mass spectrometry. Immobilization of the initiator on the
silicon wafers was straightforward. The silicon wafers were treated in an ozone oven to afford
a homogeneously oxidized surface. Immobilization of the linker was achieved by hydrolysis
of the silyl ether anchoring group. The surface modification was assessed by help of XPS and
contact angle measurements. XPS showed the presence of characteristic elements/groups
(namely Br and carboxylic carbon peaks) in the functionalized samples that were absent in

the unfunctionalized reference wafer.

With the successful surface modification of the wafers, an adequate combination of
orthogonal polymerization methods was explored. ROP and ATRP were chosen due to the
broad range of available catalytic systems that allows for a powerful platform to adjust
initiation and polymerization rates. At first, a system combining DBU catalyzed ROP in
combination with DBU-ligated standard ATRP catalyst was explored. ATRP
homopolymerizations of a hydrophilic monomer (NIPAM) using DBU as ligand resulted in a
relatively broadly distributed PNIPAM polymer. In a test tandem system however, it was
quickly noted that the acrylamide’s conversion remained low, even at a range of reaction
temperatures. Replacing the DBU complexed ATRP catalyst for a more active catalyst complex
did not lead to marked improvements. Due to the sensitive dependence of activation and
deactivation rates in ATRP on solvent nature, a range of solvents were tested to afford better

conversions of acrylic monomer. Toluene was found to produce the best polymerization
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results. Initiation by UV light was employed I order to conduct the polymerization at lower
temperatures. However no conversion of acrylic monomer was observed. The DBU-based

tandem system was therefore assessed as unfit for the purposes of this project.

A second combination of ATRP and ROP was explored. The Sn(Oct), catalyzed ROP of
cyclic lactones was combined with a PMDETA-ligated ATRP catalyst (CuBr/PMDETA). The
system was expected to produce more active ATRP catalysts due to the reducing nature of the
stannous catalyst. Employing Sn(Oct), led to better conversions of NIPAM and MMA as acrylic
monomers, while ROP of cyclic lactones LLA and CL proceeded to full conversions. Choosing
DMAEMA as monomer for ATRP allowed to harness the higher monomer activity of
methacrylates of acrylamides. The Sn(Oct), co-catalyzed ATRP of DMAEMA and ROP of CL

was thus chosen for the simultaneous polymerization on the functionalized wafers.

A range of monomer ratios was targeted, including homopolymerizations of both
monomers as a reference. In order to overcome the analytical challenges imposed by the
heterogeneous system (/n-situ NMR experiments are not feasible for the brushes growing at
the interface), a sacrificial dual initiator was added to the polymerization solution.
Conversions and degrees of polymerization were therefore indirectly determined through
samples drawn from the reaction medium. The polymerizations were shown to proceed at
comparable timeframes. Importantly, the dual initiator led to the formation of block
copolymers, capable of forming supramolecular structures in water. The covalent attachment
between the two blocks was evidenced by the single diffusion coefficient observed in DOSY
NMR experiments. Molecular weight distributions were relatively narrow, ranging from 1.60
to 2.10. TGA measurements corresponded well to the theoretically expected weight ratios and
showed a high percentage of head-to-tail additions in the PDMAEMA chains. Overall these

results point towards a well-controlled tandem process.

The functionalized wafers were analyzed and compared to reference wafers by help
of XPS, ToF-SIMS and AFM. The XPS spectra showed distinct differences from
unfunctionalized wafers as well as from wafers functionalized with the linker only. The ratio
of carbon to oxygen signal on the surface indicated the growth of an organic layer.
Additionally, the presence of a high binding energy shoulder on the C1s region showed
specific sp3 binding to oxygen and nitrogen. The nitrogen peak could be assigned to the
DMAEMA monomer and was absent in both the linker functionalized wafer as well as wafers
functionalized only with PCL. The XPS spectra were matched to the findings provided by
ToF-SIMS analysis. The highly sensitive ToF-SIMS proved a powerful tool to assess both
grafting success as well as distribution across the wafer surface. ToF-SIMS spectra were

recorded for wafers functionalized with the tandem process, both homopolymers as well as
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reference samples of catalysts. By assessment of the reference wafers, specific fragments could
be allocated to the two monomers, as well as catalyst fragments. The spectra of tandem grafted
binary mixed surface brushes showed the specific fragments of both polymers across the
surface. Multivariate analyses supported the findings of manual selection analysis. Depth
profiles showed the inverse distribution of polymer derived signals and substrate signals as
expected. Finally, lateral distributions of various ions visualized for several areas on the
tandem grafted wafers. Inhomogeneities in grafting density were associated with
inhomogeneities in the linker distribution. Finally, the responsiveness of the tandem grafted
brushes was proven by AFM measurements of the mixed binary brushes in air and following
treatment of selective solvents. The brushes showed spontaneous phase separation to produce
nanoscale arrays of surface patterns. The differences in glass transition temperature of the
two polymers allowed to show that immersion of the wafers into selective solvents led to a

solvophilic adaptation of the brushes.

The two projects discussed in chapters 2 and 3 showed that simultaneous tandem
polymerizations can greatly simplify the synthesis of challenging polymeric architectures.
The multistep syntheses that are usually required could be shortened to a single
polymerization step, while retaining excellent control over both polymerization. However, the
projects also showed that the complex interactions of both polymerizations requires precise
control over all reaction parameters and necessitates detailed knowledge of catalysts and
monomers. Despite the high demands on controlling reaction parameters, tandem
polymerizations demonstrate the great potential in circumventing unfavorable steric regimes.

As a consequence, these polymerizations are most useful in syntheses characterized by
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Figure 4-1: Amphiphilic binary mixed brushes for stabilization of nanoparticle dispersions in media with
various polarities.
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challenging steric demands, such as those of molecular bottlebrushes or surface-initiated

polymerizations.

The simultaneous surface grafting system explored herein could easily be expanded
for a range of geometries. The linker described above is not limited for applications on planar
surfaces but could be immobilized on concave, convex or porous substrates. The Y-shaped
initiator used in chapter 3 could easily be immobilized on nanoparticles. The simultaneous
tandem grafting approach could then leverage the difficult diffusion in between the
nanoparticles and growing brushes to afford mixed binary brushes tethered covalently to the
nanoparticles. If a hydrophilic and a hydrophobic monomer are selected for polymerization,
amphiphilic mixed brushes can be synthesized on the surfaces. Such functionalizations have
a range of applications. STEWART et al.*'”> showed that by selective swelling and collapsing of
amphiphilic surface brushes, nanoparticles could be loaded with hydrophobic molecules,
followed by slow release. Such systems could then be used for controlled drug transport. ZHAO
and coworkers®'® further demonstrated that such amphiphilic nanoparticles show excellent
dispersibility in a range of solvents. Nanoparticle suspensions are liable to undergo
agglomeration, leading to flocculation or sedimentation. Typically such agglomeration is
prevented by functionalization with solvophilic polymer brushes®”. Those brushes prevent
agglomeration by sterics and osmotic pressure. However when transferring the dispersion
from aqueous medium to an organic phase, these brushes collapse and the dispersed particles
aggregate. For example sterically stabilized pigments in water based surface coatings, suffer
from this drawback.’*® If however hydrophobic and hydrophilic polymer chains are used to
stabilize the particles, excellent dispersion stability can be achieved in different media. In a
non-selective solvent, both polymer chains are fully extended, resulting in a large steric
barrier in between nanoparticles. When transferring the dispersed particles into a selective

solvent, the solvophilic chains remain extended and allow of dispersion stability.

In a likewise manner, the simultaneous tandem system can be employed for porous
materials, such as those used for filtration purposes. Functionalization of such porous
materials with amphiphilic mixed polymer brushes allows for selective control over opening
and closing of pores. In a good solvent, both brushes are fully extended and allow diffusion
through the pores. In a selective solvent, one polymer collapses, blocking passage through the
pores, while the second polymer chain remains extended. Such systems can be employed as

319

nano valves for chemical gating*, for drug delivery systems®” or to remove buildup of

material on filters?®.

A further interesting application for simultaneous tandem polymerizations to explore

are syntheses of super-soft elastomers. As networks of highly grafted polymers, super-soft
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elastomers derive their desirable macroscopic properties from the combination of side chain
mobility and network stability’®. In the synthesis of polymer networks, the crosslinking
introduces a range of processing issues associated with solubility. If the network is
synthesized first, followed by introduction of the side chains, the cross-linked “backbone”
collapses when removed from its solvent. In the subsequent grafting step, accessibility of the
telechelic side chains or side chain monomers is much lower inside the network than on its
surface. As a consequence, homogeneous grafting is difficult to achieve. If, on the contrary,
the polymers are grafted like molecular bottlebrushes, followed by crosslinking, the density
of crosslinking points is concentration dependent and geometric considerations often lead to
incomplete crosslinking or curing at a later stage. Simultaneous tandem polymerization offers
the enticing option to produce homogeneously distributed grafts and cross-linking points. As
all constituent of the later system are dissolved as monomers during initiation, the
simultaneous approach allows for homogeneous dissolution of brushes and cross linkers. The
orthogonal approach of simultaneous polymerization allows to independently address
concentrations, rates and identity of crosslinking agent and brush regimes. Three approaches
are conceivable. A reactive backbone ROMP inimer can be employed together with a fixed
amount of cross-linking agent, building the scaffold of the network. ROMP-derived polymers
are particularly suitable for this task due to their stiff structure. The inimer can
simultaneously initiate the side chain polymerization. For this purpose, the system described

in chapter 2 can be adopted with only the inclusion of crosslinking agents.
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Figure 4-2: Crosslinked molecular bottlebrushes for supersoft elastomers

The simultaneous nature can also be exploited by synthesizing a brush network from
PEGMA to form the brush regime and independently polymerize a crosslinking polymer
chain orthogonal to the brush synthesis.
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Figure 4-3: Amphiphilic co-network

Finally, an ATRP-ROMP system could be employed, with the side chains polymerized
by ATRP™>"° The employment of ATRP allows to target a larger set of side chain
functionalities. For example phosphoric acid containing monomers can be employed to
synthesize proton conducting networks*****!. The grafting density can further be modulated
by inclusion of unfunctionalized ROMP monomers. By this approach, amphiphilic
co-networks can also be synthesized. Such co-networks are of interest for their various
applications. Extended wear contact lenses for example require excellent wettability and ion
conductivity, while they should retain their structure and allow for oxygen diffusion. Further
uses include the production of semi-permeable membranes, slow release of pharmaceutical

agents, nanoreactors or for touch-sensing'*.

193



Experimental

5 EXPERIMENTAL

5.1 Characterization

511 Chromatography

Thin Layer Chromatography

Thin layer chromatography was performed on silica gel TLC-cards (layer thickness
0.20 mm, Fluka). Compounds were visualized by immersion in permanganate reagent
(KMnO4 (1.5 g), K2CO3 (10 g) and 10% NaOH in H20 (200 mL) followed by heating with a
heat gun (s 300 °C), ninhydrin stain (1.5 g of ninhydrin in 100 mL of n-butanol with 3.0 mL
of acetic acid) or incubation in an iodine chamber or shining UV light (lamp filter 245 nm)

as applicable.

Column chromatography

Column chromatography of crude products was conducted using silica gel 60 M with
particle diameters of 0.040-0.053 mm purchased from MACHEREY-NAGEL as stationary phase.
The elution was accelerated through the application of compressed air. Eluents are indicated
in the experimental procedures as a ratio of A:B (with A and B the solvents). Crude products

were exclusively dry loaded.
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Gel permeation chromatography (GPC)

GPC was used to determine the molecular weight distributions (MWDs) using MZ-
Gel SDplus 10E6, 10E4, and 500 columns with THF (at 30 °C) or DMF (at 60 °C with 1 g.L™
LiBr) as the eluent versus PSt, PMMA or PEO standards as indicated. MWD measurements
were conducted at a concentration of 2 g.L'". Fractionations were conducted at concentrations
of 10 g.L'". The Agilent Technologies 1260 Infinity setup was equipped with refractive index
and UV detectors by WATERS, ERC, RHEODYNE and SOMA. All samples were dissolved in the
eluent, equilibrated for several minutes and then filtered through a syringe driven TEFLON

filter (MILLIPORE). The elution rate was set to 1 mL.min™

5.1.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

Solution NMR

Solution '"H NMR and ""C NMR spectra were recorded using BRUKER DPX-250, DPX-
300, DPX-500, DPX-700 and DPX-850 spectrometers. Two-dimensional spectra (DOSY,
COSY, HMBC, HSQC, NOESY etc.), "F NMR, *'P NMR spectra were recorded using BRUKER
DRX-500, DRX-700 and DRX-850 spectrometers. For solution NMR experiments, deuterated
solvents were employed. The residual proton signals of the deuterated solvent was used as an
internal reference'®. For CDCl; the residual proton CHCls (8 = 7.26 ppm), for CD,Cl; residual
CDHCI; (8 = 5.32 ppm) and THF-ds residual THF-d; (§ = 1.72 and 3.58 ppm) was used for
calibration. For "C-NMR-Spektren the resonance of CDCls (8 = 77.16 ppm), of CsDs (8 = 128.06
ppm), of CD,Cl, (6 = 53.84 ppm) and of THF-ds (67.21 und 2531 ppm) were used for
calibration. Unless otherwise stated, all experiments were conducted at 300 K. The
temperature was defined with a standard 1H methanol NMR sample. The control of the
temperature was realized with a VTU (variable temperature unit) and an accuracy of +/- 0,1K,
which was checked with the standard BRUKER Topspin 3.5 software. Spectra were processed
using BRUKER TopSpin 3.6 and MESTRENOVA x64 software. Chemical shifts § were read off the
centers of the multiplets and are reported in ppm. Multiplet patterns were reported using the
abbreviations s = singulet, d = doublet, t = triplet m = multiplet and br = broad. Diffusion-
ordered spectroscopy (DOSY NMR) experiments were conducted to investigate the covalent
attachment of individual polymer blocks. In DOSY NMR, proton signals are resolved
according to their diffusion coefficient and gives hence an idea of the prevailing molecular
weights as well as indicating whether different polymer blocks are connected together or exist

as separate homopolymers.
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In-situ "H NMR Kinetic Experiments

For a ROP- ROMP Tandem in situ 'H NMR kinetic experiment, HONDC-triazol adduct
(15 mg, 0.03 mmol) was stirred in dry toluene-d8 (0.6 mL) for 20min in a glovebox. The yellow
solution was transferred into a dry NMR tube equipped with a Teflon cap, containing L-
lactide (85 mg, 0.6mmol, 20 eq.). The NMR tube was sealed and taken out of the glovebox. A
reference spectrum was recorded on a BRUKER 500 MHz spectrometer at room temperature,
using the residual proton peaks of the deuterated solvent as internal reference. The NMR tube
was then taken out of the spectrometer, which was set to 80 °C and in a glovebox, the Grubbs-
III catalyst (0.01 eq., 0.1 mL, 0.01 M in toluene-d8) was added to the reaction mixture. The
green catalyst immediately turned orange upon mixing. The NMR tube was inserted into the
spectrometer. The 'H kinetic measurements were performed on a 500 MHz (Avance I1I) and
700 MHz NMR (Avance III) system at 298K. At the 500 MHz magnet 440 experiments were
performed with a relaxation delay of D1 of 15s, a sweep width of 7500 Hz (15ppm), number
of scans of 8 for each experiment and a 90° pulse for protons of 10,6 pus on a 5 mm BBFO
'H/PF X with z-gradient. A similar kinetic experiment on the 700 MHz spectrometer with 640
runnings were accomplished with a relaxation delay of 15s, a width of 12,600 Hz (18 ppm)
and a 90° pulse of 13,8 us on a QXI probe '"H/"C/"N/"F with z-gradient. The temperature
was defined with a standard 'H methanol NMR sample. The control of the temperature was
realized with a VTU (variable temperature unit) and an accuracy of +/- 0,1K, which was

checked with the standard Bruker Topspin 3.5 software.

5.1.3 Mass Spectrometry

Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry
(MALDI-ToF MS)

MALDI ToF MS spectra were recorded on a BRUKER Reflex II ToF Spectrometer
equipped with a 337 nm Ny-laser. The samples for MALDI-ToF MS were prepared according
to standard procedures. In brief, 5 pL of the sample solution (in THF, ca. 1 g. L") were mixed
with 15 pL of a saturated dithranol solution. 1 pL of the resulting mixture was placed on the
sample holder. Functionalized Si surfaces were fixed on a topmount sample holder and
introduced without any further treatment. 0.5 pL of the catalysts was deposited onto a Si wafer

on a topmount sample holder and introduced into the instrument after drying.
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Time of Flight — Secondary Ion Mass Spectrometry (ToF SIMS)

ToF-SIMS spectra were recorded on a BRUKER ION TOF TOF.SIMS® NCS instrument. The
analyzer had a cycle time of 150 ps with a mass range of 1-2070 u. The analysis gun used Bis
at 30keV and a current of 0.13 pA. The analyzed surfaced for each spectrum was
100x100 pm* to 200x200 pm™ Surface spectra of the samples were acquired using Bis" ions at
30 keV energy with a cycle time of 150 ps and 0.10 pA, recording a mass range of 1-2070 u

from an area of 200x200 pm®.
Surface Spectra were acquired from:

e 128 Si with linker and PDMAEMA + PCL brushes (B660-B666)
¢ 98 Si with heterofunctional dual initiator (B648-B651, B714)

e 129 Si with linker + PCL brush (B652-B655)

e 130 Si with linker + PDMAEMA brush (B656-B659)

e CuBr/PMDETA catalyst in toluene (0.1 M, B632-B637)

¢ Sn(Oct); Tin octoate catalyst in toluene (0.4 M, B638-B647)

Large overviews of surface images were acquired using Bis" ions at 30 keV energy with
a cycle time of 150 ps, recording a mass range of 1-2070 u from an area of 200x200 pm*
Detailed spectral images were recorded at a mass range of 1-900 u, with a cycle time of 100 ps
and 0.05 pA, using 30 keV Bis" ions from 150x150 pm?* Surface images (overview and detail)

were acquired from:

e 128 Si with linker and PDMAEMA + PCL brushes (B667-B670)

e 98 Si wafer with only linker-functionalization (B715-B716)

Depth Profiles were acquired with a cycle time of 150 ps (mass Range: 1-2070 u), using
an analysis gun with 30 keV Bis" ions with a current of 0.10 pA at a 150x150 pm”* area. The
sputter gun used Arioo clusters with an energy of 2.5-5 keV at an area of 400x400 pm?* Depth

profiles were recorded for

e 128 (Siw linker and PDMAEMA + PCL brushes) (B671-B673)

ToF-SIMS Multivariate Analysis

For the MVA, spectra for all samples were acquired in replicate. From these spectra, a
global peaks list was created, from mass intervals lists of 200-250 signals. Peaks with the
highest intensity and further noteworthy peaks were assigned to empirical formulae. The
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peaks list was then imported into the MATLAB simsMVA plugin, POISSON scaled and mean-
centered before executing the MVA. For NMF, the data was POISSON-scaled but not mean-

centered.

Expresslon Compact Mass Spectrometry

Mass Spectrometry of small molecules was conducted using an ADVION expression
compact mass spectrometer. Analytes were either applied on a glass capillary for use with the
ADVION atmospheric solids analysis probe or else sampled off a TLC plate using the ADVION
TLC plate reader. Spectra were recorded in the range between 10 to 2 000 u.

5.14 Fourier-Transform Infra-Red spectroscopy (FTIR)

FTIR spectra were recorded using a PERKIN ELMER BX spectrometer, equipped with a
single reflection attenuated total reflection probe head by THERMO-SPECTRA-TECH. The laser
was a He/Ne source with an emission wavelength of 633 nm. The analytes were spread on
the ATR crystal as a powder or else as a liquid. The reported signals were normalized from

zero to one, as signal intensity varies with penetration depth.

5.1.5 Thermal Analysis

Thermogravimetric Analysis

Thermogravimetric Analysis was conducted with a TGA-851 by METTLER-TOLEDO
under nitrogen atmosphere. The heating rate was constant at 10 Kmin™ between room
temperature to 500 K. The thermal decomposition temperature was recorded off the point of

inflection in the heating curve.

Differential Scanning Calorimetry

Differential scanning calorimetry measurements were performed using a DSC-822 by
METTLER-TOLEDO. The temperature sweeps were conducted between -100 °C and 200 °C at a
constant heating rate of 10 Kmin™ under nitrogen atmosphere. The glass transition

temperature and the melting points were determined from the second heating curve.

5.1.6 Atomic Force Microscopy (AFM)
AFM micrographs of the molecular bottlebrushes were recorded using a Dimension

Icon with ScanAsyst. Measurements were performed in tapping mode under air with an
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OPUS microcantilever with a resonance frequency of 300 kHz and spring constant of 26 N/m.
A1 mg/mLsamlple of the brushes in THF was purified by preparative HPLC and immediately
dropped on a freshly cleaved mica wafer. The solvent was allowed to evaporate at RT. These

measurements were conducted by Helma Burg.

For the AFM measurements of modified silicon wafers, the wafers were cleaned with
THF and allowed to dry at RT before submitting to AFM measurements. Measurements in
tapping mode were conducted using a VTESPA-300 tip with a resonance frequency of
300 kHz and a spring constant of 42 N/m and a back of reflective Al. The wafers were
tempered or dipped into selective solvents for the selected amount of time and allowed to dry
on air at RT. For the adhesion force measurements, an OLTESPA 240 TS tip was used with a
resonance frequency of 70 kHz and a spring constant of 2 N/m with a back of reflective Al
These measurements were conducted by || | | | || j

5.1.7 Dynamic Light Scattering (DLS)

Hydrodynamic radii of micelles and nanoparticles were determined using a MALVERN
Zetasizer 3000. A He/Ne-laser with emission wavelength of 633 nm was employed and
scattering intensity was determined at a 90° angle. The measurements were performed with
five repetitions, with the reported radius being an average of the five measurements. The
dispersions were diluted with the appropriate solvent to the point where only a slight

turbidity could be observed.

5.1.8 X-ray Photoelectron Spectroscopy (XPS)

XPS spectra were recorded using a KRATOS Axis Ultra DLD device with an aluminium
anode as X-ray source and a delayline detector. Measurements were conducted in hybrid
mode with a s spot sze of 300x700 pm® Survey spectra were recorded with a resolution of 80
pass energy, whle high resolution spectra were recorded with 20 pass energy. Measurement

angles were fixed at 0° relative to the sample’s normal.
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5.2 General Procedures

All Syntheses were conducted under standard SCHLENK conditions. Glassware was
dried in an oven at 110 °C for at least 24 h before they were transferred into a glovebox
antechamber, where they were allowed to cool down to room temperature under full vacuum
for at least three hours or overnight. Alternatively, clean glassware was washed out with the
reaction solvent and dried by blow torch or heat gun for several minutes under high vacuum
and allowed to cool to room temperature while maintaining the vacuum. Solvents and liquid
reagents were transferred via air tight syringes that were flushed with argon or else via
cannula. Solid reagents were added in a glovebox or else against a stream of argon, followed
by evacuation cycles. Low temperature reactions were conducted by cooling with an ice bath

or with dry-ice in acetone baths.

5.3 Materials

SIMes catalyst was purchased from ABCR GMBH (Karlsruhe, Germany) and stored in a
glovebox. Toluene was refluxed over Na/benzophenone for four hours before condensing
under Argon and were stored in a glovebox over molecular sieves. THF and triglyme were
freshly distilled from Sodium/benzophenone into the reaction vessel. Solvents dried by this
approach were considered free of oxygen and were not further degassed before
polymerization. All other reaction solvents were purchased commercially dried from ARCOS
or SIGMA ALDRICH. Commercially dried solvents were degassed via three consecutive freeze-
pump-thaw cycles before application in a polymerization or before producing stock solutions.
L-lactide, Second and Third Generation Grubbs catalysts were purchased from SIGMA
ALDRICH, stored in a glovebox and used as received without further purification. Their stock
solutions were always freshly prepared on the day of their employment. Exo-norborneol and
exo-norbornenemethanol were purchased from Sigma Aldrich and distilled over CaH, under
reduced pressure and stored in a glovebox at room temperature. St, MMA, DMAEMA were
distilled over CaH, under reduced pressure and then stored in an ampule under argon in a
freezer at -22 °C. NIPAM was recrystallized three times from a mixture of toluene/hexane
(60/40) and stored in a fridge at 4 °C. All other chemicals were purchased from SIGMA ALDRICH

and used as received.
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Monomers were purified by distillation under reduced pressure to remove stabilizers
and other impurities. After purification, they were stored in a SCHLENK flask under argon

atmosphere in a freezer at -22 °C or in a dry box under nitrogen atmosphere.

54 Syntheses

54.1 Simultaneous Bottlebrush Polymerizations

Synthesis of 5-norbornene-exo-2-methanol

The synthesis of exo-enriched 5-norbornene-2-methanol was conducted according to

a procedure established by KANAO et al.'™.

(i) thermal cracking, A
(ii) methacrylate, excess @
G > @Y" e
MeOH I/
2N 2N
138

40°C,12h
dicyclopentadiene 95%

exo 1:2 endo

Scheme 5-1: Synthesis of 5-norbornene-2-carobxylate 138 from freshly cracked dicyclopentadiene
through DIELS-ALDER cycloaddition with methacrylate.

Dicyclopentadiene (5.00g, 31.8mmol) was heated to 170°C and distilled off directly into
a three necked flask charged with excess methacrylate (3.91g, 45.4mmol) and methanol
(10mL) at 40°C. The reaction mixture was left to stir for 12h at 40°C. The excess Methyl
Acrylate and methanol were removed under reduced pressure to yield 5-Norbornene-2-
carboxylate (5.50g, 95% yield) as an orange oil that smelled pungently fruity. The reaction

yielded a ratio of roughly 2:1 endo:exo isomers as established via '"H NMR

H NMR (300 MHz, Chloroform-d) § 6.10(dd, J = 5.7, 3.1 Hz, 1H), 5.84 (dd, J = 5.8, 2.8 Hz, 1H),
3.60 (s, 1H), 3.54 (s, 3H), 2.93 — 2.67 (m, 2H), 1.83 (tt, J = 9.1, 3.4 Hz, 1H), 1.40 — 1.26 (m,
2H). 13C NMR (75 MHz, Chloroform-d) § 174.87, 137.45, 132.15, 51.16, 49.37, 45.42,
42.92,42.29, 29.00.
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Synthesis of exo -5-norbornene-2-carboxylic acid

(i) 2 eq. Na t-Butoxide
@* @ (ii) 1 eq. Hy0, 24h
o) g, O (iii) 1 eq. H,0, 3h OH -, JOH
~N ’, ~N 2 v,
11/ (iv) excess H,0, 1h - Il]/
o)

o} o] > 0
dry THF, RT 139

138 o
exo 1:2 endo 60% exo 2:1 endo

Scheme 5-2: Isomerization and exo-selective hydrolysis of norbornene-carboxylate 138 to yield exo-
enriched 5-norbornene-2-carboxylix acid 139.

Sodium tert-Butoxide (8.45¢, 87.9mmol) and anhydrous THF (100mL) were placed in a
dry 205mL Schlenck flask equipped with stirrer and addition funnel under Argon. Over a
20min timeframe, MNBC (KK34) (6.08g, 40.0mmol) were added via addition funnel under
Argon, while cooled with an ice bath. Over 20 minutes. 720ul of DI water diluted in fry THF
were added to the reaction vessel and eft to stir over night. Then, another 720puL of DI water,
diluted in anhydrous THF (40mL) were added via addition funnel and left to stir for another
3h at RT. Finally, an excess amount of DI water was added directly to the reaction vessel to
drive the hydrolysis to completion and after another 1h, reaction mixture was subjected to a
standard work up to afford target molecule 139 (3.00g, 60% yield) as a pale yellow oil with a

faint fruity smell.

'H NMR (250 MHz, Chloroform-ad) § 11.56 (s, 1H), 6.30 — 6.00 (m, 3H), 3.03 (dt, /= 2.9, 1.4 Hz,
1H), 2.89 — 2.64 (m, 2H), 2.18 (ddd, J = 8.6, 4.4, 1.7 Hz, 1H), 1.86 (ddt, /= 94, 7.9, 4.7 Hz,
1H),1.57 —1.41 (m, 1H), 1.39 — 1.26 (mm, 4H).

Synthesis of exo -5-norbornene-2-methanol

(i) 1.1 eq. LiAIH,
o @ dry THF, reflux 12h @\ @
vy rOH - OH v, LOH
!

0 (ii) H,O, 0 °C-->RT
80%
139 exo-NBM
exo 2:1 endo exo 2:1 endo

Scheme 5-3: LiAlH, reduction of carboxylic acid substrate 139 to yield the exo-enriched target molecule
exo-NBM.

1.2 eq. Of LiAlH4 (1g, 26mmol) was added under nitrogen to a 250 mL RBF. The RBF
was then placed into an ice bath. Dry THF (40 mL) was added dropwise into the flask, followed
by a solution of exo -5-norbornene-2-carboxylic acid (3.00 g, 21 mmol) dissolved in dry THF

(10 mL). The flask was then placed into an oil bath, and the reaction mixture was refluxed for
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12 h. Next, the reaction mixture was cooled in an ice bath, then 1 mL of water was added
dropwise to the flask, followed by 1 mL of 10% sodium hydroxide solution and finally 3mL
of water. The flask was allowed to warm to room temperature and diluted with diethyl ether
(200 mL). The solids were removed by filtering through celite, and the filtrate was washed
with brine and dried over sodium sulfate. The solvent was removed to afford the product as

a colorless oil (2.24g, 80% yield).

'H NMR (300 MHz, Chloroform-ad) § 6.08 (m, 2H), 3.70-3.54 (m, 2H), 2.82 (s, 1H), 2.74 (s, 1H),
1.64 (m, 1H), 1.30 (m, 4H), 1.12 (m,1H).

Synthesis of pyridine analogue to Grubbs-II1

i ;: excess pyridine E s

Toluene, dry

u’ | T 10 min _R|u \

PCys
X

Grubbs-II Grubbs-1IIP

The Grubbs-III derivative (Grubbs-11IP) was synthesized according to a method
reported by GRUBBS and coworkers'™. In brief, Grubbs-11 (0.40 g, 0.47 mmol) was dissolved in
toluene (dry, 5 mL), and pyridine (3 mL, 0.037 mol) was added. The reaction was stirred for 10
min during which time a color change from red to bright green was observed. The reaction
mixture was cannula transferred into 100 mL of cold (-10 °C) pentane, and a green solid
precipitated. The precipitate was filtered, washed with 4 x 5 mL of pentane, and dried under

vacuum to afford Grubbs-IIIP as a green powder (0.21 g, 70% yield).

"H NMR (300 MHz, CDCl5) § 7.54 (s, 1H), 6.91 (s, 3H), 6.68 (d, /= 14.1 Hz, 3H), 4.94 (s, 2H), 3.69
(d, /= 6.8 Hz, 2H), 2.71 (s, 5H), 2.46 (s, 4H), 2.20 (s, 4H), 2.06 (d, /= 17.1 Hz, 2H), 1.94 (s,
2H), 1.36 (s, 29H).
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Synthesis of N-(hydroxyl ethyl)-cis-5-norbornene-exo-2,3-dicarboximide

(0] 0]
2-amino ethanol
o > NOH
DCM, dry
0 RT, o.n.->170 °C, 7h 0O
90%
cis-5-norbornene- HONDC
exo-2,3-dicarboxylic
anhydride

Scheme 5-4: One-pot synthesis of inimer molecule N-(hydroxyl ethyl)-cis-5-norbornene-exo-2,3-
dicarboximide (HONDC) from cis-5-norbornene-exo-2,3-dicarboxylicanhydride.

N-(hydroxyl ethyl)-cis-5-norbornene-exo-2,3-dicarboximide (HONDC) was synthesized

186 In brief, cis-5-norbornene-exo-2,3-

according to a method known in literature
dicarboxylicanhydride (4.00 g, 24.36 mmol) and 2-amino ethanol (1.42 mL, 24.36 mmol) was
dissolved in 50 mL of DCM, and charged into a 100 mL round bottom flask with a stir bar.
The reaction mixture was allowed to stir overnight at room temperature. After evaporating
the solvent, the solid was reacted at 120°C for 7 hours. Then the reaction mixture was
dissolved in DCM, and the insoluble impurities were removed by passing through a short
neutral alumina column. After evaporating the solvent and being dried in vacuum, pure
product (HONDC) was obtained as a white solid in 90% yield. The solid was dried

azeotropically in high vacuum and stored in a glovebox.

Elemental Analysis Calculated for C;;HsNOs C, 63.76; H, 6.32; N, 6.76; Found: C, 62.85; H, 6.41;
N, 6.54.

H NMR (700 MHz, Tol) § 5.77 (d, /= 2.0 Hz, 2H), 3.44 (q, /= 5.6 Hz, 2H), 3.35 (t, /= 5.3 Hz, 2H),
2.96 — 2.93 (m, 2H), 2.13 (dt, J = 4.6, 2.2 Hz, 2H), 1.59 (t, /= 5.9 Hz, 1H), 1.22 (d, /= 9.7
Hz, 1H), 1.17 — 1.13 (m, 1H).

BCNMR (176 MHz, Tol) § 177.43,137.32,60.11, 47.44, 45.08, 42.54, 40.97.
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Synthesis of Latent Inimer-adduct

0 . xo%
2 (0] N
N N \
Z: i N on * Q VN\@ toluene (dry) QN _N
o) ° RT, 10min

\{HONDC} DTT \{HONDCadduct}
active latent

Backbone monomer HONDC (50 mg, 0.24 mmol) was suspended together with DTT (73
mg, 0.24 mmol, 1 eq.) in toluene (ImL) in a vial equipped with a magnetic stir bar in a glove
box and left to stir for 20 min. The pale yellow suspension turned into a bright yellow solution
within this time to produce the latent catalyst HONDC-adduct. A sample of this solution was

diluted with deuterated toluene-ds and submitted for characterization by NMR.

"H NMR: 700 MHz, Tol) § 7.69 — 7.64 (m, 1H), 7.51 — 7.47 (m, 1H), 6.85 (tt, /= 7.5, 1.1 Hz, 1H),
5.83 —5.75 (m, 2H), 3.70 (dt, /= 10.2, 5.2 Hz, 1H), 3.62 — 3.57 (m, OH), 3.52 (t, /= 5.3 Hz,
1H), 3.50 — 3.45 (m, OH), 3.43 (1, /= 5.3 Hz, 1H), 3.35(dd, /= 5.9, 4.8 Hz, 1H), 3.08 — 2.96
(m, OH), 2.94 (p, /= 1.8 Hz, 1H), 2.06 (d, /= 1.6 Hz, 2H), 1.53 (s, 1H), 1.23 — 1.19 (m, 1H),
1.18 —1.12 (m, 1H).

BCNMR: (176 MHz, Tol) § 177.23, 140.29, 137.30, 137.11, 129.06, 128.63, 128.50, 128.36,
127.90, 127.73, 127.59, 127.45, 125.06, 124.89, 124.75, 124.62, 122.68, 113.20, 60.00,
56.68, 47.43, 45.08, 45.03, 42.63, 42.41, 40.97, 38.05, 20.38, 20.27, 20.16, 20.05, 19.94,
19.83, 19.72.
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Tandem Polymerization with SIMes Catalyst and Grubbs-II Initiator
m I Grubbs-Il, SIMes 0
" ~OH i T TR RT ‘V{O\(Lo/u\(} o
n % m/n

NBM L-Lactide
Scheme 5-5: Simultaneous tandem grafting of norbornene derivative NBM and L-lactide (LLA)
catalyzed by SIMes and metathesis catalyst (either Grubbs-II or Grubbs-III).

Exemplified for tandem polymerization 27. In a glovebox, SIMes (7.8 mg, 0.02 mmol, 1
eq.) and Norbornene methanol (2.5 mg, 0.02 mmol, 1 eq) were weighed out into a vial
equipped with stirring bar, septum and molecular sieves (to ward of adventitious water) and
dissolved in THF (I1mL). L-lactide (290 mg, 2 mmol, 100 eq.) and Grubbs-II (0.01M, 100 pL,
0.001 mmol, 0.005 eq.) were added into a separate sample vial, dissolved in THF (2.5 mL) and
added into the sample vial containing catalyst and initiator to start polymerization. After 10
min, an excess of ethyl vinyl ether (200 pL) and TFA (200 pL, 0.1 M in THF) was added to
terminate the metathesis polymerization. The vial was then removed from the glovebox and

immediately precipitated in ice cold methanol after 10 minutes.

Table 5-1 Monomer equivalents and metathesis catalysts used for tandem polymerizations of NBM

and LLA

Entry Side chain Backbone Metathesis
targeted DP? Targeted DP" Catalyst

5 100 eq LLA 100 eq NBM Grubbs-11
6 100 eq LLA 50 eq NBM Grubbs-11
7 100 eq LLA 20 eq NBM Grubbs-11
9 20 eq LLA 100 eq NBM Grubbs-I1
10 20 eq LLA 100 eq NBM +50 eq NBE Grubbs-I1
11 20 eq LLA 100 eq NBM + 100 eq NBE Grubbs-I1
12 20 eq LLA 100 eq NBM + 200 eq NBE Grubbs-11
19 50 eq LLA 100 eq NBM Grubbs-111P
20 50 eq LLA 100 eq NBM Grubbs-111P
21 20 eq LLA 100 eq NBM Grubbs-111
22 45 eq LLA 100 eq NBM Grubbs-111
23 50 eq LLA 20 eq exo-NBM Grubbs-11
24 50 eq LLA 20 eq exo-NBM Grubbs-11
25 80 eq LLA 10 eq exo-NBM Grubbs-11
26 80 eq LLA 10 eq exo-NBM Grubbs-11
27 100 eq LLA 200 eq exo-NBM Grubbs-I1
28 100 eq LLA 200 eq exo-NBM } Grubbs-11
29 200 eq LLA 5eq exo-NBM Grubbs-I1
30 200 eq LLA 5eq exo-NBM Grubbs-11

awith respect to backbone monomer. bwith respect to metathesis catalyst
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GPC (in THF, vs MMA standards) Mn 13 500 g.mol Mw 17600 g.mol! PDI 1.30

H NMR: (300 MHz, CDCls) § 5.09(q, /= 7.1 Hz, 323H), 4.28 (d, /= 6.8 Hz, 1H), 2.23 (s, 1H), 1.50

(d, /=71 Hz, 1279H).

Table 5-2: Reaction times, molecular weights (theoretical and experimental) of tandem polymerizations

above.
a b
Entry Time (Sl\gge‘h;;lam) g\é{ﬁlgh) M e © PDI¢
/g.mol”! /g.mol! /g.mol!
5 60 min 14 500 1450 000 3500 1.31
6 60 min 14 500 725 000 6 700 1.35
7 60 min 14 500 290 000 3500 1.33
9 60 min 3000 300 000 4 600 1.51
10 60 min 3000 300 000 11 000 1.65
11 60 min 3000 300 100 10 900 1.53
12 60 min 3000 300 200 9 400 1.57
19 15 min 7 300 730 000 10 500 1.35
20 60 min 7 300 730 000 12 700 1.23
21 60 min 3000 300 000 4 800 1.60
22 15 min 6 600 660 000 4 500 1.22
23 15 min 7 300 146 000 3500 2.24
24 45 min 7 300 146 000 8 000 457
25 15 min 11 700 117 000 12 500 2.06
26 45 min 11 700 117 000 14 600 294
27 15 min 14 500 2 900 000 13 500 1.30
28 45 min 14 500 2 900 000 10 500 1.37
29 15 min 29 000 145 000 14 800 1.25
30 45 min 29 000 145 000 16 400 1.80

“theoretical molecular weight of side chains assuming 100% conversion of LLA monomer deriving exclusively from
NBM initiated chains. ® theoretical molecular weight assuming 100% conversion of NBM monomer and 100% conversion of
LLA monomer. ‘determined via GPC against PSt standards.
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ROMP with Grubbs-III Initiator

(0]
OH Grubbs-Ill (1 eq.)
n " Rl e 2
THF, dry n
RT, 20min
(0] (6) N (0]

HONDC

OH

Exemplified for P(HONDC) homopolymer 31. HONDC (100 mg, 48 mmol, 100 eq.) was
dissolved in dry THF (3 mL) in a vial equipped with stir bar in a glovebox. Grubbs Third
Generation catalyst (4 mg, 0.005 mmol, 1 eq.) was added to the vial in one batch and the green
catalyst immediately turned orange upon dissolution. After 20 min stirring, the vial was taken
out of the glovebox and the reaction was terminated with addition of ethylvinyl ether (0.2 mL).
The solution was precipitated in ice-cold methanol, centrifuged and decanted. The polymer
was dried under vacuum over night. The dry polymer 31 was isolated as a brittle off-white
film (80 mg) and dissolved only in DMF with a few drops of HFIP, indicating strong hydrogen

bonding interactions.
GPC (in DMF, vs PSt standards) Mn 15800 g.mol-1; Mw 18300 PDI 1.16

"H NMR (700 MHz, DMF) 6 5.78 (t, /= 19.1 Hz, 1H), 5.56 (ddt, /= 19.6, 14.7, 8.1 Hz, 1H), 5.23
(hept, /= 6.4 Hz, 1H, HFIP), 4.85 — 4.74 (m, 1H), 3.65 — 3.58 (m, 2H), 3.52 (d, /= 12.9 Hz,
2H), 3.14 (dq, /= 21.2, 14.1, 104 Hz, 2H),, 2.80 — 2.71 (m, 2H), 2.08 (s, 1H), 1.60 — 1.51
(m, 1H).

ROP with NHC DTT

(0] (0]
X oyl
OH
N + nI I - N (0)
_\—ODTT o 0 Tolouene o) n
0 90°C, 1h 0O

Exemplified for macromonomer 35. Backbone monomer HONDC (50 mg, 0.24 mmol)

was suspended together with DTT (73 mg, 0.24 mmol, 1 eq.) in toluene (ImL) in a vial
equipped with a magnetic stir bar in a glove box and left to stir for 20 min. The pale yellow
suspension turned into a bright yellow solution. L-lactide (700 mg, 4.8 mmol, 20 eq.) was
placed in a dry SCHLENK tube equipped with a stir bar and suspended in dry Toluene (2 mL).

The initiator solution was taken out of the glove box, added to the SCHLENK flask under Argon
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atmosphere and lowered in an oil bath at 80 °C under positive Argon pressure. After 1 h, the

reaction mixture, which had become viscous, was cooled to room temperature. A sample was

drawn via an air tight syringe, diluted with DMF and submitted to GPC in DMF versus

polystyrene standard. Another sample was drawn for 'H NMR analysis, the solvent

evaporated and redissolved in CDCls. The remaining reaction mixture was precipitated into

ice cold methanol (100 mL), filtered and dried, then dissolved in a minimal amount of THF

and re-precipitated into ice cold methanol. The polymer was filtered and dried under high

vacuum to afford a white product (650 mg).

GPC (in THF, vs PSt standards) Mn 7500 g.mol™, Mw 9800 g.mol™, PDI 1.30.

H NMR (300 MHz, CDCls) § 6.22(d, /= 2.3 Hz, 2H), 5.09 (q, /= 7.2 Hz, 48H), 4.25 (m, 2H), 3.70 (m, 2H),
3.20 (s, 2H), 2.65(d, /= 9.5 Hz, 3H), 1.81 — 1.11 (m, 151H).

Table 5-3: Monomer equivalents, conversions and molecular weights of PLLA by ROP

Entry [LLAJo/ Conv. Mn heo Mn exp MD exp *PDI
[HONDClo 'H NMR GPC
/g.mol™ /g.mol™ /g-mol™
34 5 98% 900 900 1300 1.20
36 10 99% 1600 1800 2200 1.21
37 20 97% 3100 3400 3800 1.23
35 30 98% 4500 4400 7500 1.30

aDetermined via GPC using PSt as standards and THF as eluent.

One-pot-two-step Polymerization with DTT and Grubbs-III

mNK

(0]

(i) DTT, 10 min, RT
(i) LLA(m eq.), 1h, 90 C

OH Toluene, dry

TP

Grubbs-Ill

Toluene (dry)

RT, 24h

s bk

Exemplified for bottle brush 42. HONDC (50 mg, 0.24 mmol) was suspended together

with the triazol NHC (73 mg, 0.24 mmol, 1 eq.) in Toluene (5 mL) in a vial equipped with a

magnetic stir bar in a glove box and left to stir for 20 min. The pale yellow suspension turned

into a bright yellow solution. L-lactide (0.34 g, 2.4 mmol, 10 eq.) was placed in a dry SCHLENK
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tube equipped with a stir bar and suspended in dry toluene (2 mL). The initiator solution was
taken out of the glove box, added to the SCHLENK flask under Argon atmosphere and lowered
in an oil bath at 80 °C under positive Argon pressure. After 1 h, the reaction mixture, which
had become viscous, was cooled to room temperature. A sample was drawn via an air tight
syringe, diluted with DMF and submitted to GPC in DMF versus polystyrene standard.
Another sample was drawn for '"H NMR analysis, the solvent evaporated and re-dissolved in
CDCls. A sample (1 mL, 0.048 mmol MM) was removed and added to a SCHLENK flask
containing a stir bar and G I1I stock solution in dry toluene (0.01 M, 0.1 mL, 0.02 eq) and left
to stir under Argon for 24h. A sample was drawn via an air tight syringe, diluted with DMF
and submitted to GPC in DMF versus polystyrene standard. Another sample was drawn for
'"H NMR analysis, mixed with ethyl vinyl ether (0.1 mL) to quench the ROMP, the solvent
evaporated and redissolved in CDCls. The remaining reaction mixture was precipitated into
ice cold methanol (100 mL), filtered and dried, then dissolved in a minimal amount of THF
and re-precipitated into ice cold methanol. The polymer was filtered and dried under high

vacuum to afford a white product.

GPC (in DMF, vs PSt standards) Mn 116000 g.mol” g.mol™; Mw 147300 g.mol™; PDI 1.27

H NMR (300 MHz, CDCls) § 5.71 (d, /= 18.5 Hz, 1H), 5.44 (s, 1H), 5.09 (q, /= 7.2 Hz, 22H), 4.41
— 4.00 (m, 3H), 3.67 - 3.08 (m, 4H), 2.67 (s, 2H), 1.50 (t, / = 7.2 Hz, 68H), 0.81 (s, 1H).

Table 5-4. Stepwise bottlebrush synthesis (grafting through approach)

MM M theo Conversion * | My exp? My, exp®
Entry Eq. MM 'HNMR | GPC PDI®
/g.mol™! /g.mol™! 1% /g.mol™! /g.mol™!
38 1300 25 32 500 100% 22 800 28 200 1.20
39 1300 50 65 000 100% 45 700 50 900 1.28
40 1300 100 130 000 99% 90 400 95 900 1.26
41 2 200 25 55 000 100% 40 900 43 500 1.24
42 2 200 50 110 000 100% 81 700 64 500 1.31
43 2 200 100 220 000 100% 163 400 116 700 1.27
44 3400 25 85 000 100% 75100 56 000°¢ 1.21°¢
45 3 400 50 170 000 100% 150 200 103 100°¢ 1.23°¢
46 3400 100 340 000 98% 294 300 162 900°¢ 1.27¢

Conducted in toluene at RT for 24h at an initial concentration of 0.04 M. *Determined by '"H NMR "Determined via
GPC using PSt standards and DMF as eluent. “small amount of late-eluting polymer population.
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Tandem ROMP-ROP with DTT and Grubbs-III

0
__Grubbs-lll__ O}(L o] o
_\_ I i Toluene (dry) N 0
ODTT Y 0 m/n

Exemplified for tandem BB 63, see Table 5-5 for all polymerizations. HONDC (50mg,
0.24 mmol) and triazol (72 mg, 0.24 mmol, 1 eq.) were suspended in dry toluene (1mL) in a vial
in a glovebox and left to stir for 20 min. The beige suspension turned into a bright yellow
solution. L-lactide (360 mg, 2.4 mmol, 10 eq.) was placed in a in SCHLENK tube and Grubbs-III
stock solution (600 pL, 0.01 M in toluene, 0.025 eq.), as well as dry toluene (1.7 mL) were added.
The two monomer/initiator solutions were combined in the SCHLENK tube and sealed, taken
out of the glovebox and attached to a SCHLENK line. Under slight positive Argon pressure, the
SCHLENK tube was lowered into an oilbath set to 80 °C. After 2 h, the reaction was quenched
with the addition of one drop of trifluoro acetic acid and 0.2 mL of ethyl vinyl ether. After
10min of stirring, the reaction solution was exposed to air and a sample was drawn, diluted
with THF and submitted to GPC in THF versus polystyrene standard. The remaining reaction
mixture was precipitated into ice cold methanol (100 mL) and filtered to produce a sticky
brown product. The polymer was dried under high vacuum, dissolved in 0.5mL of THF and

precipitated again into ice cold methanol to afford the off-white, flakey product 63. (320 mg).
GPC (in DMF, vs PSt standards) Mn 62300 g.mol-1; Mw 66700 g.mol-1; PDI 1.07

1H NMR (700 MHz, Tol) § 5.87 (s, 1H), 5.59 (s, 1H), 5.43 — 4.81 (m, 23H), 4.33 (s, 3H), 3.95 —
3.21 (m, 4H), 2.90 (s, 3H), 1.78 — 1.09 (m, 76 H), 0.75 (s, 1H).
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Table 5-5. Tandem polymerizations of bottlebrushes with various chain lengths.

Equivalents /Co/oonversmn ’
Polymerization [LLAJo/ [HONDC]/ ;Eﬁi
([)HONDC] (Grubbs-111], LLA HONDC

47 5 25 60 min 95% 100%
48 9 25 60 min 94.% 100%
49 5 50 20 min 99% 95%
50 10 40 60 min 94.% 97%
51 10 50 60 min 99% 96 %
52 20 40 60 min 95% 99%
54 5 25 30 min 100% 100%
55 5 25 60 min 95% 100%
56 5 25 3h 95% 100%
57 5 25 20 h 100% 100%
58 9 25 30 min 94.% 100%
59 9 25 60 min 94.% 100%
60 9 25 3h 94.% 100%
61 9 25 20h 100% 100%
62 10 40 60 min 94.% 97%
63 10 40 120 min 95% 98%
64 10 40 39h 96 % 99%
65 20 40 60 min 95% 99%
66 20 40 120 min 96 % 98%
67 20 40 17 h 97% 98%
68 20 40 23 h 96 % 98%
69 5 100 30 min 94.% 70%
70 5 100 60 min 94.% 70%
71 5 100 3h 90% 68%
72 11 100 30 min 82% 63%
73 11 100 60 min 100% 63%
74 11 100 20 h 100% 63%
75 11 100 70 h 98% 59%
76 5 200 30 min 95% 38%
7 5 200 60 min 93% 40%
78 10 200 20 min 98% 42%
79 10 200 60 min 98% 41%
80 10 200 16 h 97% 41%
81 10 200 24 h 97% 38%
82 20 200 20 min 98% 41%
83 20 200 60 min 98% 45%
84 20 200 16 h 98% 45%
85 20 200 24 h 96 % 36%

Conducted in toluene at 90°C for [HONDClo 0.04 M.  Determined by 'H NMR
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Table 5-6: Theoretical and experimental number average molecular weights of bottlebrushes.

M, /g.mol™ PDI?

Polymerization Side chains BB 'H NMR GPCa
theo theo exp exp

47 900 22 500 22 300 24 200 1.12
48 1500 37 500 35 700 34 600 1.15
49 900 45 000 43 700 38 700 1.15
50 1 600 64 000 60 600 59 900 1.07
51 1600 80 000 78 400 73 600 1.15
52 3100 124 000 116 600 85 300 1.08
54 900 23 200 23 200 23100 1.12
55 900 23 200 22 300 24 200 1.12
56 900 23 200 22 300 23 000 115
57 900 23 200 23 200 24 700 1.18
58 1500 37 600 35 700 32 100 1.14
59 1500 37 600 35 700 34 600 1.15
60 1500 37 600 35 700 34 800 1.15
61 1500 37 600 37 600 35 800 1.18
62 1600 63 200 60 600 59 900 1.07
63 1600 63 200 61 800 62 300 1.07
64 1600 63 200 63 000 54 100 1.11
65 3100 117 000 116 600 85 300 1.08
66 3100 117 000 116 600 89 100 1.09
67 3100 117 000 117 700 74 700 1.16
68 3100 117 000 116 600 75 700 117
69 900 92 800 61 900 56 300%* 1.33*
70 900 92 800 61 900 58 400* 1.32%
71 900 92 800 58 200 55 900* 1.35%
72 1800 179 300 95 000 89 200%* 1.38%
73 1800 179 300 112 900 95 400%* 1.42%
74 1800 179 300 112 900 91 200% 1.41%
75 1800 179 300 103 900 93 600%* 1.40%
76 900 185 600 67 800 84 900%* 1.16*
77 900 185 600 70 200 86 500%* 1.18*
78 1600 329 700 136 100 85 200%* 1.20%*
79 1600 329 700 132 800 102 700* 1.19*%
80 1600 329 700 131 600 95 900%* 1.23%
81 1600 329 700 122 000 94 100%* 1.23%
82 3100 618 000 248 600 101 300* 1.15%
83 3100 618 000 272 900 127 500%* 1.19*
84 3100 618 000 272 900 133 600* 1.20%*
85 3100 618 000 214 200 131 200% 1.20%

2 Determined by GPC using PS as standards and DMF as eluent.
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Backbone depolymerization of molecular bottlebrushes
o
) /
O 0
07\)\ OH ethyl acrylate, G-I O o o) o
N I 0 " 50°C, 0.n. NA/T O/U\d,
0 26

o Q!

86 0 87

Insertion metathesis depolymerization of molecular bottlebrush 86 was conducted
according to a protocol reported by WAGENER et al.”®? In brief] a flame-dried SCHLENK tube
was charged with polymer 86 (500 mg, 0.167 mmol of side chain units), copper (I) iodide
(0.1 mg, 0.01 eq) and Grubbs-I (1.4 mg, 0.01 eq.) under argon atmosphere. Ethyl acrylate
(180 pL, 2.1 eq. relative to the side chain unit of the polymer) was then injected and the
reaction mixture was degassed by three freeze-pump-thaw cycles. Following the final
degassing cycle, the reaction was heated to 50 °C with an oil bath. After 16 h, the metathesis
catalyst was quenched by addition of excess ethyl vinyl ether (200 pL), the reaction was
exposed to air and the extent of depolymerization was determined by NMR. The reaction
mixture was diluted with THF (1 mL) and passed through a syringe driven Teflon filter
(0.45 pm) to remove solid copper catalyst. A sample of the crude depolymerized bottlebrush
87 solution was submitted to GPC and MALDI-ToF.

GPC (in DMF, vs PSt standards) Mn 6000 g.mol™” Mw 6900 gmol™ PDI 1.15

TH NMR: (*H NMR (300 MHz, CDCls) § 6.33(dd, /=173, 1.6 Hz, 61H), 6.05 (dd, /= 17.3, 104
Hz, 60H), 5.75 (dd, J = 10.4, 1.6 Hz, 65H), 5.10 (p, /= 5.7 Hz, 76H), 4.15 (q, / = 7.1 Hz,
117H), 3.68 (s, 1H), 2.65 (s, 2H), 1.51 (d, /= 7.2 Hz, 208H), 1.24 (t, /= 7.1 Hz, 181H).

Table 5-7: Molecular weights of molecular bottlebrush 86 and after depolymerization (87)

Entry Dpside chain prackbone Mn theo Mn exp PDI¢
86 26 55 220 000 224 000 142
87 26 1 4 000 6 000 1.15
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54.2 Simultaneous Surface Grafting

Esterification of undecenoic acid with tris(thydroxymethyl) ethane

i) EDC.HCL, DMAP
oH () , OH

\*/ (ii) C1OH19COOH \/L/
HO OH -
- o OH
DMEDCM 34 2 T T

RT, 5h (0]
40%
89 90

Tristhydroxymethyl) ethane (89, 10 g, 83 mmol), undecenoic acid (3.8 g, 20 mmol),
DMAP (3 g, 25 mmol) and EDC HCI (7.9 g, 25 mmol) were dissolved in a mixed solvent of
DMEF/DCM (30 mL/40 mL) under SCHLENK conditions. The reaction mixture was stirred for 5
h under Argon. Then, the reaction mixture was rigorously washed with 2N HCI (50 mL). The
aqueous phase was extracted 3 times with DCM (3x30 mL). The organic layers were combined,
washed with brine and dried over NaSO.. The dried organic layers were filtered and the DCM
was removed with reduced pressure. The crude product was purified via column
chromatography (Silica gel, EtOAc: cy-H 1:3, Ry 0.25) to afford compound 90 as a light yellow
oil (2.29 g, yield 40%).

ESI-MS: needed 286.41, found 287.5 [IM+H]*

'H NMR (700 MHz, DMSO) § 5.79 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (dq, /= 17.0, 1.7 Hz, 1H),
4.93 (ddt, /= 10.0, 2.5, 1.2 Hz, 1H), 4.45 (1, J = 5.4 Hz, 2H), 3.86 (s, 2H), 3.33 (s, 2H), 3.24
(h, J= 5.4 Hz, 4H), 2.27 (t, J = 7.4 Hz, 2H), 203 — 1.97 (m, 2H), 1.51 (p, J = 7.3 Hz, 2H),
1.33(t,J= 7.2 Hz, 2H), 1.25 (s, 7TH), 0.77 (s, 3H).

BC NMR (176 MHz, DMSO) 6§ 172.94, 138.85 114.62, 65.86, 63.44, 40.54, 33.59, 33.14, 28.64 (d,
J=9.6 Hz), 28.21, 24.47,16.45

FTIR: v max/cm™ 3479 (br.medium, alcohol), 3076, (weak) ,2924 s, med. Alkane CH), 2853 (s,
med.alkane CH stretching), 1724 (s, strong, ester carbonyl stretch), 1638, 1621 (s, w,
terminal olefin CH stretching), 1467 (s, med.alkane stretching), 1382, 1158 (s, strong,
ester stretching), 1052 (alcohol stretching), 1016, 992 (monosubstituted alkene
bending), 909 (monosubstituted alkene bending), 723
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Introduction of haloester to product 90

(i)NaH

0 o)
\{BriB
\/L/OH w’ %o/j/\o)l\l\«l/\
/\/\/\/\/\n/ THF Br 8
HO

0 °C, 30 min +15 min
30%

90 92

To a dry SCHLENK flask (500 mL) equipped with a large stir bar was added 0.44 g of
NaH (11 mmol, 0.9 eq., 60% in paraffin oil) under argon atmosphere. The paraffin oil was
removed from the NaH suspension by suspending in dry heptane (20 mL). The suspension
was allowed to precipitate and by tilting the SCHLENK flask, the supernatant heptane was
removed via air tight syringe and deposed off in a beaker containing 200 mL isopropanol.
This procedure was repeated three times. In a second dry 250 mL SCHLENK flask, ester 90 (3.5
g, 12.2 mmol) was dissolved in dry THF (50 mL) and slowly transferred into the NaH-
containing SCHLENK flask, cooled by an ice bath. The hydrogen gas was washed out through
the argon inlet. After the addition was complete, a solution of bromo iso butyryl bromide (1.4
mL in 50 mL THEF, 11 mmol) was added very slowly, still cooled by an ice bath. The reaction
mixture was allowed to stir for 20 minutes and was then quenched slowly (cooled by an ice
bath) by very slow addition of saturated NH4CI (wait between each drop until fuzzing
subsides) until no more effervescence was observed. The reaction mixture was then exposed
to air and the precipitated salts were filtered off through a Biichner funnel equipped with
filter paper. The THF was removed by help of a rotary evaporator and a crude NMR was
recorded. Flash column chromatography (silica gel, Ethyl Acetate: cy-Hexane, 1:10, Ry 0.32)
yielded product 92 as a clear oil (1.43 g, yield 30%)

ESI-MS: 434.17 needed. Found: 435.2 [M+H]"

"H NMR (700 MHz, DMSO) 6 5.79 (ddt, /= 18.2, 9.6, 6.6 Hz, 1H), 499 (d, /= 17.2 Hz, 1H), 4.93
(d, /=10.2 Hz, 1H), 4.79 (s, 1H), 4.00 (s, 2H), 3.92 (p, /= 11.3 Hz, 3H), 3.33 (d, /= 8.3 Hz,
5H), 2.32 — 2.26 (m, 3H), 2.01 (q, /= 7.2 Hz, 3H), 1.91 — 1.88 (m, 7H), 1.51 (q, /= 7.0 Hz,
3H), 1.33(q, /= 7.2 Hz, 3H), 1.25 (s, 11H), 0.91 (s, 3H).

BC NMR (176 MHz, DMSO) & 172.72, 170.51, 138.78, 114.59, 67.13, 65.28, 63.00, 57.30, 39.94,
33.12,28.37,28.19, 16.51.

FTIR: v max/cm™ 3518 (br.medium, alcohol), 2976 (alkane CH),2927(s, med. Alkane CH), 2855
(s, med.alkane CH stretching), 1731(s, strong, ester carbonyl stretch), 1640 (s, w,
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terminal olefin CH stretching), 1463 (s, med.alkane stretching), 1388 and 1371 (s, med.
Geminal dimethyl bending), 1272, (s, medium ester stretching), 1158 (s, strong, ester
stretching), 1108 (s, med.), 1055 (alcohol stretching), 1011, 992 (monosubstituted alkene
bending), 908 (monosubstituted alkene bending), 759, 722,

Hydrosilylation of ester 92

Br

Br
I OAH?\L
.0
0”0 si
/=0 0
HO Q
/\/\/\/\/\ .
0 X SiH(OEt); PtO,

j/f ; 96 (90%)
0”0 80°C, 40 h
Br
HO o
e o
0” o sii N
,~d o
HO &

92

97 (10%)

Haloester 92 (1.00 g, 2.46 mmol) and triethoxysilane (0.68 mL, 3.68 mmol) were added
to a dry SCHLENK flask under argon. PtO, (2.8 mg, 0.0012 mmol) were added in one portion
under a stream of argon and the mixture was heated to 80 °C with stirring. After 12 h, the
flask was cooled to room temperature and 10 mL hexane was added. The solution was filtered
through a plug of activated charcoal over a teflon filter paper to afford pure product 96 as a

clear 0il (1.47 g, quant.)
ESI-MS: needed: 598.25, found 553.3 [M-C,H;0)]

'H NMR: '"H NMR (700 MHz, CD,Cl,) § 4.15 — 4.09 (m, 2H), 4.05 — 3.98 (m, 2H), 3.90 — 3.79
(m, 8H), 3.73 (s, 1H), 3.69 (q, /= 6.8 Hz, 1H), 2.39 — 2.31 (m, 3H), 1.97 (d, J = 4.5 Hz, 6H),
1.68 —1.60 (m, 3H), 1.32(d, /= 15.0 Hz, 18H), 1.24 (dt, /= 10.9, 6.9 Hz, 14H), 1.05 (s, 2H),
0.92 (t, /= 7.0 Hz, 2H), 0.69 — 0.57 (m, 1H).

13C NMR (176 MHz, CD,Cl,) § 67.20, 65.28 (d, J = 41.5 Hz), 59.22, 34.13, 30.64, 29.27, 24.94,
17.85.
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FTIR: v max/cm™ 3499 (br.medium, alcohol), 2971 (alkane CH),2928(s, med. Alkane CH), 2854
(s, med, alkane CH stretching), 1739(s, strong, ester carbonyl stretch), , 1465 (s, med.,
alkane stretching), 1388 and 1368 (s, med., geminal dimethyl bending), 1269, (s,
medium ester stretching), 1161 (s, strong, ester stretching), 1101 (s, strong) 1076 (alcohol
stretching), 1013, 963, 855, 792

ATRP of NIPAM with DBU as ligand

0 H CuBr (1eq.) HN 0
DBU (4eq.)
N
A n_z - o
\I)ko /\[Or \|/ e — ~ .
Br 85°C, 24 h o n

NIPAM monomer was dried azeotropically with toluene and stored in a glovebox.
DBU and CuBr were purchased from Sigma Aldrich and stored in a glove box. In a glove box,
NIPAM (788 mg, 7 mmol, 100 eq.) and ethyl a-bromoisobutyrate (14 mg, 0.07 mmol, 1 eq.), dry
toluene (3 mL) and a stir bar were placed in a SCHLENK tube and sealed. The SCHLENK tube
was taken out of the glovebox, attached to SCHLENK line and immersed in an oil bath set to
85 °C. After five minutes, the catalyst stock solution (700 pL, CuBr 0.1M, DBU 0.4 M in toluene)
was added to the SCHLENK flask via syringe. The very pale green solution turned slightly
brown over the span of one day and the solution remained homogeneous. A sample was
drawn for recording a '"H NMR spectrum. '"H NMR showed that only negligible amounts of
unreacted NIPAM remained in the reaction mixture. The reaction mixture was then purified
by passing through a short alumina column and precipitated into ice cold methanol to yield

the white powdery polymer 100 (yield 600 mg).
GPC (in THF, vs PSt standards) Mn 2400 g.mol" Mw 8000 g.mol™ 3.33

'H NMR 'H NMR (300 MHz, CDCls) § 6.72 — 5.67 (m, 5H), 5.54 (d, /= 10.2 Hz, 2H), 3.96 (s,
117H),3.67(d, /= 6.3 Hz, 96H), 3.47 (s, 31H), 1.39 — 1.04 (m, 751H).

ROP of L-lactide with DBU

o._0 DBU (4 eq.)

OH U/i I CuBr (1 eq. spectator)
OO 0~ "0 toluene, dry
85°C, 24 h
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In a glovebox, L-lactide (500 mg, 3.5 mmol, 100 eq.) and pyrene butanol (10 mg, 0.035
mmol, 1 eq.), dry toluene (3 mL) and a stir bar were placed in a SCHLENK tube and sealed. The
SCHLENK tube was taken out of the glovebox, attached to SCHLENK line and immersed in an
oil bath set to 85 °C. After five minutes, the catalyst stock solution (700 pL, CuBr 0.1M, DBU
0.4M in toluene) was added to the SCHLENK flask via syringe. The very pale green solution
turned slightly brown over the span of one day and the solution remained homogeneous. A
sample was drawn for recording a 'H NMR spectrum. The reaction mixture was purified by

precipitation into ice cold methanol to yield the white flakey polymer 101 (yield 450 mg)
GPC (in THF ws PSt standards) Mn 4500, Mw 12600 PDI 2.81

'H NMR 'H NMR (300 MHz, CDCls) § 8.26 — 7.70 (m, 9H), 5.22 — 5.07 (m, 194H), 1.49 (q, J =
6.5 Hz, 615H).

Tandem polymerization of NIPAM and LLA with DBU as ligand and catalyst

Q LLA(n eq.), NIPAM(m eq.)
\‘)l\o/\/OH CuBr(1 eq), DBU (4 eq.)
toluene, dry

Br
90 °C, 20h

Exemplified for polymer 103. For all solvents and monomer equivalents, see summary
Table 5-8) In a glovebox, CuBr (1 eq.) and DBU (4 eq.) were combined in dry toluene to make
a 0.1M stock solution (with respect to CuBr). The stock solution was stored over molecular
sieves to ward off adventitious water and stored in a glovebox in darkness. NIPAM (135 mg,
1.0 mmol, 50 eq.), LLA (200 mg, 1.0 mmol, 50 eq.), initiator HBIB(200 pL of 0.1 M in toluene,
0.02 mmol, 1 eq) and toluene (3 mL) were combined in a SCHLENK flask equipped with a stir
bar. The SCHLENK flask was sealed, taken out of the glovebox and degassed via three freeze-
pump-thaw cycles. The reaction mixture was then frozen again and the catalyst stock solution
(200 pL of 0.1 M in toluene, 0.02 mmol, 1 eq.) was added onto the frozen solution and
submitted to another cycle of vacuum pumping. The monomer solution turned green upon
addition of the catalyst. The SCHLENK tube was then lowered into an oil bath set at the
required reaction temperature. After the prescribed time intervals, samples were drawn via
degassed syringe and a portion was set aside for 'H NMR analysis. The remaining portion

was diluted with THF and filtered through a syringe equipped with a 0.45 pm Teflon filter
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and containing a plug of neutral alumina gel to be submitted to GPC. After the determined
reaction time, the reaction vessel was submerged into a liquid nitrogen bath. The solution
was then diluted with THEF, filtered through a pad of alumina gel, precipitated into ice cold
methanol, and dried over a sintered glass filter and under reduced pressure to yield of a white

powdery polymer (240 mg).

GPC (in THF vs PSt standards) Mn 16800 g.mol'; Mw 62400 g.mol™; PDI 3.71

"H NMR: 'H NMR (300 MHz, CDCls) § 6.20 (d, /= 17.0 Hz, 2H), 6.02 — 5.84 (m, 1H), 5.55 (d, J
= 10.1 Hz, 2H), 5.09 (q, /= 7.1 Hz, 120H), 3.69 (d, J = 6.2 Hz, 22H), 1.79 (q, J = 4.1 Hz,
21H), 1.51(d, /= 7.1 Hz, 346H), 1.21 — 1.08 (m, 21H).

Table 5-8: Overview of reaction conditions for polymerizations 102-108

Entry Monomer 1 Monomer 2 Ligand Solvent Temp.
102° 100 eq LLA 100 eq NIPAM DBU 3 eq toluene 85°C
103 100 eq LLA 100 eq NIPAM DBU 3 eq toluene 85°C
104 100 eq LLA 100 eq NIPAM DBU 3 eq toluene 90 °C
105 50 eq LLA 50 eq NIPAM DBU 3 eq toluene 75 °C
106 100 eq LLA 100 eq NIPAM DBU 3 eq MeCN 75 °C
107 100 eq LLA 100 eq NIPAM PMDETA 1 eq toluene 90 °C
108 100 eq LLA 100 eq NIPAM DBU 3 eq DMF 90 °C
aATRP inititiator: EBIB and ROP initiator pyrenebutanol, 1 eq. each
Table 5-9: Overview over molecular weights and conversions for polymerizations above
by [ Time | Gomersion | Comorson® | Mnfheo e Mo’ | o
102 [ 20h | 100% 71% 15000, 6000 | 5300 16400 3.11
103 24h | 99% 44.% 27000 6700 20000 2.98
104 18h | 97% 7% 27000 4900 17200 3.50
105 20h | 99% 14% 13500 16800 62400 3.71
106 24h | 86% 58% 27000 10300 14200 1.37
107 23h | 100% 31% 27000 9900 26700 2.70
108 20h | 75% 16% 27000 4300 15700 3.65
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ATRP-ROP Tandem Polymerization with DBU as catalyst and PMDETA as ligand

LLA(n eq.), NIPAM (m eq. )
O CuBr (1 eq ), DBU (1 eq.)
\I)J\O/\/OH PMDETA ( 1eq)
Br toluene, dry

90 °C, 20h

Exemplified for polymer 107. In a glovebox, CuBr (1 eq.) and PMDETA (1 eq.) were
combined in dry solvent to form the catalyst complex as 0.1M stock solution in toluene. The
stock solution was stored over molecular sieves to ward off adventitious water and stored in
a glovebox in darkness. Monomers LLA (500 mg, 3.5 mmol,100 eq.) and MMA (400 mg, 3.5
mmol, 100 eq.), sacrificial linker (350 pL, 0.1 M in toluene, 1 eq.), DBU (350 pL, 0.1M in toluene,
1 eq.) and toluene (dry, 7 mL) were combined in a SCHLENK flask equipped with a stir bar. The
SCHLENK flask was sealed, taken out of the glovebox and degassed via three freeze-pump-
thaw cycles. The reaction mixture was then frozen again and the catalyst stock solution (350
pL, 0.1M, 1 eq) was added onto the frozen solution and submitted to another cycle of vacuum
pumping. The monomer solution turned green upon addition of the catalyst. The SCHLENK
tube was then lowered into an oil bath set at the required reaction temperature. After the
prescribed time intervals, samples were drawn via degassed syringe and a portion was set
aside for 'H NMR analysis. The remaining portion was diluted with THF and filtered through
a syringe equipped with a 0.45 pm Teflon filter and containing a plug of neutral alumina gel
to be submitted to GPC. After the determined reaction time, the reaction vessel was
submerged into a liquid nitrogen bath. The solution was then diluted with THF, filtered
through a pad of alumina gel, precipitated into ice cold methanol, and dried over a sintered
glass filter and under reduced pressure to yield the powdery, off-white polymer 107 (yield 700
mg).

GPC (in THF vs PSt standards) Mn 9900 g.mol™, Mw 26700 g.mol™, PDI 2.70

"H NMR (300 MHz, CDCls) 6§ 6.52 (d, /= 16.8 Hz, 23H), 6.25 (dd, /= 17.0, 10.2 Hz, 22H), 5.90 (s,
25H),5.79(d, /= 10.1 Hz, 21H),5.42 (p, /= 7.2 Hz, 59H), 4.41 (h, /= 6.7 Hz, 22H), 3.68 —
3.35 (m, 5H), 3.13 (s, 2H), 1.86 — 1.74 (m, 177H), 1.39(d, /= 6.6 Hz, 137H).
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ATRP-ROP with DBU as catalyst and ligand at RT with UV irradiation

0 LLA (neq.), MMA (meq.) g
\\)j\o/\/OH CuBr (1 eq.), DBU (4 eq)
Br

toluene, dry
RT, UV, 20h

Polymerizations with UV-irradiations were conducted according to a procedure
reported by WANG et al.”*, exemplified for polymer 110. For all solvents and monomer
equivalents, see Table 5-10. LLA (300 mg, 2.0 mmol, 100 eq.), MMA (200 mg, 2.0 mmol, 100 eq.)
sacrificial linker (200 pL,0.1M in toluene, 0.02 mmol, 1 eq.) and toluene (3 mL) were combined
in a SCHLENK flask equipped with a stir bar. The SCHLENK flask was sealed, taken out of the
glovebox and degassed via three freeze-pump-thaw cycles. The reaction mixture was then
frozen again and the catalyst stock solution of (200 pL, 0.1M w.r.t. CuBr in toluene, 0.02 mmol,
1 eq.) was added onto the frozen solution and submitted to another cycle of vacuum pumping.
The monomer solution turned pale green upon addition of the catalyst. The SCHLENK tube
was placed inside the UV reaction chamber equipped with a stirring plate and a window for
a UV lamp (365 nm, 6 W). The reaction mixture turned highly viscous within 3 h and within
8 h, the lower portion of the reaction mixture had solidified. After the prescribed time
intervals, samples were drawn via degassed syringe and a portion was set aside for 'H NMR
analysis. The remaining portion was diluted with THF and filtered through a syringe
equipped with a 0.45 pm teflon filter and containing a plug of neutral alumina gel for GPC.
After the determined reaction time, the reaction vessel was submerged into a liquid nitrogen
bath. The solution was then diluted with THF, filtered through a pad of alumina gel,
precipitated into ice cold methanol, and dried over a sintered glass filter and under reduced

pressure to yield a sticky polymer (350 mg)

GPC (in THF, vs MMA standards) Mn 9900 g.mol* Mw 16800 g.mol" PDI 1.69

H NMR (300 MHz, CDCI3) § 5.09(q,J = 7.1 Hz, 80H), 3.53 (s, 104H), 1.81 (s, 58H), 1.74 (s, 26H),
1.50(d,J = 7.0 Hz, 227H), 1.18 (s, 8H), 0.95 (s, 29H), 0.77 (s, 69H).

222



Experimental

Table 5-10: Summary table for UV-initiated polymerizations.

Entry Monomer 1 Monomer 2 Solvent Temperature
109* 100 eq LLA 100 eq MMA toluene 90 °C

110 100 eq LLA 100 eq MMA toluene RT, UV

111 100 eq LLA 200 eq MMA DMF RT, UV

112 100 eq LLA 200 eq MMA toluene RT, UV

113 100 eq LLA 100 eq MMA THF RT, UV

114 100 eq LLA 100 eq MMA toluene 95 °C

AATRP inititiator: EBIB and ROP initiator pyrenebutanol

Tandem Sn(Oct), (co-)catalyzed ATRP and ROP

0}
o CL (100 eq) DMAEMA (160 eq.) Br O/\’{'OM‘OH
~_OH CuBr.PMDETA (1 eq.), Sn[Oct], (2 eq.) 1do o 100
o toluene, dry o~ 0
Br 90 °C, 20h
NS

Exemplified for polymerization 127, for reaction conditions and monomer
equivalents, see Table 5-11. In a glovebox, a stock solution was made up for the PMDETA-
complexed CuBr catalyst (0.1 M, in dry toluene), linker HBIB(0.1 M, in dry toluene) and
stannous octoate catalyst (0.2 M, in dry toluene). Also in a glovebox, a dry SCHLENK flask
equipped with a stir bar was loaded with monomers CL (240 mg, 2.0 mmol, 100 eq.) and
DMAEMA (530 mg, 3.4 mmol,160 eq.), linker HBIB(200 pL, 0.1M, 0.02 mmol, 1 eq) and
toluene (2 mL). The SCHLENK flask was sealed, taken out of the glovebox and degassed via
three freeze-pump-thaw cycles. The reaction mixture was then frozen again and stannous
octoate solution (200pL, 0.1 M, 0.04 mmol, 2 eq.) and copper catalyst (200 pL, 0.1 M, 0.02 mmol,
1 eq) were added onto the frozen solution and submitted to another cycle of vacuum
pumping. The clear copper complex solution turned moss green upon freezing in the SCHLENK
tube. The SCHLENK tube was then lowered into an oil bath set at 90 °C, upon which the
solution turned bright blue. After a few minutes, the reaction mixture faded to a pale green.
After the prescribed time intervals, samples were drawn via degassed syringe and a portion
was set aside for 'H NMR analysis. The remaining portion was diluted with THF and filtered
through a syringe equipped with a 0.45 pm Teflon filter and containing a plug of neutral
alumina gel to be submitted to GPC. After the determined reaction time, the reaction vessel
was submerged into a liquid nitrogen bath. The solution was then diluted with THF, filtered
through a pad of alumina gel, precipitated into ice cold methanol or hexanes (as applicable),
and dried over a sintered glass filter and under reduced pressure. The polymer was isolated

as a white powder (500 mg).
223



Experimental

GPC: (in THF, vs MMA standards) Mn 7300 g.mol Mw 11600 g.mol™ PDI 1.59

'H NMR: (300 MHz, CDCls) 6 4.07 (t, /= 6.6 Hz, 40H), 2.61 (d, /= 6.9 Hz, 20H), 2.32 (dt, /= 7.3,
3.7 Hz,77H), 1.88 (d, /= 27.3 Hz,8H), 1.67 (ddq, /= 13.5, 8.5,4.9 Hz, 53H), 1.40 (q, /= 8.2

Hz, 27H), 1.07 (s, 8H), 0.91 (s, 15H).

Table 5-11: reaction conditions and monomer equivalents for tandem ATRP-ROP with Sn(Oct),.

Entry Monomer 1 Monomer 2 Temperature Solvent
115 LLA 100 eq MMA 100 eq 90 °C toluene
116 LLA 100 eq MMA 400 eq 90 °C toluene
117 CL 100 eq MMA 200 eq 90 °C bulk
118 LLA 100 eq NIPAM 100 eq 90 °C toluene
119 CL 100 eq MMA 200 eq 90 °C bulk
120 CL 100 eq NIPAM 100 eq 90 °C toluene
122 CL 100 eq - 90 °C bulk
123 - DMAEMA 100 eq 90 °C bulk
124 CL 100 eq DMAEMA 100 eq 90 °C bulk
125° CL 100 eq DMAEMA 100 eq 90 °C bulk
126 CL 200 eq DMAEMA 160 eq 90 °C bulk
127 CL 100 eq DMAEMA 160 eq 90 °C bulk

*4 eq. Sn(Oct),

224



Experimental

Table 5-12: Reaction times, conversions and polymer molecular weights of tandem polymerizations

with Sn(Oct),

Entry Time Conversion Conversion | Mn GPC | Mw GPC | PDI GPC
Monomer 1 | Monomer2 | gmol’ g.mol™
115 20h 100% 26% N.D. N.D. N.D.
4d 100% 48% N.D. N.D. N.D.
116 2h 66% 32% 9 800 13600 4.39
3h 81% 37% 10 600 40400 3.81
6h 87% 38% 10 500 38600 3.68
117 1h 5% 31% 5700 14300 2.50
3h 86% 35% 10 000 17300 1.73
6h 100% 38% 8 800 17300 1.94
118 2h 8% 8% 8 900 19300 217
3h 9% 7% 900 1000 1.09
4 h 15% 14% 900 1000 1.14
119 2h 8% 37% 850 950 1.14
3h 31% 39% 3500 9600 2.73
4 h 63% 41% 4 100 9100 2.22
120 2h 6% 18% 2 200 3200 1.45
3h 10% 18% 4 100 5500 1.35
4 h 19% 19% 7500 10100 1.35
122 1h 42% - 5500 6100 1.10
20 h 98% - 10 700 22600 2.11
140 1h - 44% 3000 6400 212
20 h - 64% 4 600 12700 2.75
26 h - 74% 6 000 14700 245
124 1h 15% 52% 2 700 4700 1.72
3h 72% 53% 6 800 9500 1.39
20 h 90% 72% 6 700 10700 1.60
1254 1h 22% 58% 2 000 3700 1.87
2h 34% 58% 2 600 4400 1.69
3h 54% 58% 4 100 5800 141
126 2h 21% 57% 9800 21600 2.20
6h 46% 61% 11100 20500 1.85
20h 85% 80% 9500 21800 2.29
127 2h 37% 51% 6000 8600 143
6 h 58% 56 % 7700 11100 1.44
20 h 74% 88% 7300 11600 1.59
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Tandem ATRP-ROP with additional ATRP deactivator

CL (100 eq.), DMAEMA (160 eq.)

e} CuBr, (0.1 eq), PMDETA (0.2 eq.) B 0 o
o~ OH CuBr/PMDETA (1 eq), SnOct, (2 q.). r o\~ OH
Br toluene, dry le) 0 100 % 100
90°C, 20h
NQ

In a glovebox, the monomers CL(1.6 g, 14 mmol, 100 eq) and DMAEMA (3.5 g, 22 mmol,
160 eq.) initiator HBIB(1.4 mL, 0.1 M, 0.14 mmol, 1 eq.), CuBr; (2.1 mg, 0.014 mmol, 0.1 eq.) and
toluene (7mL) were combined in a SCHLENK flask equipped with a stir bar. The SCHLENK flask
was sealed, taken out of the glovebox and degassed via three freeze-pump-thaw cycles. The
reaction mixture was then frozen again and the stannous catalyst solution (100 pL, 0.28 mmol,
2 eq.), CuBr/PMDETA (140 pL, 1M in toluene, 0.14 mmol, 1 eq.) and PMDETA stock solution
(280 pL, 0.1 M in toluene, 0.28 mmol, 0.2 eq.) were added onto the frozen solution and
submitted to another cycle of vacuum pumping. The SCHLENK tube was then lowered into an
oil bath set at 90 °C. After a few minutes, the reaction mixture took on an intense green hue.
After the prescribed time intervals, samples were drawn via degassed syringe and a portion
was set aside for 'TH NMR analysis. The remaining portion was diluted with THF and filtered
through a syringe equipped with a 0.45 pm Teflon filter and containing a plug of neutral
alumina gel to be submitted to GPC. After the determined reaction time, the reaction vessel
was submerged into a liquid nitrogen bath. The solution was then diluted with THF, filtered
through a pad of alumina gel, precipitated into ice cold methanol and dried over a sintered

glass filter and under reduced pressure to yield the faintly green powdery polymer 141 (3.50
g).

GPC (in THF, vs MMA standards) Mn 18600 g.mol' Mw 28900 g.mol! PDI 1.56

"H NMR (300 MHz, CDCls) § 6.06 (s, 1H), 5.51 (d, /= 1.9 Hz, 1H), 4.28 — 4.07 (m, 7H), 4.06 — 3.95 (m,
3H), 2.56 (dt, /= 12.8, 5.6 Hz, 8H), 2.32 — 2.17 (m, 17H), 1.89 (s, 3H), 1.83 — 1.74 (m, 6H), 1.74 —
1.67 (m, 8H), 1.58 (dd, /= 10.6, 4.9 Hz, 1H), 1.33 (h, /= 7.2 Hz, 1H), 1.02 (s, 20H).

Functionalization of Wafers

Silicone wafers with a 0.7x0.7 cm” square geometry were cleaned with acetone,
ethanol and THF by immersion in a beaker, covering with the respective solvent and placing
in an ultrasound bath. The slides were then placed in an ozone oven for 30 min, after which

they were transferred into a glovebox. In the glovebox, the wafers were immersed into a vial
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containing the stock linker solution (0.2 M in dry, degassed toluene). The wafers were not
dried themselves so as to allow the adsorbed water monolayers to catalyze the condensation
reaction. The wafers were allowed to rest in the solution for 24 h, while making sure that they
were fully submerged. After the prescribed time, the WAFERS were removed from the linker
solution and washed with dry toluene. The functionalized wafers were stored in a glass vial

covered with aluminum foil, in a glovebox.

ATRP-ROP on wafer

\N/

O, (0] O
; HO MOH
>H(o o 0 100
Br 10
(0] O (0] (0]

CL (100 eq.), DMAEMA (160 eq.)
CuBr/PMDETA (1 eq.)
SnOct2 (2 eq.)

0-si%0 toluene, dry si%0

U 90°C, 20h 0-SiF0,
7 5 ) \ q

>l PPN >si 0PN
0-Si<0 0-Si<0

Exemplified for polymerization 137. In a glovebox, monomers DMAEMA (520 mg, 3.2
mmol, 160 eq.), CL (240 mg, 2.0 mmol, 100 eq.), functionalized wafer (1 piece, 0.7x0.7 cm?),
sacrificial linker (200 pL. 0.02 mmol,1 eq.) and toluene (3mL) were combined in a SCHLENK
flask equipped with a small stir bar. The SCHLENK flask was sealed, taken out of the glovebox
and degassed via three freeze-pump-thaw cycles. The reaction mixture was then frozen again
and the stannous catalyst solution (200 pL, 0.2 M in toluene, 0.04 mmol, 2 eq) and
CuBr/PMDETA stock solution (200 pL, 0.1 M in toluene, 0.02 mmol, 1 eq) were added onto
the frozen solution and submitted to another cycle of vacuum pumping. The SCHLENK tube
was then lowered into an oil bath set at 90 °C. After a few minutes, the reaction mixture took
on a pale green hue. After the prescribed time intervals, samples were drawn via degassed
syringe and a portion was set aside for 'H NMR analysis. The remaining portion was diluted
with THF and filtered through a syringe equipped with a 0.45 pm Teflon filter and containing
a plug of neutral alumina gel to be submitted to GPC. After the determined reaction time, the
reaction vessel was submerged into a liquid nitrogen bath. The solution was then diluted with
THF, filtered through a pad of alumina gel, precipitated into ice cold methanol or hexanes (as
applicable), and dried over a sintered glass filter and under reduced pressure. The wafer was
taken out of the reaction vessel and placed in a beaker containing THF and a small stir bar.
Care was taken to avoid direct contact of the wafer with the stir bar. After 1 h, the THF was

replaced and the wafer was allowed to wash for another hour. This cycle was performed three
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times, with the final rinsing cycle conducted overnight. The wafer was then taken out of the
THF and allowed to dry on air at RT, ready for analyses. The dried polymer 137 was isolated
as fine white powder. (560 mg).

GPC (in THF, vs MMA standards) Mn 14000 g.mol' Mw 28000 g.mol! PDI 2.00

TH NMR: (300 MHz, CDCls) § 5.02 (s, 73H), 4.21 — 4.05 (m, 323H), 3.99 (t, /= 6.6 Hz, 21H), 3.56 (t, / =
6.7 Hz, 20H), 3.19 — 2.65 (m, 85H), 2.63 — 2.53 (m, 238H), 2.39 (d, /= 7.0 Hz, 47H), 1.81 — 1.73
(m, 180H), 1.61 — 1.47 (m, 63H), 1.40 — 1.26 (m, 46H), 1.00 (s, 22H), 0.91 — 0.78 (m, 74H).

Table 5-13: Monomer equivalents, molecular weights and molar fractions of tandem surface

polymerizations

Entry CL DMAEMA | My? Mw* PDI* Vi
128 20 20 5140 8600 1.68 0.40
129 100 - 15700 26800 1.71 0
130 - 100 6000 12600 2.10 1
131¢ 100 - 14400 28800 2.00 0
132¢ - 100 17100 37800 2.21 1
133 200 160 11900 23600 1.98 03
134 30 30 9 000 18000 2.00 0.5
135 100 160 7000 10900 1.56 0.5
136°¢ 200 200 10700 17800 1.66 04
137 100 160 14000 28000 2.00 0.5
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6.2 Index of Figures

Figure 1-1: Overview of selected Polymerization Mechanisms. 2

Figure 1-2: GPC traces contrasting the typical molecular weight distributions of
RP-derived polymer with a large dispersity and the much more narrowly distributed

RDRP-derived polymer (both polystyrene, reacted for the same time at the same temperature

and concentration, note the logarithmic scale) 5

Figure 1-3: Covalent brushes at impenetrable interfaces from one to three-

dimensional geometries. 11
Figure 1-4: Schematic representation of polymer chains tethered to a surface. Left:
densely grafted brush in a good solvent. Center: Polymer chain in a good solvent (mushroom).

Right: collapsed polymer chain in a bad solvent. 13

Figure 1-5: Overview of different polymer brush architectures that can be prepared
via surface-initiated controlled radical polymerization. (A) block copolymer brushes; (B)
random copolymer brushes; (C) cross-linked polymer brushes; (D) free-standing polymer
brushes; (E) hyperbranched polymer brushes; (F) highly branched polymer brushes; (G) Y-
shaped binary mixed polymer brushes; (H) standard binary mixed brushes; (I) molecular
weight gradient polymer brushes; (J) grafting density gradient polymer brushes; (K, L)
chemical composition gradient polymer brushes. Reproduced with permission from?®

Copyright ©2009 American Chemical Society. 14

Figure 1-6: Schematic representation of nanoscopic structures adopted by immiscible

mixed brushes. 15

Figure 1-7: Simulation results on mixed polymer brushes (MPBs) composed of two
incompatible polymers A (blue) and B (yellow). Top view and side view of MPBs with
increasing grafting density of B and fixed grafting density of A in (a) non-selective good
solvent and (b) selective solvent for B. The middle images represent equal grafting ratios of
two components. Top view and side view of MPBs with increasing chain length of B and fixed
chain length of A in (c) non-selective good solvent and (d) selective solvent for B. The middle
images represent equal chain lengths of two components. (Reproduced with permission from

Reference”, Copyright 2009, American Chemical Society) and *. 16

Figure 1-8: Phase diagram as a function of incompatibility (x) and solvent selectivity
(). Reproduced with Permission from '*. Copyright 2002 American Physical Society....... 18
Figure 1-9: Comparison of comb and bottlebrush molecular architectures and chain
conformations. Scaling of backbone length between grafis (Ly) and side chain diameter (Dsc),

are shown for each case. (A) At low grafting densities the graft polymer has a comb
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conformation where the backbone and side chain are both unperturbed Gaussian coils (B) At
high grafting densities, the grafts and backbone are extended. Reproduced with permission

from"®. Copyright © 2018, American Chemical Society 21

Figure 1-10: AFM micrographs showing four of the possible conformations adopted by
molecular bottlebrushes after deposition on surfaces. (a) spontaneous curvature (b) ribbons,
(c) cylindrical (repulsion between desorbed side chains), and (d) globular (attraction between
desorbed chains). Reproduced with persmission from'". Copyright © 2008 Elsevier Ltd.......22

Figure 1-11: Structural variations of molecular BBs. Reproduced with permission

from'® Copyright © 2019, American Chemical Society 23

Figure 2-1: graphic representation of simultaneous backbone and sidechain

polymerization 34

Figure 2-2: "H NMR spectrum of SIMes (bottom), Grubbs-II (top) and their mixture
after 2 h incubation under inert atmosphere (middle). All spectra recorded at RT with a
250 MHz spectrometer in toluene-ds, 38
Figure 2-3: '"H NMR spectrum of NBM (bottom), LLA (top) and their mixture after 2 h

incubation under inert atmosphere (middle). All spectra recorded at 250 MHz in toluene-ds

42

Figure 2-4: GPC traces of Test homopolymerizations 1-4 in THF versus PSt standards.
44

Figure 2-5: "H NMR spectrum of LLA (bottom), Grubbs-II (top) and their mixture after
2 h incubation under inert atmosphere (middle). All spectra recorded at 250 MHz in toluene-
ds. 45
Figure 2-6: '"H NMR spectrum of SIMes (bottom), NBM (top) and their mixture after

2 h incubation under inert atmosphere (middle). All spectra recorded at 250 MHz in toluene-

ds. 46

Figure 2-7: GPC traces of polymers isolated from simultaneous tandem grafting of
NBM and LLA with SIMes and Grubbs-II at RT. Elution medium THF versus PSt standards.
50
Figure 2-8: Representative 'H NMR spectrum of 7 recorded in CDCls with a 300 MHz

spectrometer. Characteristic olefin signals associated with closed ring structure highlighted

(a) 50

Figure 2-9: GPC traces in THF versus PSt standards of polymers synthesized through

simultaneous tandem grafting with spacers. 52

Figure 2-10: GPC traces of homopolymerizations of NBM with different metathesis

catalysts, in THF versus PSt standards. 55
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Figure 2-12: Comparison of '"H NMR spectra of commercial NBM monomer with a
distribution exoendo ratio of 1:2 (top) and the synthesized monomer exo-NBM with a

exo:endo ratio of 3.5:1 (bottom). Recorded in CDCl; at 300 MHz 59

Figure 2-13: Simultaneous tandem grafting of exo-enriched NBM led to multimodal

distributions. GPC traces in THF versus PSt standards. 61

Figure 2-14: '"H NMR spectrum of norbornenyl monomer HONDC recorded with a

700 MHz spectrometer in in toluene-ds. 63
Figure 2-15: Representative '"H NMR spectrum of homopolymer 31 in DMF-d; and
HFIP (0.1% V/V) recorded on a 700 MHz Spectrometer 64
Figure 2-16: '"H NMR spectrum (700 MHz, toluene-ds) of monomer-DTT adduct

HONDC at RT. 67
Figure 2-17: Representative '"H NMR spectrum of PLLA initiated by monomer HONDC

recorded in toluene-ds at a 700 MHz spectrometer. 69

Figure 2-18: DOSY 'H NMR of inimer HONDC-initiated PLLA, polymerized by the
NHC DTT. Spectrum recorded in CDCls at a 700 MHz spectrometer. 70
Figure 2-19: /n-situ "H NMR spectra of DTT mediated ROP of L-lactide in toluene-ds

at 85 °C recorded at a 500 MHz spectrometer. Inserts show the alkene signal of initiator at

5.90 ppm (left) and PLLA methine signals increasing at 5.12 ppm (right). 71

Figure 2-20: GPC traces of one-pot, two-step polymerizations detailed in Table 2-10.

BBs 44-46 show a small amount of late-eluting polymer. 72

Figure 2-21: Linear relationship between Targeted DP of MMs (i.e. ratio of MM to
initiator employed) and molecular weights of BBs. Squares for MMs with 5 units of LLA,
circles for 10 units of LLA and triangles for 20 units of LLA. Lines indicate linear fits........... 73

Figure 2-22: Representative 'H NMR spectrum of bottlebrush synthesized from L-
lactide and backbone monomer HONDC, recorded in toluene-ds on a 700 MHz spectrometer.

74

Figure 2-23: Representative GPC elution trace of 51 in DMF versus PSt standards,
showing the narrowly distributed major fraction and a late-eluting minor fraction of a second

population 77

Figure 2-24: DOSY '"H NMR showing the single diffusion coefficient associated with
all polymer signals. Spectra recorded in toluene-ds at a 700 MHz spectrometer. Signals

marked with asterisk are solvent-derived. 78

Figure 2-25: GPC traces of one-pot, on-step simultaneous polymerizations 47-52, in

DMF versus PSt standards, showing narrowly distributed polymeric products. ... 79
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Figure 2-26: overlaid '"H NMR spectra of bottlebrush polymer 53 measured at varying
temperatures from 298 K to 363 K in DMF-d; at an 850 MHz spectrometer. Temperature-
induced shift could be observed for DMF and H,O, while peak shapes and positions of both

backbone and side chains remained constant. 80

Figure 2-27: Left: integrals of backbone methine peak (5.39 ppm to 596 ppm, black
squares) and side chain integral (4.89 ppm to 5.34 ppm, red circles) as a function of

temperature. Right: relative peak intensity of side-chain to backbone integrals as a function

of temperature. 81

Figure 2-28: DOSY 'H NMR of simultaneously polymerized bottlebrush 69 recorded

in CDCls at a 700 MHz spectrometer. 84

Figure 2-29: Linear correspondence of molecular weight of bottlebrush on monomer:
initiator ratio employed for 10 equivalents of L-lactide (light squares) and 5 equivalents of L-
lactide (dark squares. linear fits show strong linear dependence at low DP’s. At higher DP’s
linear fit and experimental data diverges, indicating lack of control. Corresponding

dispersities plotted on the same graph (circles). 85

Figure 2-30: In-situ 1H NMR in toluene-d8 at 298K of tandem process. Olefin peak at
5.85 ppm of monomer HONDC decreases (window left) as polymeric HONDC olefin peak at 5.87
ppm increases. polymeric L-lactide methine peak at 5.07 ppm increases simultaneously
(window right). Proving the simultaneous nature of the process. The spectra were recorded by

Dr. Manfred Wagner. 86

Figure 2-31: Kinetic plots of tandem polymerization. Left: concentration of L-Lactide
monomer (black) with linear fit showing the rapid decrease in monomer during initial
reaction stages followed by an equilibrium range due to monomer solubility and product
concentration (red) showing rapid polymerization in the beginning and pseudo zero-order
kinetics in later stages of the reaction. Right: half-logarithmic plot of conversion of HONDC
monomer with reaction time with two distinct linear fits showing biphasic behavior...... 87

Figure 2-32: Schematic representation of potential intramolecular side chain
distributions all resulting in the same number average molecular weight of molecular brush.
Left: low dispersity of individual side chains, center: statistical incorporation of high dispersity
side chains, maximizing side chain degree of freedom and right: preferential ROP in solution
rather than at the growing backbone leads to conical shaped molecular brushes.......... 89

Figure 2-33: AFM micrographs of 86 on a freshly cleaved mica wafer. a) and c)
topography, color legend 1.5 nm, b) phase, color legend 15.2 ° and d) phase, color legend 5.2 °.
90

Figure 2-34: GPC traces of molecular bottlebrush 86 and its depolymerization product

87 Elution in THfversus polystyrene standards 92
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Figure 2-35: MALDI-ToF mass spectrum of depolymerized brush 87........ue. 93
Figure 3-1: Schematic illustration of different synthetic routes. (a) Step-wise “grafting
to” of individual homopolymers, (b) “grafting to” of Y-shaped diblock copolymers, (c) step-wise
“grafting from” via surface-initiated free-radical polymerization (SI-FRP) using non-selective
initiators, (d) “grafting from” via SI-RDRP using Y-shaped bifunctional initiators , and (e)
“grafting from” via surface-initiated reversible-deactivation radical polymerization (SI-RDRP)
using two disparate co-deposited initiators. Reproduced with permission from ... 97
Figure 3-2: Schematic representation of simultaneous surface grafting concept. In a
first step, a self-assembled monolayer (SAM) of the trifunctional, dual initiator is immobilized

on a surface (left). In a second step, the two monomers are added to the reaction mixture and

polymerized with the help of suitable catalysts (right). 100
Figure 3-3: '"H NMR spectrum of diol 90 isolated via column chromatography,
recorded in DMSO-ds at a 700 MHz spectrometer 104

Figure 3-4: Three-dimensional model of diol 90 showing the intramolecular hydrogen
bonding interactions, stipulated to discourage single acylation. 106

Figure 3-5:'"H NMR of spectrum of bifunctional initiator 92 in DMSO-dsata 700 MHz

spectrometer. 107
Figure 3-6: TH NMR of bifunctional anchor 96 in DCM-d2 ata 700 MHz spectrometer.

108

Figure 3-7: FTIR spectra of a) diol 90, b) haloester 92 and c) linker 96.........crucces 109

Figure 3-8: XPS plots of A) survey of clean reference wafer, B) survey of immobilized
linker 98 C) high resolution C1s region of clean wafer D) C1s region of immobilized linker 98
with prominent carbonyl shoulder, E) Brils region of reference wafer showing background
noise only and F) Br3d region of linker wafer 98 showing weak signal of characteristic signal

of bromine. 112

Figure 3-9: Contact angle measurement of water on reference wafer (top two images)
revealed a contact angle of 79.9° + 0.2°. The linker modified wafer 98 (bottom two images) had
a contact angle of 92.7° + 0.8°. 113

Figure 3-10: GPC trace of LLA test polymerization 101 (tan), NIPAM test
polymerization 100 (turquois) and test tandem polymerization 102 (blue). THF was used as
eluent and calibrated using a PMMA standard curve. 120

Figure 3-11: DOSY '"H NMR of 102 showing the diffusion coefficients of the PLLA

(solid line) and PNIPAM polymers (dashed line) respectively. Arrows indicate initiator signals.
121

Figure 3-12: Representative GPC traces of simultaneous polymerizations. The eluent

was THF for all measurements, using a PMMA calibration curve. 126
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Figure 3-13: GPC traces of test tandem polymerizations 114, 118 and 116. GPC eluent
was THF and calibrated against PMMA standards. 135
Figure 3-14: GPC traces of test tandem polymerizations yielding the P(CL)-b-P(MMA)

copolymer 117 (in blue), PCL homopolymer 121 (in turquois) and PCL-b-PNIPAM
homopolymer 120 (sand color). GPC eluent was THF and calibrated against PMMA standards.

137
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Figure 3-17: DOSY 'H NMR of simultaneously polymerized PDMAEMA-PCL block
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Figure 7-1: Negative ion channel ToF-SIMS spectra of sample wafer 128 (blue) and reference wafer 129
(red), 130 (green) and 98 (black) from 0-800 u.
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Figure 7-2: Positive ion channel ToF-SIMS spectra of sample wafer 128 (blue) and reference wafer 129
(red), 130 (green) and 98 (black) from 0-800 u.
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