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Abstract

The main aim of the research presented in this thesis is the exploration of synthesis and
characteristics of precision polymers, drawing inspiration from biopolymers to create
materials with novel functionalities and advanced properties via Reversible deactivation
radical polymerization (RDRP) methods. In the work presented here, this is achieved by (1)
Introducing nucleobase functionalities as smart side chains in the polymeric structure to
mirror advanced functions of nucleobase pairing and (2) creating monodisperse
oligomers/polymers by combining controlled radical polymerization with chromatography
and click chemistry. Another branch of RDRP techniques, iniferter polymerization in
synthesizing prodrug polymer conjugates with well-controlled structures, is studied in the

fourth chapter.

In the first part, nucleobase functionalized amphiphilic block copolymers (BCPs) are
synthesized successfully via reversible addition fragmentation chain transfer (RAFT)
polymerization and self-assembled in agueous media using a custom-built tubular micro-
reactor with a static mixing tee. Depending on the nucleobase used, nanostructures ranging
from about 35-230 nm are observed, and upon mixing, complementary nucleobase
functionalized BCPs, intermediate hydrodynamic diameter to its parent BCP is observed.
Further tuning of the size was studied by changing the block length of the nucleobase-
containing block, achieving spherical to worm-like nanostructures upon increasing the
nucleobase-containing block from DP 25-60. The thermal stability of these structures is also
analysed at 40 °C and 80°C. Therefore, this study gives guidelines for the targeted synthesis
of nucleobase-containing nanoparticles with high tunability and under well-reproducible

synthesis conditions.

The second part presents the synthesis and characterization of discrete oligo methyl
acrylates via controlled radical polymerization methods combined with chromatography and
click reactions. Narrow-dispersed methyl acrylate is first synthesized via RAFT and single-
electron transfer-living radical polymerization (SET-LRP) polymerization methods. Flash
column chromatography is equipped to separate discrete oligomers up to DP 10 from crude
dispersed polymer mixture. Achieving high chain lengths by these methods is highly tedious,
and in this study, click chemistry approaches are being considered to reach chain lengths
above a degree of polymerization of 10. A discrete 20-mer is obtained by successful

passerini-3-component reaction, and Cu-catalysed azide-alkyne reaction between end



group modified SUMIs from RAFT pathway and modified SETLRP Pathway. Click reactions
between SUMIs via the RAFT pathway and SET-LRP pathway, however, showed
unexpected challenges.

Finally, the iniferter polymerization for synthesizing well-controlled, efficient prodrug polymer
conjugates containing tafenoquine (TQ) is studied to reduce the risk of hemolytic anemia.
BCP architectures are developed incorporating Poly (ethylene glycol) methyl ether
methacrylate (PEGMA 950) and 2-(methylsulfinyl) ethyl methacrylate (MSEMA) to enhance
water solubility, N-acetylgalactosamine ethylmethacrylate (GN-HEMA) to aid targeted
delivery to the liver, and TQ containing monomers VCTQ and SVATQ. The water solubility
and drug loading are tested, and pharmacokinetics studies are only carried out for two BCP
architectures synthesized, [GN-HEMA16-MSEMA4]-b-VCTQ (-3 and GN-HEMA2o-b-
SVATQs-4) both showing high TQ concentration in liver and low TQ concentration in plasma

showing promising results for clinical applications.
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Chapter 1

1.1 Polymers

Polymers represent the backbone of modern materials science: a remarkable class of substances
that have transformed the way we live, work, and innovate. They are ubiquitous in our daily lives,
shaping everything from the plastics we use, and the textiles we wear, to the intricate biopolymers
that comprise our very DNA. Polymers, derived from the Greek w o r dpdlg' (meaning many) and
"meros" (meaning parts) are composed of repeating units, or monomers, linked together in long
chains bearing molecular weights ranging from a few hundred to as high as millions of g@nol™?.
Natural polymers comprise DNA, protein, starch, and cellulose and make up most of the structures
of life on Earth. On the other hand, synthetic polymers are now one of the most successful and useful
classes of materials, possessing a wide range of physical and chemical properties. Synthetic
polymers can be categorized into covalent, non-covalent, and coordination polymers. Covalent
polymers involve the formation of robust covalent bonds, creating a stable and interconnected
network. These polymers often possess high strength, stability, and thermal resistance. Non-
covalent polymers also referred to as supramolecular polymers, are created through weak
interactions like hydrogen bondi ng, van der Wdalsd afckn evgs, I omr contr :
bonds, these interactions are reversible, enabling the development of dynamic and responsive
materials. Coordination polymers form a distinct class, established through coordination bonds,
typically featuring metal ions or clusters as nodes and organic ligands as linkers. The resulting
structures often exhibit a porous framework and can showcase unique properties, including high
surface areas and catalytic activity. Metal-organic frameworks (MOFs) represent a notable subclass
of coordination polymers, finding applications in areas such as gas storage, separation, and
catalysis. While these diverse types of polymers have revolutionized the materials world, ongoing

research continues to uncover new possibilities and advancements in this field.*®

These ubiquitous materials have a rich history dating back to ancient times, although their full
potential was not realized until modern times. The earliest encounters with polymers involved natural
substances like rubber and silk, which were used by ancient civilizations. The Mesoamericans and
indigenous peoples of South America utilized rubber from latex and the Chinese were cultivating
silkworms and weaving silk as early as the 18" century.® These natural polymers fascinated early
societies but were limited in terms of application and scalability. The early 20th century saw
significant advancements in polymer synthesis where Hermann Staudinger's pioneering work laid
the foundation for understanding polymers as macromolecules, and he was awarded the Nobel Prize
in Chemistry in 1953 for his contributions.” With the pioneering efforts of him and countless others

polymer synthesis has progressively integrated themselves to the state of the art that is today.

All the polymerization methods out there to produce well-defined polymeric structures can be

categorized into two main methods namely step-growth polymerization and chain-growth
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polymerization. Step growth polymerization also often known as condensation polymerization
proceeds by the stepwise reaction between functional groups of monomers eliminating small
monomers such as water. It proceeds from monomer to dimer, trimer, tetramer, and so on and the
size of the polymer increases only a little until high conversion is reached. In contrast, chain growth
polymerization consists of three different stages, initiation, propagation, and termination where an
initiator is used to generate a reactive center. This reactive center could be either a free radical,
cation, or an anion. Among the various synthetic approaches, chain-growth polymerization,
particularly radical polymerization, stands out as the most widely used method in industrial settings.
Initially, an initiator molecule splits into free radical fragments when subjected to heat or light. Next,
the polymerization is pursued by the propagation of the reactive radical center by the successive
addition of a large number of monomers in a chain reaction. In chain-growth polymerization, high
molecular weights are obtained at very early stages of the polymerization process. The growth of
the polymer chain comes to an end when the reactive center is destroyed by one or more possible
chain-breaking reactions. Bimolecular termination and disproportionation are unavoidable in radical
polymerizations and restrict the lifetime of propagating radicals.® Figure 1.1 shows a schematic

representation of the different stages of free radical polymerization.

Initiation Heatflight . Propagation
-1 — 2] .
-M— I-P,
I’ —_— I-M’
Termination
Combination I-P, + I-P, ———> |—P,-P,,—I
Disproportionation  1-P,, + I-P,, ——> I—P,—H + I—P,—=

Figure 1.1: Schematic representation of the different stages of radical chain-growth polymerization
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1.2 Controlled living polymerizations

Chain polymerizations without termination reactions are referred to as living polymerization systems
and this concept has expanded the boundaries of synthetic polymer chemistry enormously. From a
theoretical standpoint, achieving a truly "living" polymerization system necessitates that the rate of
initiation surpasses the rate of propagation. This, however, imposes more rigorous reaction
conditions. From a practical perspective, this can only truly be achieved for ionic polymerizations.
Radical bimolecular termination is unavoidable and hence the idea of a controlled radical
polymerization was developed where termination reactions are suppressed or reduced

inconsequently resulting well well-defined polymers with narrow molecular weight distributions.®
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Figure 1.2: A plot showing molecular weight vs percent conversion for step growth, chain growth,

and living radical polymerization techniques

In conventional radical polymerization systems, the lifetime of a propagating radical is exceedingly
brief, typically lasting less than a second or at most, just a few seconds. This fleeting existence is
primarily attributed to the inherent bimolecular termination reactions that occur in such systems.
Significant advancements have been achieved in the precise synthesis of polymers, particularly
through living polymerization. Living polymerization is characterized by the suppression of all side
reactions that cause termination. By preventing termination, polymer chains can be extended
indefinitely and grow more uniformly, resulting in polymers with accurately tailored molecular weights

and molecular weight distribution.

Since the 1980s, research has shown that certain chemical substances can engage in a reversible
interaction with polymer chain carriers.'® This reversible nature means that the propagation phase
of a polymer chain can be extended for several hours or longer through the introduction of dormant

states for the propagating species. This ensures that the majority of the polymer chains remain

Aliingdo. At any point, only a |imited number of

c ha
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polymer and most are in a non-reactive (dormant) state. As a result, all chains grow at a constant
rate, provided that the chain transfer between active and dormant states is quick relative to the rate
of chain growth. This is achieved by either reversible termination or reversible transfer. Although
these methods were often referred to as living radical polymerization or controlled radical
polymerization in 2010, IUPAC suggested adopting the term 'reversible-deactivation radical

polymerization" (RDRP).!!

Living radical polymerization techniques such as Nitroxide Mediated Radical Polymerization (NMP)
and Atom Transfer Radical Polymerization (ATRP) proceed by reversible termination while
Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization proceeds with reversible
degenerative transfer. In Living radical polymerization techniques such as NMP and ATRP,
reversible deactivation of propagating macroradicals is employed to maintain a low concentration of
radicals, which helps minimize bimolecular termination and other side reactions. However, merely
having a low radical concentration is not enough for a successful living polymerization. It also
requires the internal suppression of rapid reactions through the persistent radical effect or another
mechanism to mediate the equilibrium between dormant and active species. The equilibrium
constant between the propagating radical and dormant species determines the living characteristics
of ATRP and NMP systems. Generally, the concentration of the propagating radical should be
adequate to reach a reasonable propagation rate but not too high that bimolecular termination
becomes vital.'? Figure 1.3 depicts the general pathway for reversible termination. On the other
hand, in degenerative transfer systems such as RAFT the concentration of active radicals remains
the same by the use of a chain transfer agent. ¥ ™ results in an equilibrium between dormant
polymer chains and propagating radicals. As this thesis primarily centres on RAFT polymerization
and SET-LRP (Single Electron Transfer-Living Radical Polymerization), a comprehensive

explanation of these polymerization mechanisms will follow in subsequent sections.

- Reactive Stable
Initiator Radical Radical
IRAYA . .
R I < R + Z
RM,, Propagating radical
Bimolecular Termination RM;—z2

Dormant species

Figure 1.3: General pathway for reversible termination
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1.2.1 Reversible addition -fragmentation chain transfer ( RAFT) polymerization

The RAFT process, introduced in 1998, has emerged as a highly versatile and influential
polymerization technique, allowing the synthesis of intricate polymeric structures.!* > Operating as
controlled radical polymerization, RAFT merges the traits of living polymerization with the flexibility
inherent in radical processes, resulting in polymers characterized by predictable molecular weights,
narrow dispersity, precise end-groups, and the ability for consistent chain extension. The RAFT
mechanism is based on the equilibrium of an active species and a dormant species, and the dormant
species is achieved by the degenerative transfer mechanism which keeps the total number of
radicals during activation and deactivation a constant. A chain transfer agent (CTA), mostly a
thiocarbonylthio (Zi C(8S) Si R) group with a free radical leaving group R and a stabilizing group Z

maintains the controlled living nature of the system. The mechanism of RAFT is as follows:

o A .
Initiation I — 1
Propagation "+ M — P,

Pre-equilibrium

S S
P+ SYS\R Pn/SYS\R — P \f . R

Z Z z
Propagation R+ M — P,
Main equilibrium
S S S.-_S S S
Pm * Y Py === Pu YR, == Py \]& . P,
Z Z 4
Termination " + R + P, + pm'

Figure 1.4: Representative mechanism for thermal RAFT polymerization

As shown in the initiation phase initiator radicals react with the monomer to form a growing polymer
chain. Instead of reacting with more monomer or terminating the growing polymer chain reacts with
the RAFT agent forming an Intermediate/chain transfer equilibrium. In this step, the R group leaves

as a radical which can simultaneously react with free monomer (reinitiation). In the propagation step

6
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a main equilibrium is achieved through the continual addition and fragmentation of growing chains
onto the CTA. For an effective process, the rate of the addition/fragmentation equilibrium should
exceed the rate of propagation, ensuring that fewer than one monomer unit is added per activation
cycle. This results in all chains having a similar degree of polymerization (DP) at any given time. The
starting end of a polymer chain is referred to as the U e gralip, while the terminal end is referred
t o as enhdhgeoupxThe overall propagation process in RAFT mechanism involves inserting
monomers betweenthe R-andZiC( ©9SgrSoups of a RAFT agent, which L

groups of most of the resulting polymeric chains.

However, it's important to note that the quantity of radicals is influenced by the initial initiator
concentration. In the LRP process, the number of chains undergoing bimolecular termination is
directly related to the number of radicals initially introduced into the system by the decomposition of
a radical initiator during the initiation phase. However, unlike reversible deactivation systems such
as ATRP and NMP, a bimolecular termination event in RAFT polymerization does not result in the

|l oss of a | i v i-eng thiocarhoayilthio gmup)d Cofiseduentlythe number of chains

with the thiocarbonylthio end-group remains constant throughout the polymerization, regardless of

the extent of termination. This allows for the prediction and control of the number of dead chains by

managing the number of radicals introduced into the system. When using thermal initiators, such as

diazo or peroxide compounds, the humber of dead chains in a RAFT polymer can be determined

based on the number of initiators that have decomposed over the course of the reaction. While
termination processes do take place, they are significantly less frequent compared to free radical
polymerization. Therefore, at the end of polymerization there can be chains with and without the
thiocarbonylthioend-g r o u p  adnd. Addigonakty depending on the nature of initiation there can
beinitiator derived U end groups Typioatly, tchheailhserndidri
distribution of RAFT polymerization can be determined by RAFT agent to initiator ratio. For each

initiator molecule that decomposes efficiently, two radicals are generated. These radicals will
eventually undergo extended chain transfer events
ends. Additionally, two initiators derived "I" end groups are formed, competing with the reinitiating R

groups from the initial RAFT agent. Consequently, if 1 mol % of a conventional initiator decomposes

during the polymerization, then potentially 2% of the resulting polymer chains will carry an | group
instead of an R gr oThepR geotp dbel rot ditectly affedt thé livingness of
polymerizations but plays a significant role only when it functions as a carrier to introduce specific
functionalities to the alpha chain end.6-17

Reducing the initiator concentration in RAFT polymerization is therefore the key to optimize the living
character and this can be achieved without compromising rate of polymerization. Since the number
of dead chains is solely determined by the number of radical species generated from the initiator,

regardless of monomer conversion, block copolymers can be synthesized with 100% monomer
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conversion. This is particularly advantageous for block copolymer synthesis. Although introducing
an initiator for each chain extension results in the formation of a small amount of homopolymer
chains due to new initiating species, the exact number can be calculated from the amount of initiator
introduced, allowing it to be kept low. In a study by Junkers and coworkers, it was shown that
maintaining the initiator ratio at around 1 mol % relative to the RAFT agent leads to very high average
livingness in the resulting polymers. After adding the third block, an average livingness of 96% was
observed, aligning well with theoretical calculations. When using 10-fold higher concentrations of
AIBN, this number decreased to 85%. For 1 mol %, the R, Z-pure polymer percentage was 90%,

while for 10 mol %, only 70% purity was observed.®

1.2.1.1 RAFT agent selection

The success of RAFT polymerization relies on

addition than the C®C bond of the monomer. T-h i

and R-groups. The Z-group primarily determines thereacti vi ty of the C9S
addition and the stability of the intermediate radical, which must be considered relative to the

reactivity of the propagating radical.'®

Monomers with their vinyl group conjugated to a double bond, an aromatic ring, a carbonyl group, or
a nitrile, known as "more activated monomers," produce relatively stabilized radicals. Therefore,

these monomers require a Z-group that aids in stabilizing the intermediate radical to favor radical

ensur

addition to the C®S bond. A s -allyl) or dithiobkenzoatest(Z 5 Rhh i oc af

CTAs are typically used to control the polymerization of these monomers. On the other hand,
monomers with a double bond adjacent to oxygen, nitrogen, halogen, sulfur lone pairs, or saturated
carbons, known as "less activated" monomers, produce less stable intermediate radicals. These
monomers require Z-groups like xanthates (Z = O-alkyl) or dithiocarbamates (Z = N-alkyl) to favor
the fragmentation of the propagating radical, as more stable intermediates can hinder
polymerization. In recent history switchable RAFT agents which are compatible with both the above-

mentioned monomer classes have been introduced.*®?!

The R-group plays a more subtle role in RAFT polymerization, influencing the process through (1)
radical addition to the CTA, (2) subsequent fragmentation of the intermediate formed, as the R-group
needs to be a good leaving group to fragment efficiently, and (3) propagation, as the R-group must
rapidly reinitiate propagation to ensure all chains begin simultaneously, achieving a narrow molecular
weight distribution. The R-group must form a radical that is stable enough to be generated but
reactive enough to add to a monomer. Typically, effective R-groups mimic monomer radicals or

thermal initiators such as AIBN.
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The thiocarbonylthio group is versatile and can be used for polymer chain end functionalization or
removed for certain applications. It can act as a masked thiol, and its reduction to a thiol, either by
hydrolysis or aminolysis, allows for various nucleophilic or radical functionalization. This reduction
process is one of the most common end-group functionalization in RAFT polymers. However, careful
control of reaction conditions is necessary to avoid side reactions, such as disulfide bridge formation
between polymer chains or, in the case of poly((meth)acrylate)s, backbiting of the thiol moiety on the

ester pendant group of the repeating units, leading to thiolactone end-groups.?? 2

Since its initial report in 1998, RAFT polymerization has rapidly gained significant attention from both
academic and industrial sectors. Almost two decades later, the RAFT technique has evolved into a

straightforward method for creating complex and functional materials.

1.2.2 Single electron transfer -living radical polymerization (SET -LRP)

Single Electron transfer (SET) processes have a long tradition in biology and electrochemistry but
only gained importance in polymer chemistry recently to approach the complexity and fidelity of
macromolecules via synthetic processes.?*The precise structure of biological macromolecules arises
from condensation polymerizations that are both enzyme-regulated and template-directed. In
contrast, free-radical polymerization, rather than condensation polymerization, is the predominant
method used in both industrial applications and academic research. This preference is largely due
to the wide variety of compatible unsaturated monomers and the relatively mild reaction conditions.
Since radical polymerization is typically governed by kinetics, achieving the precise monomer
seguence control seen in biological polymerization is often not feasible. To address this, controlled
living radical polymerization techniques, such as RAFT and ATRP, have been developed as
discussed in section 1.2. These techniques allow for the precise control of molecular weight and
molecular weight distribution, enabling the creation of polymers with perfect structural fidelity. %
Originating as a subset of ATRP, SET-LRP enables precise control over polymer chain growth, with

the added advantage of better tolerance towards oxygen and minor impurities compared to ATRP.?’

In SET-LRP, it is proposed that dormant chains are converted into propagating radicals via a
heterogeneous outer-sphere electron-transfer (OSET) mechanism. Specifically, a transition metal
catalyst is used to control the formation of radicals from a dormant state, thus enabling controlled
polymerization. The mechanism of SET-LRP can be viewed as a complex system, given that it is
influenced by various "environmental conditions,” such as solvent polarity, the nature of the ligand,
and its concentration.?® In SET LRP Cu(0) and Cu(l)X are widely used as catalysts. Zerovalent
metals like Cu (0) and Cu(l)X inherently act as outer-sphere electron donors since they do not

strongly interact with electron acceptors. These metals typically form cations or neutral species by
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losing one electron.? Initially, an alkyl halide initiator reacts with the metal catalyst, forming an active
species. More specifically according to the proposed mechanisms, the electron acceptor alkyl
halides are exclusively activated by Cu (0) via an OSET process. The activated initiator transfers an
electron to a monomer molecule, generating a radical species. Subsequent addition of the monomer
triggers a redox process, causing the transition (Cu) metal complex to alternate between oxidation
states of Cu(l) and Cu (Il). The oxidized metal species (Cu (Il)) reactivates dormant species, while
the reduced metal species (Cu(l)) deactivates active species. The polymerization occurs through a
series of SET reactions, involving the transfer of a single electron from the metal complex to the

propagating radical chain end.

1. Activation

K )
RX + CUL —= 3= R + Cu'X/L

Contributing reactions

SET RX + CulL === IR"X]._+ICU'/LI.

Dissociation [R--xl" . |R§+.X-]
O+ . * .
Complexation [R X ]+ lCu'/LI —>» R + Cu'X/L

2. Propagation
. kp .
R +nM —>»P,
3. Disproportionation
2 Cu'X/L — Cu® + Cu"X,/L

4.Deactivation

) K
R+ Cu'Xp/L -222%m-RX + CulXIL

Figure 1.5: Proposed mechanism of SET-LRP. Reproduced with permission.?®

Figure 1.5 depicts the proposed mechanism of SET-LRP divided into four basic steps. (i) Reversible
activation of the initiator and dormant halide chain ends through concerted or stepwise
heterogeneous SET from the outer-sphere electron donor Cu (0). Depending on the structure of the
initiator and the nature of the leaving group, the electron transfer step and the fragmentation of the
resulting radical anion can occur either concertedly or stepwise. (ii) Disproportionation of in situ
generated Cu(l)X from activation and deactivation, which leads to the self-regulated regeneration of
the activator Cu (0) and deactivator Cu (I)X2. Even though SET mediates the activation of dormant
species for a successful SET-LRP process, the Cu(l)X generated in situ through activation and
deactivation must rapidly disproportionate into Cu (0) and Cu (11)X.. Without this disproportionation,
there would not be enough Cu (I1)X; to control the rapid SET-mediated polymerization. Ligands can

shift the equilibrium constant of disproportionation in either direction based on their relative binding
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energy with Cu(l) and Cu (Il) species. The use of appropriate N-ligands can facilitate the rapid
disproportionation of Cu(l)X in organic media.?’ (iii) homogeneous deactivation of propagating

macroradicals by Cu (I)Xz/ligand; and (iv) propagation of the growing macroradicals.

Compared to other metal-catalysed LRP processes, SET-LRP is significantly faster. For example, a
typical SET-LRP of methyl acrylate (MA) initiated with methyl 2-bromopropionate (MBP) in dimethyl
sulfoxide (DMSOQO) at 25 °C with a ratio of [MA]/[[MBP]/[Cu0]/[Me6-TREN] = 222/1/0.1/0.1 can achieve
complete conversion in a maximum of 50 minutes, producing poly(methyl acrylate) (PMA) with a
molecular weight (Mn) of approximately 20,000.2° Despite the ultrafast kinetics observed in SET-
LRP, it allows for predictable molecular weight evolution and distribution, resulting in narrower
polydispersities (Mw/Mn < 1.15).%” Additionally, SET-LRP produces polymers with perfect chain-end
functionality, essential for synthesizing ultra-high molecular weight polymers and creating
macroinitiators for block copolymerization. Given these advantages, SET-LRP has gained significant

attention in the synthesis of precision polymers in recent years.

1.3 Precision polymers

With the advances in reversible-deactivation radical polymerizations, the synthesis of advanced
polymer architectures was no longer unattainable. Several highly complex synthetic polymeric
materials with complex functions have been synthesized in the recent past. However, the synthesis
of precision polymers with absolute control over the monomer sequence and dispersity still remains
a challenge. The function of a polymer fundamentally depends on the primary structure of a polymer.
For example, the highly selective and complex functions of biopolymers such as proteins are
absolutely governed by the specific order of repeating units and functionalities attached to their
backbone.® Inspired by this in the past decade, interesting research has been done revealing
numerous novel and efficient methods of synthesizing uniform macromolecules with advanced
functionality owing to their great prospects in the disciplines of biomedical, nanoscience, and

materials science.3133

In synthetic polymer chemistry, the versatility of monomer building blocks is endless compared to
nature, and synthetic polymer materials are designed with almost unlimited variations in chain length,
dispersity, topology, composition, and functionality. With such materials, oligomers could be
synthesized that feature a precise and more importantly freely decided order of monomers in a
monodisperse chain. Moreover, these structures are rigid and chemically more robust compared to
biological analogs. Thus, synthetic alternatives are likely to display increased stability while exhibiting
similar functions. This thesis mainly focuses on controlling dispersity and introducing advanced

functionalities of biomol ecul es t o samarzing furctionsc
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Such synthetic precision polymers can be categorized into three main classes. A uniform
macromolecule with a definite chain length or a polydispersity equal to 1 is known as a discrete or
monodispersed polymers. These are mostly homo-oligomers and are comparatively easier to
synthesize. A discrete oligomer with a specific monomer sequence is known as a sequence-defined
(SD) material whereas a polymer with a defined sequence but different chain lengths with near
uniform dispersity is known as a sequenced-controlled (SC) material. SD materials precisely follow
the concepts of nature, and the exact location of every monomer is explicitly known. Therefore, the
synthesis is more challenging and time-consuming. Also, discrete oligomers, SD materials, and SC

materials inherently differ from each other in purity and properties.3

1.4 Polymer dispersity and properties

A crucial characteristic of biopolymers with well-defined structures and complex functionalities is
their mono-dispersity. The chain length of a polymer can vary from one monomer to a practically
infinite number of monomers. Unlike small molecules which have singular, well-defined molecular
weights, polymers display a molecular weight distribution (MWD). Dispersity is a measure of the
MWD or in other words a measure of the distribution of different chain lengths. It represents the

uniformity of the various chain molecular weights within a certain polymer.

Dispersity is measured by Gel Permeation Chromatography/Size Exclusion Chromatography
(GPC/SEC). The separation mechanism here basically relies on the size of the polymer molecules
in solution and the obtained retention time for a polymer chain moving along the SEC column is
related to the hydrodynamic volume of the chain in solution, assuming no chemical interaction with
the SEC column. Generally, the distribution of retention times is then transformed mathematically
into a distribution of molar masses using a series of calibrants of known narrow molar mass
distributions. The determined distribution of molar masses can be explained using various molar
mass averages, including the number average molar mass (Mn) and the weight average molar mass
(Myw) as defined in the equations below. N;jis the no of chains having a molar mass of M;. Dispersity
is mathematically given by the ratio of My to M,. However, by this method, only a reference value is
obtained, and one should always consider the similarity of the solution behaviour between the
sample polymer and the calibrant standard.® Figure 1.6 below gives the mathematical distribution
of the molecular weight of a polymer. More accurate information on compositional dispersity,
molecular weight, and chain length could be obtained from highly advanced techniques such as ESI-
MS and MALDI-TOF MS.

12
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Figure 1.6: Mathematical distribution of the molecular weight of a polymer

Dispersity is crucial in determining the overall polymer properties such as viscosity, diffusion, thermal
properties, and self-assembly as low and high dispersity polymers can display complementary
properties and functions.®*3° For example in 2005, a study undertaken by Sridar and co-workers
showed how rheological properties change with dispersity. They compared the viscosity of a
monodispersed polystyrene sample with another sample having a PDI of 3.5 but with the same
molecular weight and concentration. The polydisperse solution has shown a slightly lower zero-
shear-rate viscosity, a much higher extensional viscosity, and a stronger strain hardening behaviour
over an extended range of strain rates compared to the monodispersed sample.*® For further
reference Anastasaki and co-workers provide a much-elaborated outlook on how the tailoring of

polymer dispersity and shape of the MWD can affect polymer properties.**
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Figure 1.7: Change in viscosity with skewness. Copied with permission.*?

While dispersity plays an important role in determining polymer properties, the shape of the MWD
too has a significant impact on the physical properties of synthetic material. Two polymer samples
having the same dispersity value can vary in the shape of the MWD (Skewed towards either high or
low molecular weights) and can have different properties. Fors and colleagues showcased this
effectively by creating polymers with the same average mass and dispersity but varying properties
through alterations in the shape of the mass distribution itself.*? 3 They have reported the influence
of MWD shape in polymer viscosity between samples of opposite skew. The same group also reports
the synthesis of stiff, strong, and tough thermoplastic elastomers by shifting the lamellar phase

boundary of the blocks only by tuning the MWD shape.

Therefore, strategic tuning of dispersity is a powerful tool that allows the creation of material with
tailored properties. Polymer blending, initiation regulation, changing catalyst concentration and
addition of extra reagents such as chain coupling agents and terminating agents are some of the
most widely used methods. Recently Anastasaki and co-workers reported an interesting approach
to control sequence and dispersity in multiblock copolymers by regulating the chain-transfer activity
of a RAFT agent by changing the pH of the reaction mixture.* In this study they synthesized

mul tiblock polymers with systematically increasi

or alternating between | ow and high dispersity

any hybrid combinations of these patterns. While the impacts of altering mass distributions are
intriguing, none of these methods are capable of synthesizing perfectly monodispersed samples due
to the inherent statistical nature of polymers. As discussed, polymer properties can vary with slight
changes in dispersity. To better understand the relationship between structure and properties, the
study of distinct polymers is of utmost importance. Therefore, in the following section discrete

polymers, their synthesis and properties will be discussed in detail.
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Figure 1.8: Tailoring the dispersity of polymers by changing the activity of RAFT agent through the

PH of the media. Copied with permission.**

1.5 Discrete polymers and properties

A uniform polymer is made with exact chain lengths and is known to be monodispersed. Due to the
inherent statistical nature of radical polymerizations, there is no direct method to prepare
monodisperse synthetic polymers.*5-5? Discrete oligomers represent a fascinating intermediate realm
between small molecules and polymers. While small molecules have well-defined structures, their
synthesis often necessitates complex, multi-stage procedures to achieve increased molecular
weights. On the other hand, controlled radical polymerization techniques allow for the straightforward
method to achieve higher molecular weights in a single step, but their intrinsic dispersity and
uncertain sequence bring about challenges. Thus, the synthesis of discrete oligomers merges the
sophisticated methods found in macromolecular chemistry with the detailed precision inherent in
small molecule organic synthesis, factoring in unique characteristics such as oligomer size, structure,

and scalability.

1.5.1 Stepwise synthetic approaches

In the 1960s, Robert Bruce Merrifield introduced Solid Phase Peptide Synthesis (SPPS), a
revolutionary method that facilitated the synthesis of biologically significant peptides on a solid
support.>® This approach involved attaching an initial amino acid to a solid resin and then
systematically adding subsequent amino acids. Despite the multiple steps of protection,
deprotection, and purification involved, it allowed for peptides with specific sequences and

impressive yields. Building on this, Zuckermann and his team developed a method for synthesizing
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peptoids, eliminating the need for protective groups in the main-chain synthesis.>* Though this
improved sequence control, its limited structural diversity led to further adaptations for producing
non-natural polymers. These evolved methods can be categorized into linear growth models (either
monodirectional or bidirectional) and exponential growth models. In monodirectional linear growth,
monomers are added exclusively to one end of the chain and Bidirectional linear growth involves the
simultaneous addition of monomers to both chain ends, leading to symmetrical structures.*®%* 55 On
the other hand, exponential growth employs repeated addition of monomers to all chain ends,
causing the oligomer length to double with each step (2, 4, 8, 16, 32, 64, or 128) until the desired
molecular weight is achieved. This technique is frequently employed in the synthesis of unimolecular
macromolecules and facilitates the rapid creation of complex structures with higher molecular
weights.*%%6:57 Yet, it poses challenges, including controlling monomer proportions and necessitating

consistent protective steps to guarantee uniformity.

LINEAR MONODIRECTIONAL GROWTH

2 = 2 &
@ - . 0=0

Coupling Deprotection Coupling

GN EAR BIDIRECTIONAL GROWTH \

2 )= 2 @)= ==

x2
Deprotection Coupling

Coupling

ﬂTERATIVE EXPONENTIONAL GROWTH \

>@n >@u @
-o-{ }m-o-{ } ey
-0 - @ugn

Orthogonal Orthogonal Orthogonal Orthc!gonal
k deprotection coupling deprotection coupling /

Figure 1.9: Schematic illustration of the different iterative synthetic strategies

Iterative linear growth stands as a foundational technique in crafting sequence-defined advanced
materials. Nonetheless, its efficacy becomes constrained in the context of producing discrete
homopolymers. In contrast, iterative exponential growth presents a more promising avenue, holding

substantial potential for the synthesis of discrete homopolymers. However, the multiple stages
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involved in the iterative process can be less efficient when creating extensive libraries and may pose
challenges to those without profound expertise. To address these complexities, chromatographic
techniques stand out as the preferred solution, particularly due to their efficiency in the synthesis of

discrete homopolymers.

1.5.2 Discrete oligomers via separation techniques

Chromatographic techniques such as Thin Layer Chromatography (TLC), Preparative High-
Performance Liquid Chromatography (HPLC), and Size Exclusion Chromatography (SEC) have
been employed for separating oligomers and polymers. -0 Yet, they are typically optimized for
small-scale evaluations and don't effectively isolate quantities useful for synthetic purposes. A
ground-breaking method for large-scale separation of low-dispersity oligomers was introduced by
Hawker and his team using automated flash chromatography. This innovative method capitalizes on
the combination of controlled radical polymerization techniques with prevalent purification
procedures, enabling the one-step creation of discrete oligomer libraries from diverse functional
monomers.®! For instance, when synthesizing tert-butyl acrylate oligomers (oligoTBA) on a 50-100
g scale, a sequential elution of oligomers was observed, with smaller ones emerging first. Oligomers
from four to ten units were separated effectively, averaging yields between 6-10%. The technique's
versatility was underscored by the isolation of specific conjugated oligomers and stereoregular poly
(methyl methacrylate) (PMMA). Building on this, in 2019, Junkers and associates applied the method
to segregate up to 22 units from an oligo(methyl acrylate) assortment produced by RAFT.®? This
achievement set a record for the lengthiest isolated oligomer via RDRP at the time, subsequently
enabling the assembly of custom oligomer distributions. After careful purification of a statistical
polymer mixture into monodisperse oligomers at a glance one might notice low overall product yields.
However, separation or purification of oligomers always results in a library of monodisperse

compounds which can be later used for fine tuning polymer properties.®

1.5.3 Properties of discrete oligomers

The past decade has witnessed remarkable advancements in synthetic methods related to discrete
oligomers. Monodisperse oligomers have become more attainable, efficient, and scalable for
production. These oligomers offer a plethora of benefits, including distinctive crystalline, thermal,
optical, and electronic properties. Notably, the introduction of every individual monomer can lead to
pronounced changes in material attributes specifically when the chain length is shorter. This
phenomenon was elegantly demonstrated by Hawker and his team in 2017, showcasing how UV-

vis and photoluminescence spectra varied from a trimer to a dodecamer.5
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Figure 1.10 : (a) UVi vis spectra of the 4-, 6-, 8-, 10-, and 12-mer. (b)Emission spectra of the 4-, 6-,
8-, 10-, and 12-mer.(Copied with permission from®?)

Recently, Junkers and her team have conducted comprehensive studies on the thermal properties
and diffusion constants of oligo (methyl methacrylate) s and oligo (di(ethylene glycol) ethyl ether
acrylate)s. As anticipated, higher diffusion rates were observed for shorter oligomers. Specifically,
the rates were recorded as 11.2 x 10" * {oligo (MMA)), 9.6 x 10" * {oligo (DEGEEA)), and 11.1 x
10" * Yoligo (MA)) m?s' *for DP1, which can be attributed to their increased mobility. The glass
transition temperature of all lower oligomers was similar, however, very distinct dependencies with
mass were observed with increasing DP.%2 Additionally, expanding the scope further, mixing discrete
oligomers in a desired manner artificial distribution could be obtained. Using this technique
experimentally obtained molecular-weight distributions can be deconstructed and subsequently
reconstructed in any shape. This allows polymer chemists to control dispersity and the shape of the
molecular weight distributions in a non-chemical pathway to fine tune properties for multiple

applications such as catalysis and drug delivery 2

A B C
0.25 4 ;
o = simulated d, - experimental d,,
E - experimental d,
[=}
E -
£ 0.10; - = Milost
> M, = 1336 g'mol’
< o =671g-mol’
© 00047 r " - )
170 L Chain Length =2 2 Molar Mass / g-mol! S e Molar Mass / g-mol! S
P ’ - simulated d,
2y - experimental d,,
_.E_ —experimental d,
g 1.00 -
£ D =139
. —
T M, = 1265 g-mol-"
< o =792 g-mol’
< 0.004 R
1 i 22 100 3500 100 3500
Chain Length Molar Mass / g-mol! Molar Mass / g-mol!

Figure 1.11: Artificial molecular weight distributions created by blending discrete oligomers. Copied

with permission from 62
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1.6 Nature -inspired synthetic polymers

DNA and RNA, nature's remarkable biomolecules, play pivotal roles in gene transcription and
translation. It is through DNA that genetic information seamlessly transfers across generations, while
RNA ensures the translation of this information into protein structures by meticulously ordering amino
acids. The foundation of both DNA and RNA lies in five primary nucleobases: adenine, guanine,
cytosine, thymine, and uracil. These nucleobases possess the intriguing capability to align in
sequences, thereby encapsulating crucial genetic information.

The discovery of the Watson-Crick molecular structure of nucleic acids, combined with the
understanding of the complementary hydrogen interactions between nucleobases, has

kindled profound interest within the realm of materials science.® The hallmark of these interactions
is their non-covalent nature, making them reversible under varying conditions like temperature and
ionic strength. Owing to their unique properties, nucleic acidsd especially DNA and RNAJ have
been intensively explored for their potential in crafting nanostructures, fostering selective
hybridization, and guiding intricate self-assembly processes.®®®® Yet, despite their exceptional
attributes, large-scale synthesis of nucleic acids remains expensive. Moreover, their intrinsic sugar-
phosphate skeleton is vulnerable to hydrolysis and enzymatic degradation, leading to inevitable

stability concerns over prolonged periods.

Figure 1.12: The chemical composition and the complementary H bonding of DNA and RNA

Thus, inspired by nature's design, researchers have sought to develop synthetic macromolecules
that can emulate the self-assembly behaviors of nucleic acids, forming intricate, well-ordered 3-D
structures through complementary hydrogen bonding. Such mastery over the supramolecular
construction of macromolecules, steered by distinct non-covalent interactions, could open the

getaway to innovative materials with unprecedented properties.®® © An ideal self-assembling
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macromolecule necessitates a balance of H-bonding sites coupled with a defined chain length. While
the living polymerization of vinyl monomers offers control over chain lengths, it often compromises

on other essential parameters such as functionality, composition, and sequence.’

To circumvent these limitations and to harness the advantages of noncovalent interactions like H-
bonding, a variety of nucleobase-functionalized polymers have recently emerged. These avant-
garde polymers predominantly feature a robust backboned comprising bonds like carbon-carbon,
amide, and thioetherd to which nucleobases have been attached as smart side groups. By
integrating nucleobases as functional groups within synthetic macromolecules, scientists aim to
replicate DNA/RNA-like configurations, thereby instilling similar intricate behaviors in materials
science applications. In contrast to their natural counterparts, these synthetic oligomers and
polymers can be synthesized efficiently using advanced techniques such as controlled living radical
polymerization (CRP), step-growth polymerization, click reactions, and post-polymerization
modifications. Moreover, manipulating their synthesis approach allows for optimization of their
structure-property relationships, leading to the creation of innovative materials that possess versatile
morphologies and strong chemical functionalities, making them highly responsive to specific internal

stimuli and meeting diverse demands in the field.”>"®

1.6.1 Methods of synthesizing nucleobase functionalized materials

The conventional method of synthesizing nucleic acids with precise monomer sequences and
controlled lengths is solid phase synthesis which typically involves a series of steps as detailed in
section 1.5.1 previously. However, nucleobase-containing polymers could be synthesized by
different polymerization methods via a single step, even though the control over the chain length and
monomer sequence is compromised to a certain extent. In addition, post-polymerization alterations
also present a facile approach to attaching nucleobases into synthetic polymers with extreme fidelity.
According to the literature nucleobase containing polymers are mainly synthesized by RDRP
methods such as atom transfer radical polymerization(ATRP), nitroxide mediated
polymerization(NMP), and reversible addition fragmentation chain-transfer polymerization(RAFT).8%
81 Considering the pioneering work in this area, RAFT polymerization techniques have proven to be
the most effective for introducing nucleobase functionalities, allowing the synthesis of

macromolecules with well-defined structures and functionalities.

1.6.2 Applications of nucleobase functionalized materials

Molecular fidelity in informationZich macromolecules like nucleic acids, peptides, and
oligosaccharides authorizes the highly selective functions in biosystems. Therefore, SD oligomers
analogous to those macromolecules can guide to properties that are unique to the corresponding

biopolymers such as molecular recognition, self-assembly, and drug release.®" 82
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1.6.2.1 Selfassembly

Intermolecular hydrogen bonding recognition interactions of complementary nucleobases play a
significant role in diverse applications of biopolymers. Taking this into account, synthetic polymer
chemists have developed nucleobase-containing polymers to drive the self-assembly to fold into one
or more discrete spatial conformations. The first biologically inspired self-assembled structure
bearing nucleobase functionalities was reported by Rotello and co-workers in 2000. Here they
demonstrate how triazine functionalized vinyl polymers fold into inverse micellar structures with H-
bond mediated folding, and encapsulate electroactive guest 6-ferrocenyl uracil via noncovalent
interactions.®® In 2013 Kang et al. reported the self-assembly characteristics of the methacrylate
copolymers containing adenine and thymine and the results depict that the presence of
complementary H-bonding between nucleobases affects the morphology of forming micelles.
Polymerizations possessed out in CHCls(aprotic solvent) enhance H-bonding and give moderate
alternating copolymers while DMF which subdues the interactions, tends to give statistical

copolymers. 8

In 2015 the same group reported the polymerization induced self-assembly (PISA) of spherical
micelles with frozen internal structures in CHCIl; upon polymerization of adenine-containing
methacrylate or a mixture of adenine-containing methacrylate and thymine-containing methacrylate
as monomers. Also, higher-order structures such as worm-like micelles (sphere-rod-lamella twisted
bilayer) were discovered in 1,4-dioxane.®® Both these solvents are aprotic, and the morphology
difference observed is explained by the different levels of solubility of monomers in each of these
solvents. Moving one step further, they study the self-assembly behavior of Adenine(A) and thymine®
containing homopolymers and A/T copolymers in aqueous systems by solvent switch method.®? In
addition, another study of them shows how these non-covalent nucleobase interactions can be used

to prompt nanostructure reorganization to give different nanostructure sizes and morphologies.®
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Figure 1.13: Change of micelle size and shape upon addition of copolymers with the complementary
nucleobases to the preformed micellar solution. Copied with permission Ref. ® with permission from

the Royal Society of Chemistry.
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Making use of the excellent self-assembly of NB functionalized polymers ChihZZhia Cheng and co-
workers introduce a novel polymeric micelles structure with tuneable properties that can be used for
controlled and efficient drug delivery.® In their study an oligomeric poly(ethylene glycol) endZapped
with two adenine groups interacts with its complementary uracilQrafted poly caprolactam to create
a supramolecular polymeric network. These drugdoaded micelles were sturdy under physiological
conditions (pH 7.4) but displayed expeditious drug release at acidic media (pH 5.0) due to
dissociation of H bonding in a low pH environment. This depicts that nucleobase functionalized
polymers could benefit as highly effective, susceptible carriers for controlled drug encapsulation and

external stimulidriggered release.

1.6.2.2 Hydrogels

H-bonding is one of the most frequently used methods in physical crosslinking and this makes
nucleobase functionalized materials a highly potential candidate for Hydrogels. In 2012, Tan et al.
succeeded in developing a biological hydrogel with four-arm star-shaped adenine and thymine
functionalized PEG polymers. They have shown good mechanical and thermal stability and also high

biocompatibility unwinding their applications in biomedical applications.®’
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Figure 1.14: Self-assembly of four-arm PEG hydrogel network via hydrogen bonding between
thymine and adenine functionalities. Copied with permission from the Royal Society of Chemistry. &’
(a, b) Four-arm poly (ethylene glycol)-maleimide (PEG-Mal) was functionalized with thiol thymine (T-
SH) and thiol adenine (A-SH), respectively. (c) Schematic of biological self-assembly of ideal four-

arm PEG hydrogel network via intermolecular hydrogen bonding
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1.6.2.3 Self-healing materials

Nucleobase-focused self-assembly permits the formation of distinct supramolecular structures that
exhibit high specificity, directionality, and high interaction strength providing a more desirable
approach to fine-tuning properties in self-healing materials. Cheng et al. have developed an
autonomously self-healing material with multi-uracil functionalized polyhedral oligomeric

silsesquioxane and adenine end-capped three-arm polycaprolactone oligomer.88

1.6.2.4 Gene delivery

DNA delivery or the introduction of foreign genetic material into host cells is a powerful tool in gene
silencing and battling against various genetic disorders. Sequence-specified nucleobase oligomers
mimicking natural peptides could serve as an efficient DNA delivery method addressing the current
issues in the field namely, complexities in nucleic acid release, immunogenicity, and high cost. In
2017, Harguindey et al. demonstrated the significance of incorporation of a novel synthetic DNA
analog- click nucleic acids(CAN) as the middle block of a Polyethyleneglycol(PEG)-Poly(lactic-co-
glycolic acid)(PLGA) triblock polymer in encapsulation.8® They report that the CNAZearing
nanoparticles exhibit high encapsulation of DNA complementary to the sequence of CNA compared
to PEG-PGLA nanoparticles, demonstrating the feasibility of the CNAZearing nano-structures as

promising carriers for chemotherapy agents and gene silencers.

1.7 Research significance

From the preceding introduction, it is evident that the realm of polymer chemistry has significantly
progressed towards the creation of precision materials characterized by distinct structures,
seqguences, and functionalities. Despite these advancements, synthetic polymeric materials are yet
to replicate the intricate functionalities intrinsic to biopolymers. Two salient features bestowing
biopolymers with their multifaceted roles are monodispersity and the capability for hydrogen bonding.
Successfully imparting these attributes to synthetic polymeric constructs could bridge the existing
disparity between man-made macromolecules and naturally occurring biomacromolecules, such as
peptides and DNA. Essentially, navigating and overcoming these challenges holds the promise of
engineering materials that rival the precision and perfection observed in nature. The primary goal of
this research is to broaden the spectrum of synthetic methodologies to procure monodisperse
polymers and to craft nucleobase-functionalized polymers. This endeavour seeks to mimic and

harness some of nature's most remarkable functionalities within synthetic materials.
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In Chapter 2, we provide an in-depth review of the design of nucleobase-functionalized amphiphilic
block copolymers synthesized via RAFT polymerization. We emphasize the influence of polymer
composition and architecture on self-assembly behaviours in agueous solutions. The amphiphilic
block copolymers, composed of a hydrophobic nucleobase segment and a hydrophilic PEG portion,
were assembled into nanostructures utilizing a flow reactor setup. This chapter underscores the
potential to generate functional nanostructures of diverse sizes and morphologies in aqueous media

through an efficient and straightforward flow mechanism.

In Chapter 3, a combined strategy for the synthesis of monodisperse polymers using
chromatographic approaches and click chemistry is presented. Each of these techniques has its
strengths and limitations. We hypothesized that merging them would enable us to leverage the best
attributes of both methods. Consequently, we synthesized small building blocks (DP 10) through
separation techniques and subsequently coupled them via the Passerini-3 reaction and the Cu-
catalyzed Azide-Alkyne reaction to achieve monodisperse, extended oligomers. This chapter delves
into the feasibility of various synthetic methodologies, addressing the purification challenges inherent

in each polymerization technique.

In Chapter 4, conducted in collaboration with Prof. Dr. P. Stayton's group from the University of
Washington, Seattle, we delve into the polymerization of prodrug monomers containing therapeutic
agents Primaquine (PQ) and Tafenoquine (TQ). This study employs the visible light-induced inferter
approach. A water-soluble block copolymer architecture, integrating N-acetyl galactose and prodrug

monomers, is formulated to pave the way for animal testing.

In the concluding Chapter 5, a summarized reflection on the findings will be presented, accompanied

by a concise projection of future directions in the realm of precision polymer design.
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Synthesis of nhucleobase functionalised block
copolymers towards precision self-assembly+
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The formation of nanoaggregates from continuous flow assembly of nucleobase-functionalized amphi-
philic block co-polymers is investigated. Block copolymers (BCPs) made from nucleobase-conjugated
acrylate monomers and PEG acrylate were synthesized via reversible addition fragmentation chain transfer
polymerization (RAFT) and tested. Polymers containing adenine, thymine, cytosine and uracil were
obtained. Close inspection of the block extensions revealed potential issues in the livingness of the poly-
mers, which may, however, only be an artifact from the high aggregation of polymers even in size exclu-
sion chromatography. Using different synthesis methods (varying the order of polymer blocks and using
in situ one-pot recipes) leads to very similar nanoaggregates with highly consistent results.
Nanoaggregates were formed using a highly reproducible flow mixing setup, which enables not only fast
but also scalable nanoparticle formation. By using complementary and non-complementary nucleobase
BCPs, nanoparticles of very different sizes can be obtained in aqueous solution, ranging from about 35 to
230 nm, whose size distribution can be related to diffusion coefficients obtained for the polymers and
their blends in a homogeneous solution via diffusion ordered spectroscopy. Further tunability of the
system was shown by changing the average degree of polymerization of the nucleobase block from 25 to
60, demonstrating a transition from small spherical particles to elongated worm-like morphologies.
Overall, this study gives guidelines for the targeted synthesis of nucleobase-containing nanoparticles with

rsc.li/polymers

Introduction

DNA and RNA are arguably the most captivating biomolecules
in nature. Their exceptional features can be mainly attributed
to their discrete double helix molecular structure stabilized by
complementary hydrogen bonding interactions of nucleobases
and their impeccable sequence specificity." Ever since the elu-
cidation of the molecular structure of DNA by Franklin,
Watson and Crick, nucleic acids and their complementary
hydrogen bonding interactions of nucleobases have stimulated
research interest in materials science. The nucleobase base
pairs form non-covalent H-bonds, which can be reversed and
manipulated easily by changing temperature and ionic
strength. DNA and RNA themselves hold great potential as
functional materials and are highly exploited for unique nano-
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high tunability and under well reproducible synthesis conditions.

structures, complex morphologies, selective hybridization
capacities and directed self-assembly.””* Nucleobase materials
and their unique features are, however, quite interesting
beyond DNA and RNA structures alone. Transferring the
specific binding aspects of nucleobases to synthetic polymers
is an interesting avenue to mimic the unique material pro-
perties of DNA and synthesize self-assembled highly ordered
functional nanostructures.’™®

In recent years, a diversity of nucleobase functionalized
macromolecular structures have been introduced and in
general, these novel polymers comprise carbon-carbon, amide
or thioether backbones to which nucleobases are attached as
side groups.”*"'?7*® The polymer backbones guarantee the
stability and scalability of materials while the nucleobases
deliver advanced functionality with stimuli responsive hydro-
gen bonding.*"?** In particular, exploring nucleobases to
manipulate the self-assembly of polymers is an interesting
area of investigation due to the different binding affinities of
different nucleobases. In nature, adenine and thymine bind
via two distinct H-bonds while guanine and cytosine bind via
three distinct H-bonds. It is of high interest to investigate
whether this selective behaviour is still observed in nucleobase
functionalized polymers.>*>°

Polym. Chem.
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Macromolecular self-assembly can be defined as the
thermodynamically governed union of molecules into highly
defined, stable agglomerates through noncovalent inter-
actions.”® It is a robust method for the creation of functional
nanomaterials of varying sizes and controlled morphologies.
Stimuli-responsive micelles hold promise for programmable
delivery systems where drug release can be controlled by apply-
ing appropriate stimuli such as changes in pH and tempera-
ture. Block copolymers (BCPs) with specific noncovalent inter-
actions open a new avenue for drug delivery systems and may
lead to the creation of pH-responsive properties and self-
assembled micelles with improved controlled release capabili-
ties.”” Fine-tuning the size and morphology of nanoparticle
assemblies is crucial for creating optimal drug carriers, as
these features affect their efficiency in drug encapsulation and
release rates. For instance, larger polymeric micelles generally
exhibit higher drug encapsulation efficiency and slower release
rates. To be effective, careful control of the micelle size within
the range of 10-200 nm is crucial to avoid rapid elimination
through kidney filtration. Small micelles will also accumulate
in tumors due to the enhanced permeability and retention
effect.”®*° Controlling micelle size is therefore imperative to
tailor the circulation time and distribution of these nano-
structures. On that note, polymeric nanostructures formed by
nucleobase functionalized polymers and their derivatives are
of high interest due to their highly structured supramolecular
architecture. This specificity is not only governed by
H-bonding interactions, but also by aromatic, electrostatic and
hydrophobic interactions.”***' This enables them to be used
not only in applications in high demand such as drug delivery
and gene delivery but also in polymer DNA conjugates and
generally in catalysis.>**>"*® The first biologically inspired self-
assembled structure bearing nucleobase functionalities was
reported by Rotello and coworkers in 2000.'® Therein, they
demonstrated how triazine functionalized vinyl polymers fold
into inverse micellar structures with H-bond mediated folding
and encapsulate an electroactive guest via noncovalent inter-
actions. Later, moving from nucleobase analogues to nucleo-
bases, they first reported the self-assembly of complementary
polymers, thymine and diacyldiaminopyridine functionalized
polystyrene into giant vesicles.'® These stable aggregates were
formed by mixing equimolar ratios of thymine based poly-co-[4-
(chloromethyl)styrene-styrene] and diacyl diaminopyridine
based polystyrene and featured a size of 3.3 + 0.9 pm in diameter.
This type of self-assembly opened up a novel method to control
the vesicular structure. Monovalent and multivalent interactions
within these vesicles were further investigated in their later
studies by introducing small complementary guest molecules.

Subsequently, more research in this area incorporating con-
trolled radical polymerization techniques has been carried
out. In 2005, Lutz and coworkers reported the successful syn-
thesis of styrenic polymers bearing adenine, thymine and
uracil via ATRP and the self-assembly behaviour of copolymers
of the above with dodecyl methacrylate.>* So formed comp-
lementary copolymers self-assembled into micron range
spherical aggregates in dioxane and chloroform via base pair

Polym. Chem.
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recognition. These superstructures were very stable over longer
periods of time at room temperature but dissociated at higher
temperatures.'”

In a more recent study, the self-assembly of two homopoly-
mers having a similar structure to the above was reported.”’ In
this work, poly(vinylbenzyl chloride) was synthesized by nitrox-
ide-mediated radical polymerization which was then converted
to thymine and adenine bearing poly(vinylbenzyl) systems via
post polymerization modifications. Using this approach, they
were able to obtain homopolymers of the same molecular
weight which were then mixed in DMF to prepare complemen-
tary homopolymer blends of different weight fractions. They
observed that the hydrodynamic diameter of the thymine/
adenine blends was less than that of the pure homopolymers. It
was proposed that this is due to the collapsing of pure polymer
strands due to complementary H-bonding, which decreases the
size of the aggregates in solution. However, due to the limited
solubility of nucleobase functionalized polymers, most work on
morphological studies in the literature is restricted to assembly
in organic solvents. To the best of our knowledge, there is
limited research on the process of self-assembly in aqueous solu-
tions involving synthetic polymers containing nucleobases.***°
A noteworthy study conducted by the van Hest group focused on
the synthesis and self-assembly of block copolymers consisting
of poly(ethylene glycol)(PEG)-b-poly(nucleobase) in aqueous solu-
tions, including those containing a single nucleobase functional-
ity (adenine (A) or thymine (T)) and a mixed system of A/T. They
found that the self-assembly of a single nucleobase system A or T
is governed mainly by the hydrophilic-hydrophobic balance. In
contrast, in an A/T mixed system, H-bonding shifts the hydro-
phobic-hydrophilic balance towards increased hydrophilicity.
Following up on this, the O'Reilly group investigated the syn-
thesis and self-assembly of nucleobase-containing block copoly-
mers with poly(oligo(ethylene glycol) methyl ether methacrylate)
in aqueous solutions. They specifically explored the effect of the
common solvents DMSO and DMF on the resulting mor-
phologies of the adenine A and T homopolymers and on A/T
copolymer blocks and blends. In most of the past literature
studies only systems containing adenine and thymine were
studied due to the challenging synthesis of nucleobase mono-
mers and their poor solubility.

In this study, we discuss the synthesis and self-assembly of
amphiphilic block copolymers containing adenine, thymine,
cytosine and uracil as the hydrophobic blocks and poly(ethyl-
ene glycol) methyl ether acrylate as the hydrophilic block in
aqueous solutions. The self-assembly of the resulting block
copolymers was studied and carried out in a flow setup with a
custom-built microreactor (see Fig. 1). Self-assembly in flow is
associated with numerous advantages over batch procedures,
including precise control over the initial polymer concen-
tration, the mixing speed and the water/organic solvent ratio.
Overall, flow mixing allows for the engineering of particles very
precisely and most importantly reproducibly by providing well-
defined kinetic control over nanoaggregate formation.
Applying this methodology with the high control of particles
via nucleobase aggregation allows for maximum control and
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Tailored morphology

Fig. 1 Schematic overview of the self-assembly of amphiphilic nucleobase functionalized block copolymers via a custom-built microreactor.

selectivity over particle size. For our study, we have used a
custom-built tubular microreactor with a static mixing tee for
the self-assembly of nanostructures. This approach allows for
easy scaling-up and minimizes inconsistencies between
batches through its capability of continuous mixing.****
Moreover, the superior mixing of flow technology allows for
the self-assembly of copolymers with a very low hydrophilic
fraction as well as the incorporation of strongly hydrophobic
components, which would otherwise directly precipitate when
in contact with water. Besides the already established high
control of nanoaggregate formation in flow, the nucleobases
open a further interesting feature for shape and morphology
control, owing to  their strong  thermodynamic
contribution.*>**™*’ Fig. 1 displays some of the shape and size
control that can be exerted by choosing appropriate nucleo-
base mixtures and balances, and in the following, we will
focus on how to achieve such control.

(a) " (b}
c, ,H,E.SJLSJ\H,OH
o

=}

Results and discussion
Synthesis of nucleobase-functionalized acrylate monomers

As shown in Fig. 2, nucleobase-functionalized acrylate mono-
mers were synthesized as per literature protocols and the
corresponding well-controlled homopolymers were obtained
via conventional RAFT polymerization using 2-(dodecylthiocar-
bonothioylthio)propionic acid(DoPAT) as the RAFT agent (see
the ESIf for details).*® The conversion and average degree of
polymerization (DP,) of homopolymers were analysed via "H
NMR and SEC, see Table 1. As the first blocks, nucleobase
functionalized homopolymers with a theoretical target of DP
25 were synthesized.

The 'H-NMR results and SEC data indicate a successful
controlled polymerization for the first blocks. For all homopo-
lymers with a target DP,, of 25, a very satisfactory dispersity (D)
of 1.1 was observed. Average molecular weights deviate some-

©

1-Homopolymer purification
o via precipitation 5]
S. S. S, .S
[—— Cat” OH [EE—— o™ MOH
s ® o"No 0%
o 0 2-Block extension with PEGMEA
AIBN, DMSO, AIBN, DMSO,

100 °C for 45 minutes 100 °C for 45 minutes
0
n

bt <

Fig. 2 Schematic illustration of the herein employed RAFT polymerization of (a) nucleobase monomers, where the R group is either adenine,
thymine, cytosine or uracil, yielding (b) nucleobase functionalized homopolymers and (c) amphiphilic block copolymers after chain extension with a

PEG acrylate.
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Table 1 Summary of DP,, dispersity and number average molecular
weight obtained for different nucleobases carrying homo and block
copolymers. Theoretically expected target M,,’s are given in italics below
the experimental result

Polymer DP;, 15t block ¢ DP, PEGMEA Mn b (g morl) D

pAA25 21 — 8090 1.11
7350°

pTA25 20 — 9240 1.11
6840°

pCA25 21 — 9060 1.11
6850°

pUA25 21 — 9160 1.12
7160°

PAA25-b-pPEGMEA60 21 52 18250 1.49
37140°

pTA25-b-pPEGMEA60 20 52 16 350 1.43
37300°

pCA25-b-pPEGMEA60 21 52 13130 1.57
36 530°

pUA25-b-pPEGMEA60 20 52 16 360 1.62
36 560°

“DP, calculated using conversion from 'H-NMR (see the ESIt for
details).  Number average molecular weights were obtained relative to
polystyrene standards using DMF as the eluent with 10 mM LiBr.
“Theoretical molecular weight calculated using monomer conversion
from '"H-NMR and the [RAFT] to [monomer] ratio.

what from the theoretically expected ones, which is partly due
to not reaching full conversion in the reaction and partly due
to missing absolute calibrations of the SEC. Thus, the number
average degree of polymerization, DP,, was determined from
the theoretical M, as given in italics below the SEC derived
M,’s.

Analysis of the H-bonding interactions of nucleobase func-
tionalized polymers is quite challenging due to their limited
solubility in solvents like DMF and DMSO. However, we gained
some insight into the interaction between homopolymers of
adenine acrylate (pAA), thymine acrylate (pTA), cytosine acry-
late (pCA) and uracil acrylate (pUA) using diffusion ordered
spectroscopy (DOSY) (see Fig. 2 for the structures of the mono-
mers). When measuring diffusion coefficients, intermediary
mobility was observed upon blending both complementary
and noncomplementary homopolymers compared to their
corresponding homopolymers. Interestingly, upon mixing
complementary and noncomplementary homopolymers (pAA
with pTA, pUA and pCA), a single consolidated diffusion coeffi-
cient was observed indicating strong non-covalent interactions
between the nucleobases. This demonstrates that both comp-
lementary and non-complementary polymers bind together,
forming a single species with a different hydrodynamic
volume compared to the corresponding homopolymers
suggesting non-selective hydrogen bonding. The diffusion
coefficients of the mixtures lie within the range defined by the
diffusion coefficients of the pure nucleobase homopolymers,
with a tendency to be closer to the value of the fastest-
diffusing polymer in the mixture. Also, the diffusion coeffi-
cient of the complementary mix was faintly higher than that of
the non-complementary blend (Table 2, and Fig. S21). Even
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Table 2 Summary of diffusion coefficients from DOSY for nucleobase
functionalized homopolymers and polymer blends

Diffusion coefficient

Polymer (D)/(107"" m*s™")
Adenine acrylate pAA 5.78
Thymine acrylate pTA 4.92
Cytosine acrylate pCA 6.67
Uracil acrylate pUA 7.15
PAA + pTA 5.19
PAA + pCA 5.97
PTA + pCA 5.10
PAA + pUA 6.62

though no hard conclusive evidence was obtained regarding
the nature of the H bonding of nucleobase functionalized poly-
mers, this study provides an interesting insight as to how the
overall hydrodynamic radius of blended chains changes with
complementary and non-complementary nucleobases. This
could be attributed to the high degree of freedom of the
polymer chains compared to the rigid structure of DNA and
the low energy differences between the complementary pairing
and a mismatch.

Synthesis and characterization of acrylic nucleobase
functionalized block copolymers with poly(ethylene glycol)
methyl ether acrylate

The obtained homopolymers were purified via precipitation
and chain extended with poly(ethylene glycol) methyl ether
acrylate (PEGMEA) with an average M, of 480 gmol™' to
achieve a hydrophilic block with a target DP,, of 60 (Fig. 2, see
the ESIt for more details). The success of chain extension was
analysed using "H-NMR and SEC in DMF, see Table 1 and
Fig. 3. All the resulting block copolymers show a shift to a
lower retention time in SEC, indicating a successful chain

Adenine functionalized BCPs Thymine functionalized BCPs

28 16 20 24 28
Retention time/ min

20 24
Retention time/min

Cytosine functionalized BCPs Uracil functionalized BCPs

16 20 24

—
28 16 20 24 28
Retention time/ min

Retention time/ min

Fig. 3 Chromatograms from DMF-SEC of diblock polymers obtained
via different synthetic approaches. Blue: the purified nucleobase func-
tionalised block is chain extended with PEGMEA; red: purified pPEGMEA
is chain extended with nucleobase acrylate and green: BCP synthesis is
carried out in one pot.
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extension. However, the molecular weights obtained from uni-
versal calibration do not tally well with the theoretical values.
This is a common issue with block copolymer molecular
weight analysis, especially if the two blocks are chemically
different and have the tendency to aggregate strongly.*® Hence,
SEC can in this case be used to assess the narrowness of the
distribution (and hence the control achieved during polymeriz-
ation), but not in order to determine molecular weights.
Therefore, we used monomer conversion from "H NMR and
the RAFT equation to calculate polymer molecular weights,
assuming that the reaction had proceeded without issues.

Having noted this, inspection of the molecular weight dis-
tributions obtained from SEC (see Fig. 3) clearly indicates
shoulders in the distribution, which also explains the signifi-
cant increase in the dispersity of the block copolymers com-
pared to their starting homopolymers. This indicates that
block extensions were not entirely successful. To understand
the cause of this, we conducted a series of additional experi-
ments. In the experiments described above, we purified the
first block wvia precipitation before chain
Considering the hypothesis that the nucleobases might inter-
fere with the RAFT end group and may lead to partial amino-
lysis, we subsequently chain extended the homopolymer in a
one-pot procedure without any intermediate purification. To
this end, the first block was synthesized as before, and after
40 minutes de-inhibited PEGMEA was directly added while
purging argon. After 40 minutes the monomer conversion for
PAA25, pTA25, pCA25 and pUA25 was 74%, 70%, 78% and
87% respectively. Hence, the second block would partially
consist of a statistical copolymer rather than a pure block, yet
this seemed a rather small compromise compared to accepting
multimodality in the BCPs. As a third alternative, we also
changed the sequence of the block copolymer synthesis to see
if this would improve control over the block extension. In this
approach PEGMEA with a DP,, of 60 was synthesized first, puri-
fied via dialysis and then chain extended with nucleobase
functionalized acrylates AAM, TAM, CAM and UAM separately.
Fig. 3 summarizes the results of the different methods and
Table 3 summarizes residual DP’s.

extension.

Table 3 Summary of the DP,, and the dispersity of block copolymers
obtained via three different polymerization approaches

Polymer DPy istblock  DPn ppomea P

1-pAA25-b-pPEGMEA60 21 52 1.49
2-pPEGMEA60-b-pAA25 19 51 1.33
3-pAA25-b-pPEGMEA60 one pot 16 48 1.30
4-pTA25-b-pPEGMEA60 20 52 1.43
5-pPEGMEA60-h-pTA25 20 51 1.33
6-pTA25-h-pPEGMEA60 one pot 17 48 1.29
7-pCA25-b-pPEGMEA60 21 52 1.57
8-pPEGMEA60-b-pCA25 20 51 1.58
9-pCA25-h-pPEGMEA60 one pot 17 49 1.38
10-pUA25-h-pPEGMEA60 21 52 1.62
11-pPEGMEA60-b-pUA25 19 51 1.39
12-pUA25-b-pPEGMEA60 one pot 18 48 1.32
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As can be seen from the figure, when PEGMEA is first poly-
merized (red chromatograms), the result is somewhat better,
yet distributions are still visibly skewed to lower molecular
weight or exhibit distinct bimodality. The one-pot procedure,
while again showing skewed distributions overall yielded the
best result with the exception of polymer 9. Following this, we
tested our hypothesis further to see if a loss of RAFT end
group fidelity is observed during the polymerization due to
aminolysis. To test this, we followed the chromatograms with a
UV detector, and similar bimodal or skewed distributions were
observed when monitoring the RAFT end group at 305 nm
(Fig. S4t). In all systems containing nucleobases, except those
with cytosine, the one-pot synthesis method resulted in UV
chromatogram traces that were predominantly monomodal.
This tendency towards monomodality offers significant insight
into how nucleobase functionalities could influence the RAFT
end-group characteristics. Nonetheless, these data are not
sufficient to draw definitive conclusions on their own. As dis-
cussed in detail by Junkers and coworkers recently, these
nucleobase containing BCPs fall under “non-classical BCPs”.*®
This is due to the pronounced differences in composition
between the two blocks and their strong non-covalent inter-
actions, which deviate significantly from the standard linear
relationship between the hydrodynamic volume and the mole-
cular weight. As a result, during chain extension, the polymer
coils may collapse, contract, or interact with the stationary
phase, leading to observed discrepancies in the molecular
weight distributions. Furthermore, the nucleobase-acrylate
block is highly hydrophobic and exhibits lower solubility in di-
methylformamide compared to the more hydrophilic PEGMEA
block, potentially causing overall contraction of the polymer
chains upon chain extension. Consequently, we concluded
that the bimodality that is observed is a result of the unique
nature of the nucleobase containing block rather than a non-
ideal polymerization. Since aggregation would be high even
within homopolymers, it is not unreasonable to assume that
the chromatograms do not exclusively elute single chains. This
is supported by the dispersity that is obtained for the poly-
mers. As summarized in Table 3, for all systems except cyto-
sine containing polymers, comparatively narrow dispersity is
obtained when PEGMEA is used as the first block and the
chain extension is carried out in one pot without purifying the
first block containing nucleobase functionalities.

Self-assembly of nucleobase-containing functional polymers
and polymer blends

Since it is difficult to discern which of the synthesis
approaches was the most ideal, we subjected the BCPs from all
three methods to nanoaggregate formation studies (Table 3,
polymers 1-12). For this, particles were made using a flow
reactor setup, which features two inlets and one outlet leading
to a 2 mL reactor as shown in Fig. 1. Solutions containing
10 mg mL™" block copolymer in DMF were pumped at 0.2 mL
min~' and mixed through a static mixing tee with Milli-Q
water at 1.8 mL min~" resulting in a total flow rate of 2.0 mL
min~". Based on previous studies, 2 mL min~" flow rate was
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chosen as it facilitates the formation of stable kinetically
trapped nanoparticles and ensures high reproducibility.”” The
concentration of BCP solutions in DMF was kept at 10 mg
mL™" to ensure adequate scattering for DLS measurements
and to allow for accurate comparison of nanoparticle sizes
across all systems without concentration-related interference.
Using DMSO led to turbid solutions being obtained after
nanoaggregate formation, while DMF yielded translucent solu-
tions. Hence, all the following experiments were carried out
with DMF. The DMF/water ratio was set to 10/90 v/v%. The
resulting nanoaggregates and their intensity profile were ana-
lysed using dynamic light scattering (DLS) and transmission
electron microscopy (TEM). Nanoaggregates emerging from
individual nucleobase polymers were then compared with par-
ticles comprised of polymer blends containing complementary
or non-complementary polymer chains.

DLS analysis of the self-assembled solutions indicates that
the formed nanoaggregates were relatively well defined with a
polydispersity index of less than 0.25 (Table 4). For adenine,
thymine and uracil containing block copolymers, nano-
structures within 38-100 nm were observed. In contrast, the
cytosine containing block copolymer pCA25-pPEGMEA60
exhibited much larger particles with an average diameter of
about 220 nm. Cytosine-based nucleobase block copolymers
have been in the literature much less studied as compared to
their adenine and thymine counterparts, and hence this devi-
ation came as a surprise. This behaviour was confirmed by
replicating the experiment, and each time, BCPs containing
cytosine yielded particle sizes greater than 200 nm. Also, this
effect is clearly observable for all three synthesis approaches,
underpinning the unique nature of the cytosine BCPs. Having
said that, we believe that the poor solubility of this cytosine-
based polymer in DMF influenced the stretching of the
polymer chain, leading to a larger particle size. The particle

Table 4 Overview of the number average diameter and dispersity of
various nucleobase-PEGMEA block copolymer systems

Number

Polymer Dy /nm  PDI
1-pAA25-b-pPEGMEA60 39 0.19
2-pTA25-b-pPEGMEA60 74 0.13
3-pCA25-b-pPEGMEA60 221 0.25
4-pUA25-h-pPEGMEA60 100 0.21
5-pAA25-b-pPEGMEAG60 + pTA25-b-pPEGMEAG60 57 0.06
6-pAA25-b-pPEGMEA60 + pCA25-b-pPEGMEA60 92 0.12
7-pPEGMEA60-b-pAA25 35 0.23
8-pPEGMEA60-b-pTA25 74 0.15
9-pPEGMEA60-b-pCA25 233 0.26
10-pPEGMEA60-b-pUA25 105 0.12
11-pPEGMEA60-b-pAA25 + pPPEGMEA60-b-pTA25 66 0.10
12-pPEGMEA60-h-pAA25 + pPEGMEA60-b-pCA25 93 0.15
13-pAA25pPEGMEAG60 one pot 35 0.23
14-pTA25pPEGMEAG60 one pot 54 0.15
15-pAA25pPEGMEA60 one pot 200 0.21
16-pUA25pPEGMEA60 one pot 94 0.17
17-pAA25pPEGMEA60 + pTA25pPEGMEA60 one pot 49 0.21
18-pAA25pPEGMEA60 + pCA25pPEGMEA60 one pot 93 0.21
Polym. Chem.
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size distribution observed in these amphiphilic systems is a
result of a complicated interplay among various molecular
forces, including hydrogen bonding, n-n stacking, electrostatic
interactions, and the balance between hydrophobic and hydro-
philic interactions. We believe that the variation in particle
size across these different individual block copolymer systems
is predominantly influenced by this delicate balance, sup-
plemented by aromatic interactions and the electrostatic forces
inherent to their well-organized supramolecular structures.

Generally, when comparing the different synthesis
approaches, a good match is seen between single experiments
and the same trends are observable in all cases. Given the
somewhat confusing nature of the molecular weight distri-
butions shown in Fig. 3, this is a very pleasing result, also
underpinning that the nature of the nucleobase is dominating
the nanoaggregate formation rather than the exact distribution
shape. Also, all individual polymers and polymer blends from
1 to 12 (see Table 4 for details) showed a single distribution in
intensity profile further concluding the formation of homogen-
ized nanostructures (see Fig. S67).

For polymers 13-16 (Table 4), the size of the nanoparticles
formed is similar compared to others but associated with
slightly higher dispersities than expected. These polymers
were synthesized using the one-pot procedure, and hence
block purity is somewhat compromised, which may lead to
this effect. Overall, however, the results for these polymers, as
pointed out above, are well in line with the other two synthesis
approaches.

Following the nanoaggregate formation of the individual
block copolymers, we then moved to blends of complementary
and non-complementary nucleobase BCPs. To this aim, we
mixed for each synthesis method adenine containing BCPs
with either their thymine or cytosine counterparts (entries 5/7,
11/12 and 17/18 in Table 4). The uracil BCPs were not used
since they are expected to exhibit very similar interactions to
thymine BCPs. Fig. 4(a) depicts the DLS intensity profiles of
the 1:1 polymer blend of these complementary and non-
complementary polymers. As is shown, the resulting nano-
particles have in both cases a size in between the diameters of
the particles formed from individual BCPs. In this case we
believe that the formation of homogenized nanostructures
with a single distribution upon mixing is mainly due to H
bonding, which forms a stable assembly at the core of the
micelles (see the ESIt for more details).

It was observed that the narrowest dispersity of 0.06 is
obtained when adenine BCPs and thymine BCPs are mixed in
a 1:1 ratio. This generally yields particles close to 50 nm and
the size does not change much when the thymine BCP
polymer ratio is increased. When the adenine BCPs are mixed
with cytosine BCPs in a 1:1 ratio, particle size increases to
close to 100 nm, and no particular trend is observed upon
changing the mixing ratio, indicating less or no H-bonding
interaction between the polymers. However, we did observe
that the dispersity of particle sizes tended to increase with the
increasing mixing ratio (Table S3}). This is an interesting
example of how the size of particles can be elegantly tuned by
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