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Many attempts to mimic the structure of biopolymers via precision polymer synthesis with reversible de-
activation radical polymerization (RDRP) techniques have been made. For peptides and proteins and their
building blocks in particular, a broad variety of mimics have previously been suggested. However, general
consistency in the design of these materials has been lacking. In this work, the foundations of a consistent
acrylamide monomer library that mimics essential amino acids has been laid, defining mimics as the reac-
tion product of acryloyl chloride and the decarboxylized respective amino acid. Five of these monomers
were then selected as model monomers, each representing one of the the five major groups of amino
acids. The model monomers were synthesized in flow procedures directly from acrylic acid and subjected
to reversible addition fragmentation chain transfer (RAFT) polymerizations. 2-Hydroxyethyl acrylamide,
N-isobutylacrylamide, N-methylacrylamide and isopropyl 4 — acrylamidobutanoate (mimicking serine,
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valine, glycine and glutamic acid) were polymerized via a general thermal RAFT approach resulting in high
monomer conversions and good molecular weight control after short reaction times of 5 to 15 minutes.
For the mimic of arginine, 1,3-di-boc-guanidinobutyl acrylamide, photoRAFT at room temperature was
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Introduction

In the eyes of a polymer chemist, proteins can be regarded as
the ultimate perfect polymer structures as they exhibit high
molecular weights, uniformity in chain length and perfect
control over the monomer sequence." The combination of
these factors define the unique properties and characteristics
that these macromolecules display. DNA and proteins, the two
most well-known examples of nature’s precisely engineered
macromolecules, are largely responsible for the diversity and
complexity of designer materials that can be found in nature.
Over the years, with a better understanding of their structures,
also research towards the design of modified or completely
artificial analogues of these molecules has gained significant
momentum. For the synthesis of artificial peptides, in particu-
lar, the development of solid phase peptide synthesis (SPPS)
by Merrifield and co-workers in 1963 marked the first major
breakthrough.? Various peptide mimics have since been devel-
oped with p-peptides,® peptoids* and peptide/polymer conju-
gates as best-known examples. However, while p-peptides and
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required to reach consistent polymerization conditions, then also resulting in well-defined materials.

peptoids have proven to be valid candidates to mimic the
action of peptides and proteins, their practical use is some-
times limited due to their sensitivity towards temperature, pH,
organic solvents or degradation.” Peptide/protein-polymer
conjugates, on the other hand, benefit from the advantages of
biomolecules whilst tuning their limitations by employing
suitable synthetic polymers in addition.>® They find use in
applications such as gas separation, optoelectronics’ and cata-
lysis.® However, biomedicine and pharmacology are the fields
that thrive the most by using such hybrid compounds.
Although the use of peptide/protein—polymer conjugates
has resulted in promising applications, their use is still depen-
dent on and limited by the physiological environment they are
used in. Therefore, the ability to produce synthetic polymers
without adding the original biomolecule moiety has gained
significant attention in recent years. In principle, the speci-
ficity and superiority in properties of peptides and proteins
can be mimicked by synthetic compounds if a similar level of
complexity can be reached. The use of fully synthetic polymers
offers the great advantage of featuring fully synthetic back-
bones. These structures can be designed to be chemically
more robust compared to their biological counterparts. Thus,
synthetic analogues are likely to display increased stability
while it can be expected that they exhibit at least some simi-
larity in function.’ Recent advances in polymerization tech-
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niques and especially since the development of reversible de-
activation radical polymerization (RDRP) led the field of
polymer chemistry into a rapid evolution and have made the
precise synthesis of well-defined polymeric structures
possible.'®*? Polymers from RDRP exhibit controlled mole-
cular weights, narrow dispersities and high end-group fidelity.
Moreover, such polymers can display a very specific topology
(linear, branched, star-shaped, etc.) or a very specific sequence
(sequence-controlled, sequence-defined) resulting in very
unique physiochemical properties.”® As a result, synthetic
materials that could replicate the precision and functionality
of the materials found in nature, are by these routes in prin-
ciple possible, even if sequence lengths and overall dispersities
of RDRP-made polymers are still far off from the precision of
proteins. However, the broad array of monomers that can be
used in these polymerization reactions make them nonethe-
less appealing.

The synthesis of fully synthetic peptide mimics via RDRP
reactions has gathered much attention in recent years and
fully synthetic peptide mimicking polymers have been syn-
thesized by using reversible addition fragmentation chain
transfer  (RAFT)  polymerization,'*'®>  nitroxide-mediated
polymerization (NMP)'®'” and atom transfer radical polymer-
ization (ATRP).'® In general, the design of the vinyl monomers
used in these reactions can be divided in two main classes: (i)
vinyl monomers that display the full structure of a natural
amino acid (or peptide sequence) as their functional group;
and (ii) monomers that only copy the main functionality of
amino acids in their respective structure. The work of Endo
and coworkers, as well as Koga and coworkers greatly defined
the standard for the first class of monomers. In their work,
straightforward procedures were developed for the synthesis of
vinyl monomers that carry amino acid residues in there side
chain trough the reaction of an a-amino acid and either acry-
loyl or methacryloyl chloride, resulting in respective acryl-
amide or methacrylamide monomers that display full amino
acid moieties as their functional groups.”'®*° Polymeric
materials made thereof, mainly focused on applications like
stimuli-responsive materials,'®*"**  self-assembly*>** and
optoelectronics.'***

Regarding the second class of monomer mimics, various
reports display the use of a broad array of monomers that
carry functional groups characteristic of amino acids. Polymer
structures composed of positively charged amino acid residues
probably are the best-known examples of this second class of
monomers. They have been widely explored for their use as
antibacterial agents as cationic amino acids are highly
common in so-called antimicrobial peptide (AMP) sequences.
Monomers mimicking the structure of lysine (Lys) have been
extensively investigated for these applications.>*™>° Arginine-
like mimics, on the other hand, have been studied for cell
penetration and drug-delivery applications.’* > Different
monomer species have been used to design these functional
molecules. Locock et al. reported the use of methacrylates to
mimic the structures of arginine, lysine and tryptophan.*
Wong and co-workers, described the design and use of single-
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chain polymeric nanoparticles comprised of acrylate mimics
of lysine and phenyl alanine for the effective destruction of
planktonic and biofilm bacteria.**

As can be concluded from previous examples, various
monomers of the second monomer class have been syn-
thesized and used in production of different materials. The
main focus in the monomer design, however, was placed on
the incorporation of the exact functional groups that are dis-
played by natural amino acids whereas little to none attention
has been given to the overall consistency of the monomer
structures. Moreover, limited attention has been given to the
influence of the length of the spacer separating the core func-
tionality and the vinyl group of the monomer. This latter part,
however, can play a vital part in the action of the final poly-
meric structure. Recently, Maron et al. designed a synthetic
peptide mimicking oligomer sequence, comprised of amino
acid mimicking acrylamide monomers via RAFT single unit
insertion (SUMI) reactions, for hydrophobic drug solubil-
ization applications."® The design of synthesized sequence was
based on a known peptide sequence that was able to solubilize
meta-tetra(hydroxyphenyl)-chlorin (m-THPC), a photosensitizer
for photodynamic cancer therapy. This model pentamer con-
sisted of four phenyl alanine and one leucine unit. The trans-
lation of the amino acids phenyl alanine and leucine, resulted
in N-phenylmethyl acrylamide and N-isobutyl acrylamide as
mimics. The importance of the monomer sequence was
proven by switching the leucine mimic to a valine mimic,
demonstrating its change in properties. This minimal change
of only one carbon atom, resulted in a significant decrease in
drug solubility. Thus, indicating the major importance in side
group and general monomer design consistency.

In this manuscript, the foundations towards a general
design principle for amino acid analogues are proposed
(Fig. 1). A uniform and consistent library containing functional
monomers is developed based on the amide formation of acry-
loyl chloride with primary amines carrying the functionalities
displayed on natural amino acids. The amines are thereby
derived from decarboxylation of the respective amino acid
compound. From this library, five different model monomers,
each representing a distinct group of amino acids, were
studied in detail towards their RAFT polymerization character-
istics in order to determine ideal reaction parameters for each
specific group of monomers.

Experimental

Materials

Acrylic acid (Merck), thionyl chloride (97%, Sigma) and N, N-di-
methylformamide (DMF, Merck) were used as received.
Tetrahydrofuran (THF, Chem-Supply) and dichloromethane
(DCM, Merck) were dried over molecular sieves. Triethylamine
(Merck), isobutylamine (Merck), methylamine (2 M solution in
THEF, Sigma), phenethylamine (Merck), isopentylamine (>98%,
Sigma), amino-2-propanol (93%, Sigma), p-alanine (99%,
Sigma), 4-aminobutyric acid (>98%, Chem-Supply),

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Overview of the main concept of translating amino acid structures into acrylamides. A comparison between the structure of a peptide

sequence and a synthetic oligomer sequence is made.

S-methylisothiourea hemisulfate salt (98%, Sigma), di-tert-
butyl dicarbonate (di-boc, 99+%, AK Scientific), 1,4-diamino-
butane (>98%, Chem-Supply), tetrapropyl ammonium bromide
(98%, Sigma), ethanethiol (99+%, Fisher Scientific), 2-bromo-
propionic acid (99+%, Fisher Scientific) and 2,2’-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride were used without
further purification.

Methods

General synthesis procedure of amino acid mimicking
monomers. In a general procedure, triethylamine (4 eq.) and
the desired amine (1 eq.) were dissolved in anhydrous THF in
a 3-neck round bottom flask equipped with a magnetic stirrer.
The flask was then placed in an ice bath at 0 °C under a nitro-
gen atmosphere. The mixture was stirred vigorously to avoid
salts fixating the stirrer bar. After cooling down of the solution,
acryloyl chloride (1.2 eq.) was added dropwise directly after
synthesis. After addition, the reaction vessel was removed from
the ice bath while the reaction solution was again exposed to
air. Next, the salt formed during the reaction was removed by
filtration and washed three times with THF. Finally, the com-
bined solution was purified using flash column chromato-
graphy on silica gel and the product fraction was analyzed for
purity using "H NMR and "*C NMR. For monomer specific pro-
cedures, the reader is referred to the ESL.}

Thermal RAFT polymerization of amino acid mimics. In a
typical procedure, 2,2'-azobis[2-(2-imidazolin-2-yl)propane]
dihydrochloride (VA-044) (0.025 eq.), PAETC (1 eq.), monomer
(10, 25, 50 or 100 eq., 1.66 M) and the reaction solvent
dioxane/water (4:6 or 7:6 v/v) were added in a glass vial and
sealed with a rubber septum. The solution was degassed for
15 min by argon purging. Next, the prepared solution was
loaded into a 1 mL gastight syringe and placed in the holder

This journal is © The Royal Society of Chemistry 2021

of a syringe pump (chemyx). The syringe pump delivered the
reaction solution with the correct flowrate into a 25 pL tubular
reactor (Idex, Peek tube Yellow, 1/32” OD x 0.007" ID) sub-
merged in an oil bath of 90 °C. Various reaction times were
screened and analysed by "H NMR and SEC GPC.

PhotoRAFT polymerization of 1,3-di-boc-guanidinobutyl
acrylamde. In a typical procedure, benzoin (0.05 eq.), CDP-TTC
(1 eq.), monomer (10, 25, 50 or 100 eq., 0.45 M) and the reac-
tion solvent, 1,4-dioxane were added in a glass vial and sealed
with a rubber septum. The solution was degassed for 15 min
by argon purging. Next, the stock solution was equally divided
over 5 GPC vials and each vial was degassed for an additional
5 minutes before being placed before a TL-D 15 W BLB 1SL/25
UV lamp (Phillips). A constant flow of pressurized air was
applied throughout the reactor in order to keep the ambient
temperature around ~30 °C Samples were taken after 10 hours
and analysed by "H NMR and SEC GPC.

Results and discussion
Design of a consistent monomer library

As previously stated, numerous reports have displayed the use
of amino acid mimicking monomers for the synthesis of func-
tional polymer materials, however, consistent monomer
design principles have been lacking. On first glance this might
seem a minor obstacle, yet, once one tries to translate the
whole series of essential amino acids, one inevitably crosses
problems that need to be solved. Thus, our first goal was to
establish the foundations of a consistent monomer library that
comprises acrylamide monomers that mimic amino acid struc-
tures as closely as possible.

Initially, we targeted acrylate monomers rather than acryl-
amides as the monomer class of choice as the use of these

Polym. Chem., 2021,12, 5037-5047 | 5039
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molecules would result in an easier purification both after syn-
thesis of the monomers and certainly when precision mono-
disperse materials are targeted. However, it soon became clear
that the use of acrylates would not be ideal as the availability
of the required alcohols would be a very limiting factor in syn-
thesis. Moreover, some acrylate monomers proofed to be
unstable upon synthesis (prone to thermal elimination at low
temperatures) and would require longer aliphatic spacers
between its desired functionality and the acrylate ester group,
resulting in an inconsistent library. We solved this issue by
switching to acrylamides, which by nature are more stable.
Also, by using amines as source materials that theoretically (or
practically) are derived directly from the respective amino acid,
an extra carbon (the stereogenic centre of the original amino
acid) is consistently added as natural spacer. Such amines are
available from decarboxylation of natural amino acids and
have been the subject of research for several years.
Decarboxylation pathways involving the use of bacterial
strains,®>” enzymatic reactions,*® radical approaches®***® and
organocatalytic reactions*’ have been investigated. Polyzos and
coworkers recently developed a straightforward flow procedure
for the decarboxylation of amino acids thus generating a fast
and easy method to access biological amines in high purified
yields.**> The respective amines for the synthesis of the acryl-
amide library are hence readily available. Moreover, acryl-
amides are preferred over acrylates since they are in principle
more water soluble compared to acrylates or methacrylates, a
very important factor for the development of polymeric struc-
tures that are envisaged to be used in biological systems. Last
but not least, while not containing the stereoinformation
present in natural peptides, acrylamides are nonetheless
capable to form hydrogen bonds, which may serve as a useful
addition. Fig. 2 gives an overview over the whole amino acid
mimic library as resulting from the above design principles.

Of the total of 21 natural occurring amino acids, only one,
namely the serine mimic, is commercially available (2-hydro-
xyethyl acrylamide). This structure is marked with a star in
Fig. 2. Most mimic structures are fairly straightforward. Some
examples, however, stand out, namely glycine and proline.
Proline is an amino acid which displays a side group that is
directly attached to the amino functionality. A feature which
cannot be directly translated to an acrylamide. To circumvent
this problem, pyrrolidine is suggested as functional mimic,
taking the shortcomings of the design change into account.
Glycine on the other hand, is accompanied with the problem
that in principle it does not contain any functional R-group.
The formal acrylamide equivalent of glycine would hence be
acrylamide. This would, however, not be an apolar spacer as
glycine is in peptides. Therefore, N-methyl acrylamide is used
knowing that it still presents a considerable polarity. Yet, this
approach is consistent of using the theoretically decarboxy-
lated amino acid as parent amine for the acrylamide.

Next to the design of the monomer library, it is of course
interesting to know how well the respective monomers would
polymerize. The presence of the various functional groups can
complicate polymerization behaviour, and reactions might not
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Fig. 2 Targeted library of amino acid mimicking acrylamides. Each
acrylamide displays a functional group that can be found in the 21
natural amino acids. The structure marked with a star is commercially
available. The structures indicated with in the blue boxes are the five
model monomers investigated in this manuscript.

always be straightforward. Thus, in here we selected five model
monomers, representing each an amino acid group. Four of
these monomers, the mimics for valine, glycine, glutamic acid
and arginine were synthesized from the respective amines and
for all five the radical polymerization behaviour was studied.
2-Hydroxyethyl acrylamide (the serine mimic) was the only
commercially available monomer, representing monomers
with hydrophilic side groups. N-Isobutylacrylamide (valine
mimic), displaying a simple apolar alkyl sidechain, was chosen
as the representative of the amino acids with hydrophobic
sidechains. N-Methylacrylamide was used as the equivalent of
glycine. Isopropyl 4-acrylamidobutanoate is designed to mimic
glutamic acid, an anionic amino acid, which is deprotonated
under physiological conditions. The synthesis of this
monomer started from 4-aminobutyric acid, a y-amino acid,
resulting in limited solubility in organic solvents. Therefore,
we chose to protect the carboxylic acid functionality with an
isopropyl protection group as this allows for the solubilisation
of 4-aminobutyric acid in organic solvents as well as the
straightforward purification of the residual monomer. The iso-
propyl protection group can be easily removed post-polymeriz-
ation via saponification.

The final monomer that was used as a model was 1,3-di-
boc-guanidinobutyl acrylamide, a mimic of the natural amino
acid arginine. Arginine mimicking monomers, in particular,
have been widely used for the design of functional polymeric
materials due to their inherent antibacterial and cell penetrat-
ing properties. Several publications on the polymerization and

This journal is © The Royal Society of Chemistry 2021
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use of arginine like monomers have been published over the
years but kinetic data on their polymerizations have been
scarce. Acrylate,*®**** methacrylate,>***"*>%¢ acrylamides**"”
and methacrylamides*®* > displaying various spacer lengths
and either protected or unprotected guanidinium functional-
ities have been described. The key functionality that needs to
be introduced to mimic arginine is the guanidine functional-
ity. Two general synthesis strategies exist to this end: (i) the
synthesis of a pre-monomer featuring an amine terminal
group, which can be modified post-polymerization to guadi-
nine,*® or (ii) the synthesis of a monomer directly bearing a
guanidinium functionality. The use of amine functional mono-
mers generally requires the post-polymerization modification
from amine to guanidine, as well as the prior protection of the
amine during radical polymerization. With respect to RAFT
polymerization, this approach is tedious, and will lead to
aminolysis of end groups during the amine deprotection.
Thus, in this work a protected guanidinium functionalized
acrylamide monomer design was employed, carrying a butyl
spacer in order to stay in line with our uniform monomer
design approach. Perrier and coworkers reported a similar syn-
thetic pathway before.>>** In their work, an arginine mimick-
ing acrylamide was synthesized carrying a protected guanidi-
nium functionality, however connected with an ethyl spacer.
The protection of the guanidinium functionality is required to
use the monomer in conventional RAFT polymerization reac-
tions without causing unwanted side reactions.

Monomer synthesis

All model monomers were synthesized through a simple ami-
dation reaction from the primary amine and acryloyl chloride,

2 PFA reactors
1.D.0.75 mm
Vol. 6.0 mL each

DMF
THF
(anhydr.)

OHHN‘\

il

00000000
60 °C

THF (anhydr.)
or DCM (anhydr.)
0°C
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and were conducted in a two-step coupled flow-batch pro-
cedure as depicted in Fig. 3. Acryloyl chloride was synthesized
in situ from acrylic acid and thionyl chloride in a continuous
flow procedure based on a previously developed approach by
our group (Fig. 3).>"*" The resulting acryloyl chloride was then
directly subjected to amidation without intermediate purifi-
cation. Exact reaction parameters for the synthesis of acryloyl
chloride as well as for each monomer can be found in ESI S3.}
The synthesis of acid chlorides in continuous flow systems are
a safer and greener approach compared to conventional batch
reactions. This method greatly benefits from the increased
surface-to-volume ratio and fast mass and heat transfer that
flow reactors offer. As a result, enhanced control of the reac-
tion parameters, high selectivity, and a high efficiency are
obtained.”® In principle also the amidation itself could be
carried out in flow. Here it was, however, sufficient to directly
drip the acid chloride into a solution containing the amine.
The isolated yields for the monomers synthesized through this
method varied between 28-66% (see ESI S371). Full optimiz-
ation of the monomer synthesis procedure in order to increase
the final yield was beyond the scope of this manuscript and no
further optimization was thus attempted.

RAFT polymerization screening

After synthesizing the four non-commercially available mono-
mers, the radical polymerization behaviour of all five model
monomers was investigated. The use of acrylamide monomers
in reversible deactivation radical polymerization (RDRP) reac-
tions is well known.””>° Thermal RAFT polymerization was
chosen as the standard method of choice, as this reaction
mode is the most used method in RDRP with high functional

Target amino acids

1: Valine
2: Glycine
3: Glutamic acid

4: Arginine

Acrylamide mimics
1: N-Isobutylacrylamide

2: N-Methylacrylamide
3: Isopropyl-4-acrylamidobutanoate

4: 1,3-Di-Boc-Guanidinobutyl acrylamide

Fig. 3 Schematic representation of the coupled flow-batch procedure to synthesize four different model acrylamide monomers. In a first step,
acryloyl chloride is synthesized in two PFA reactors and without intermediate purification used in the synthesis of a functional acrylamide via a
simple nucleophilic addition/elimination reaction with a primary amine in presence of triethylamine (TEA).
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Polym. Chem., 2021,12, 5037-5047 | 5041


https://doi.org/10.1039/d1py00735a

Published on 10 Eost 2021. Downloaded on 2025-10-30 05:58:56.

Paper
0

\/S S\HkOH
o \IS]/ 0

\)L Ria

N

H 1,4 Dioxane : H,0
VA-044, 90 °C, 5-15 min \
Ry: -C,HsO Ry:-CyHy Ri4
Ryi-CH; Ry -C,Hy 350,

Scheme 1 Thermal RAFT polymerization for 4 model monomers using
PAETC as chain transfer agent and VA-044 as radical initiator.

group tolerance.’®® Small scale screening reactions were con-
ducted in a simple tubular flow reactor with a total volume of
25 pL (ESI Fig. S371). Flow chemistry allows here to establish
well reproducible reaction conditions, and to use minimal
amounts of monomers during the screening itself. As reaction
solvent, a mixture of 1,4-dioxane and MilliQ water in varying
ratios depending on the monomer polarity was selected. The
use of water as a (co-)solvent is known to enhance the polymer-
ization rate of acrylamide monomers through formation of
hydrogen bonds.®"** 2-(Propionic acid)ylethyl trithiocarbonate
(PAETC) was used as chain transfer agent (CTA) as it is gener-
ally found to be a good RAFT agent for the polymerization of
acrylamide monomers (Scheme 1).°* The reaction temperature
was set to 90 °C in order to further enable fast polymerization.
By increasing the temperature and employing a thermal
radical initiator that decomposes rapidly at this temperature, a
high radical flux is generated. As the rate of polymerization
(Rp) is directly related to the concentration of propagating rad-
icals and the propagation rate coefficient of the monomer, the
process can thus be drastically accelerated.’® 2,2"-Azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride (VA-044) was selected
as thermal initiator. It features a half-life of 10 hours at 44 °C
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(3.5 min at 90 °C). A [CTA],/[I], ratio of 40 was employed for all
targeted chain lengths in order to ensure good control of the
polymerization reaction and high livingness of the final
product. A full summary of the exact reaction conditions and
reactant concentrations for each monomer species can be
found in ESL{ The initial monomer concentration was kept
constant (1.66 M) and different degrees of polymerization (DP)
were targeted by varying both the CTA and initiator concen-
trations. For each monomer, a total reaction time of 5 to
15 minutes was applied and samples were taken at various
points in time. The results of the kinetic screening for the first
four monomers are shown in Fig. 4. We assume that the kine-
tics of each model monomer is a reasonable representative of
its group of amino acid mimics. To cover a broad range of
chain lengths, DP 10, 25, 50 and 100 were targeted for each
monomer.

2-Hydroxyethyl acrylamide was the first model monomer to
be studied. As it is a hydrophilic monomer, a solvent mixture
of 60:40 water : 1,4-dioxane was used. A minimum amount of
40% 1,4-dioxane was required to ensure the full solubility of
the CTA. By using a temperature of 90 °C and an initial
monomer concentration of 1.6 M, high conversion values
(>90%) could be achieved in 5 minutes reaction time. It
should be noted that since the reaction was carried out in
flow, evaporation of water posed no issue.

Different chain lengths were targeted by keeping the
monomer concentration constant and adjusting the CTA and
initiator concentration accordingly. In this way, one would
expect the reaction targeting the lowest DP (and thus featuring
the highest concentration of CTA and radical initiator) to be
the fastest, as the rate of polymerization is directly pro-
portional to the initial radical concentration. However, as can
be seen from Fig. 4, the reaction for DP10 is slower than both

X 0. \)L
\)LN HW \|/ . N /\/QH _n . _
H o H N
1907 & DPgarget0 . 1007 m DParget10 1007 @ DPrarger0 1907 m DPtarget10
r
. nP‘:,::,zs - H o © DPtarget25 a . . © DParget2s . © DPtarget25 1
A 4
804 & DPgargets0 ™ : a v 801 A DPargetS0 R 809 A DPgargetsd 2 P 804 A DPyarget50 . !
v DPtarget100 & v DPiarget00 o v DPiarget100 : v DPtarget100 v
= 60 v @ 899 ° A ® 60 ° ® 60 ° A v
5 . : L oh v s ‘o 3 % s
S w $ 5 . v [ _ g 40 .
v g Ay g a v g .
s S o L]
S 2 5 8§ 20 ° v S 2 & S 2 “
L] LIS v
ad o V¥ . .
of X o] =+ ol = of #4 v
0 2z 4 & & 10 12 14 16 0z 4 6 8 10 12 14 16 0 1 2 3 4 5 0 2 4 6 & 10 12 14 16
Time / min Time / min Time | min Time | min
B DParget’0 D=113 80007 w DPyyygert0 D=1.12 40009 m DPyypgert0 45007 m DPyorger!0
e I DPtarget25 D=1.15 = ® DPtarget25 40004 © DPtarget25
6000 A DPgargets0 D =125 4 DPiargetS0 3500] A DPtargets0
P =11
so0g] ¥ OPargeto0 8 e
T % o
5 5 £ 2500
£ a g E
£ 000 H = 2000 =
2 3000 T H o
§ . = 1500
s
2000 p,
1000 500
o — T T T T 1 o
) 20 40 60 80 100 20 40 60 80 100 0 20 40 60 80 100 20 40 60 80 100
Conversion 1% Conversion % Conversion % Conversion %

Fig. 4 Summary of the results obtained from the RAFT polymerization screening reactions of four model monomers. Evolution of monomer con-
version over time is given for each monomer in the upper panel of the figure. Number-average molecular weight evolution with conversion under
variation of [RAFT]/[monomer] ratio is given for each monomer in the lower panel of the figure. The best linear fit of the data points is displayed.
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the reactions for DP25 and DP50. This effect is only visible for
2-hydroxyethyl acrylamide, and not in the reactions of other
model monomers, which follow expectations better. The exact
cause for this difference is unclear and has yet to be deter-
mined, but it can be assumed that the specific RAFT pre-equi-
librium is the cause for this effect. Determination of the exact
molecular weights for these polymers using GPC-SEC is not
straightforward due to solubility issues and lack of appropriate
Mark-Houwink parameters. Therefore, the experimental
number average molecular weight (M,,) of these polymers was
determined from 'H NMR by end group integration (SEC
results are shown in ESI Fig. S6). The full molecular weight
evolution for all monomers and target DPs is shown in Fig. 4
alongside the kinetic data; the full lines give represent best
linear fits of the data. For all polymerizations, linear pro-
gression of the M, with increasing monomer conversion is
observed. The linearity of the data depicted in Fig. 4 is indica-
tive of a well-controlled RAFT polymerization.

Similar reaction conditions were used for the screening of
N-methylacrylamide. As it also is a rather hydrophilic
monomer, a 60 : 40 H,O : dioxane solvent mixture was likewise
employed. After 5 minutes reaction time, targeting a DP of 10,
however, a monomer conversion percentage of only 64% was
obtained. As a result, reaction times were increased to
15 minutes. The exact cause for the slower polymerization rate
in comparison with the polymerization of N-hydroxyethyl acryl-
amide is not clear. However, high monomer conversions were
achieved after 15 minutes, which is still a reasonably fast
polymerization. Molecular weight determination for the poly
(N-methylacrylamide) samples was also conducted via 'H
NMR, resulting in a clear linear correlation between M, and
conversion.

The remaining three model monomers, were less polar and
thus slightly different solvent ratios had to employed. A
maximal amount of 30 v/v% H,O could be employed for the
polymerization of both N-isobutylacrylamide and isopropyl-4-
acrylamidobutanoate. Similarly, as was the case with
N-methylacrylamide, reaction times up to 15 minutes were
required to reach high monomer conversion values. In these
cases, since solubility was less an issue for these polymers,
molecular weight analysis was conducted via SEC resulting in
a clear linear relationship between M, and monomer conver-
sion, again underpinning the well-controlled polymerization
behaviour. Moreover, narrow molecular weight distributions,
with dispersity values between 1.16 and 1.26 for poly(N-isobu-
tyl acrylamide) and between 1.12 and 1.26 for poly(isopropyl-4-
acrylamidobutanoate) samples, were obtained in good agree-
ment with all previous observations.

The final model monomer that was investigated, was 1,3-di-
boc-guanidinobutyl acrylamide, the acrylamide equivalent of
the cationic amino acid arginine carrying a protected guanidi-
nium functional group. Initially, a thermal RAFT procedure,
similar to the method employed for the other monomers, was
tested, using PAETC as CTA, VA-044 as initiator and a tempera-
ture of 90 °C. A lower monomer concentration (0.45 M) and a
slightly different solvent ratio (20:80 v/v% H,O: 1,4-dioxane)
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was used based on literature procedures of a similar
monomer.**** The lower monomer concentration was also
chosen to ensure proper solubility of the monomer in the
solvent mixture. After an initial test screening reaction, target-
ing a DP of 10, only 26% of monomer conversion could be
observed through "H NMR analysis after a reaction time of
15 minutes (ESI Fig. S191). This amount of monomer conver-
sion is low for the reaction conditions used. Longer reaction
times did not result in higher monomer conversions. "H NMR
analysis of the crude reaction mixture also indicated the pres-
ence of a prominent singlet at 1.11 ppm. This peak is charac-
teristic for the tert-butyl protons in tert-butanol. tert-Butanol is
indicative of in situ deprotection of the boc protection groups
during the attempted polymerization. Boc protection groups
are very sensitive to acids and often selective deprotection is
possible under very acidic conditions. During boc deprotection
reactions, both CO, and tert-butyl cations are generated. These
cations will either readily react with water to form tert-butanol
or undergo deprotonation and form isobutylene.®*®?
Additionally, new peaks became visible in the vinyl proton
region further indicating deprotection rather than
polymerization.

Classically, boc protection groups are removed with strong
acids like HCI or TFA. In order to test if the pH of the reaction
solution had an influence, a different CTA was used. PAETC
features a carboxylic acid resulting in a reaction solution with
a slightly acidic pH. Changing the CTA to 2-cyano-2-propyl
dodecyl trithiocarbonate (CPD-TTC) resulted to an increase of
the reaction solution to pH 6. However, undesired de-
protection of the monomer was still occurring during polymer-
ization. Moreover, literature reports indicate the possible influ-
ence of water in boc group removal as it acts as a selective dual
acid/base catalyst at elevated temperatures.®® To test the influ-
ence of water, the reaction was repeated without the presence
of H,O as co-solvent. "H NMR still indicated a significant
singlet peak at 1.11 ppm, indicative of tert-butanol formation,
and the absence of polymerization after a reaction time of
48 hours at 46 °C (ESI Fig. S207). One would expect the
absence of water as reaction solvent leading to the formation
of isobutylene rather then tert-butanol. However, as the solvent
used in the polymerization reaction was not anhydrous, traces
of water are present, and this amount is sufficient to form pre-
dominantly tert-butanol.

Finally, the influence of temperature was tested by subject-
ing three NMR tubes containing a small amount of monomer
dissolved in DMSO-d, to different temperatures (90 °C, 70 °C
and 46 °C) for 15 minutes. The destructive influence of temp-
erature was clearly indicated as the characteristic singlet peak
was clearly present for the 90 °C sample after 15 minutes (ESI
Fig. S21}). The samples that were subjected to 70 °C and
46 ©°C, resulted in lower amounts of deprotection after
15 minutes, leading to the conclusion that temperature is the
main cause for the deprotection and consequently inhibition
of polymerization. A quantitative analysis of the thermal de-
protection of the monomer was conducted through in situ
NMR. A solution of 0.045 M of 1,3-di-boc-guandinobutyl acryl-
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amide in DMSO-ds was prepared and heated at 70 °C for
80 minutes and NMR spectra were taken at five minute inter-
vals (ESI Fig. S22-5247). A clear increase of tert-butanol for-
mation with increasing exposure times could be observed with
0.020 M of tert-butanol present after 80 minutes exposure
time. Besides the formation of tert-butanol, characteristic peak
signals of isobutylene (4.66 ppm =CH, and 1.70 ppm —-CHj,
1:3 integration ratio) were observed as well, although in
smaller quantities, and only later than tert-butanol formation.
Thermogravimetric analysis (TGA) of the bulk monomer under
aerobic conditions revealed first signs of decomposition of 1,3-
di-boc-guanidinobutyl acrylamide start at 125 ©°C (ESI
Fig. S267).

The presence of thermal decomposition of the monomer
could clarify the effects mentioned in earlier literature reports
published by Perrier and coworkers regarding the polymeriz-
ation of a similar monomer. In their work, 1,3-di-boc-guanidi-
noethyl acrylamide was synthesized and polymerized via a
thermal RAFT approach. They demonstrated successful
polymerization of the monomer at 46 °C but indicated the loss
of molecular mass control at higher temperatures.>® However,
polymerization reactions of our monomer at 46 °C for longer
amounts of time (24-48 hours) did not result in any formation
of polymer and deprotection was clearly occurring, even
though at slower rates. Increasing the initiator concentration
from 0.0045 M to 0.045 M, when employing lower reaction
temperatures, did not resolve the issue.

As a result, we switched from thermal to room-temperature
photo-induced RAFT polymerization (photoRAFT). In this way,
the thermal deprotection of the guanidinium functionality was
prevented. Initial test polymerizations, targeting oligomeric
materials with a DP of 10, were conducted in a 36 W Coscelia
Nail Dryer UV LED (365 + 405 nm) lamp. In order to negate a

>

1,4 - Dioxane : H,0 (8:2) @

[M], = 0.45 M

¢
<
+
fIc®

| =
O, N o
Y 1,4 - Dioxane : H,0 (8:2)

[M], = 0.45 M

N |

365 nm
1,4 - Dioxane

[M],=0.45 M

View Article Online

Polymer Chemistry

possible influence of the acidity of the reaction solution on de-
protection of the monomer, 2-cyano-2-propyl dodecyl trithio-
carbonate was chosen as CTA. Benzoin was selected as sup-
plemental initiator. A slightly higher [CTA]/[initiator] ratio of
20 was used to ensure proper initiation of the reaction.
Samples were allowed to react at room temperature for
24 hours resulting in 98% monomer conversion with minor
deprotection of the guanidinium functionality as confirmed by
the presence of a minor peak at 1.11 ppm on "H NMR analysis
(ESI Fig. S251). When using the identical reaction solution, i.e.
1,4-dioxane : H,O (80:20 v:v%), as were previously used in
thermal RAFT reactions, phase separation of the reaction solu-
tion and precipitation of the oligomeric material could be
observed at higher monomer conversions. This effect is not
visible when 1,4-dioxane is used as sole reaction solvent.

After these initial test reactions, a more in-depth screening
of the polymerization kinetics was attempted. For this, a TL-D
15 W BLB 1SL/25 UV lamp (peak emission at 365 nm) was
used (ESI Fig. S47) as a more sophisticated UV light source. By
switching to a lamp with a narrower emission spectrum, the
reaction could be accelerated to completion in 10 hours.
However, a full kinetic characterization of the polymerization
reaction could not be obtained as all attempted reactions
showed varying inhibition periods, making conversion vs. time
plots rather meaningless. However, full monomer conversion
could be achieved consistently after a reaction time of
10 hours using CPD-TTC as CTA and benzoin as initiator
resulting in oligomer materials with molecular weights around
3800 g mol™" with narrow dispersity values of 1.10-1.18. The
presence of a brief inhibition period is often observed in RAFT
polymerization and the exact causes for this are still not
entirely understood.®” For photoactivation, the exact causes are
likely even more complex than for classical thermal RAFT

No (controlled) polymerization
Deprotection of guanidinium functionality

Controlled polymerization
Phase separation of polymer species and aqueous phase

Full conversion after 10 h
CPD-TTC

Controlled polymerization

Full conversion after 8 h
PAETC

Fig. 5 Summarizing figure of reaction conditions tested for the polymerization of 1,3-di-boc-guanidinobutyl acrylamide. Thermal initiated RAFT
polymerization attempts lead to the deprotection of the guanidinium functionality of the monomer and no polymerization occurred. Photo initiated
RAFT polymerization lead to well-defined polymer materials with the final polymer crashing out when a mixture of 1,4-dioxane and water was

employed.
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——DP100

1000 10000 100000
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Fig. 6 SEC traces of poly(1,3-di-boc-guanidinobutyl acrylamide)
samples targeting different degrees of polymerization after 8 hours
reaction time.

polymerization. Nevertheless, polymerization could be carried
out successfully and consistently. The various attempts and
identification of suitable polymerization conditions for the
monomer are summarized in Fig. 5.

By substituting CPD-TTC back to PAETC, the overall reac-
tion time could be consistently shortened to 8 hours. Yet, also
here a clear kinetic screening failed for the same reason of see-
mingly random inhibition periods. However, good control over
molecular weight was demonstrated by targeting different
molecular weights of 4000, 10 000, 20 000 and 40 000 g mol™*
corresponding to polymers with 10, 25, 50 and 100 monomer
insertions. After a reaction time of 8 hours, materials with
apparent molecular weights of 3800, 6900, 12 400 and 13 620 g
mol~" were obtained (see Fig. 6). For the low molecular weight
products, there is a good match between theoretical and
experimental M,, (considering the SEC was based on poly-
styrene standard calibration). Narrow distributions were
obtained, displaying dispersity values of 1.10 for DP 10 and
slightly increased values of 1.22 for DP 100 at full conversion.
Polymerization is thus also for this monomer proceeding with
good control. However, for the target DP 100 a mismatch in
molecular weight is clearly observed, indicating that at the
lowered RAFT agent concentration still deprotection may nega-
tively influence the polymerization, and that photoRAFT limits
the maximum achievable chain length.

Conclusions

The first fundaments towards an acrylamide monomer library
that mimics natural amino acids were laid. Five model mono-
mers, each representing one of the five main groups of amino
acids, were selected and four of them were synthesized directly
from acrylic acid in a flow procedure. Next, the RAFT polymer-
ization of these monomers was studied via thermal RAFT
polymerization procedures, indicating good control over mole-

This journal is © The Royal Society of Chemistry 2021
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cular weights and dispersities for four out of five model mono-
mers after short reaction times of 5 to 15 minutes.

Polymerization of 1,3-di-boc-guanidinobutyl acrylamide (a
mimic for arginine) was more difficult to polymerize due to
thermal deprotection occurring, leading to inhibition of
polymerization. However, also this monomer could success-
fully be polymerized by applying photoRAFT conditions at
room temperature, resulting in narrowly dispersed polymers
(P =1.10-1.22) after 8 hours reaction time.
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