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ABSTRACT: Post-polymerization modification of poorly reactive polyacrylates using efficient
catalytic transesterification and amidation reactions has recently emerged as a valuable tool to

access diversely functionalized poly(meth)acrylates and poly(meth)acrylamides. The method is
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particularly useful to introduce functional groups incompatible with the polymerization
mechanism, such as non-protected reactive amino groups. In this work, we explored the TBD-
catalyzed amidation of polymethylacrylate (PMA) with various difunctional amines to obtain
polyacrylamide homo- and copolymers with a pendant reactive amine group. As anticipated,
functional polymers could not be attained from amidation with ethylenediamine, because of
competing cross-linking side reactions, but could be prepared from the mono-Boc-protected
ethylenediamine instead, requiring, however, addition unwanted protection and deprotection steps.
More interestingly, we found that the direct amidation of PMA with unprotected N-
ethylethylenediamine is an efficient method for preparing secondary amine functionalized
polymers, without the occurrence of crosslinking side-reaction even at lower catalyst loading. The
crucial role of the ethyl group to prevent side reactions was clearly demonstrated as the use of N-
methyl ethylenediamine led to crosslinking. The utility of the developed platform for the rapid
preparation of a series of hydrophilic copolymers and hydrogel materials is also demonstrated. The
hydrogels were prepared by reacting the secondary amine side chains with methacrylic anhydride,

followed by photocuring in the presence and absence of dithiols.

1. INTRODUCTION

Post-polymerization modification, i.e. chemical manipulation of functionalities on polymers, has
been historically seen as a method to overcome restrictions imposed by the polymerization method.
This is well-illustrated for polyallylacrylamide (PAIIAM) which cannot be prepared by radical
polymerization, but could be obtained by amidation of poly(N-succinimidyl acrylate) (PNHSA)!2
or polymethylacrylate (PMA).? Post-polymerization modification is also increasingly addressed

from another perspective, i.e. as a complementary tool to prepare functional polymers of equal



viability than direct polymerization, but also for upcycling of low value commodity polymers into
higher value specialty polymers.*® This has been partly favored by the concomitant recent
development of polyvalent and controllable polymerization techniques such as reversible-
deactivation radical polymerization (RDRP),” among others, giving access to controlled, “ready-
to-be-modified” polymers, paired with the advent of highly directional click-type reactions,
including, CuAAC, thiol-ene, thiol-yne and several others.*!*!! This judicious combination is
ideal to synthesize macromolecules with precise architectures and modular composition,

functionality, topology.

Although post-polymerization modification seems to be a limitation-free method, the chemical
method employed needs to be quantitative, chemoselective, and proceed under mild conditions to
avoid side-reactions and polymer backbone transformation. Hence, many post-polymerization
approaches employ highly reactive groups such as N-hydroxysuccinimidyl (NHS) and

12,13

pentafluorophenyl (PFP) activated esters, epoxides, anhydrides as well as the aforementioned

1011 and sequential methods.'* Even though these methods are without a doubt

click methods,
interesting and useful, they can, however, not be implemented for commodity polymers, apart from
unsaturated polymers like polybutadiene,'” thus requiring the preparation of “activated” polymeric
precursors such as PNHSA.! Therefore, the development of economic and versatile routes, i.e.

activation/protection free methods, to directly convert industrial commodity polymers into

functional materials appears as a relevant alternative for various applications.

Although poorly reactive, some recent reports have shown that unactivated ester side-chains of

widely available poly(alkyl)acrylates and poly(alkyl)methacrylates could be efficiently converted
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through transesterification or amidation reactions under mild conditions, assisted by the

use of specific reagents, activating agents or catalysts. Metal-based catalysts have been employed
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by Terashima et al. to modify poly(meth)acrylates through transesterification,
et al., as well as our group employed triazabicyclodecene (TBD) as an organocatalyst for the
efficient transesterification or amidation of polyacrylates.!®?!?® Other groups reported the

2324 or strong reactants such as metal

stoichiometric use of metallo-'” or organo-activators,
alkoxides or metal amides.!*?”° Catalytic systems are clearly the most advantageous, and among
them, organo-catalysts possess several advantages such as low price and water insensitivity.
Additionally, we recently demonstrated that substrates bearing an hydrogen-bonding group, such
as amino-alcohols and dialkyamino groups, have a favorable impact on the reaction kinetics in
TBD-catalyzed amidations of PMA, leading to an “autocatalytic accelerated” amidation process,
resulting from intramolecular hydrogen-bonding of the formed amide units with the catalyst or
with the neighboring esters groups, thereby reducing the activation energy barrier through the
stabilization of intermediate transition states.’® The combined effects were found to reduce the
overall amidation reaction time, enabling quantitative transformation with lower catalyst loading,
and enabling the introduction of various functional groups. In this work, this approach is extended

towards the introduction of more challenging reactive primary and secondary amino-groups

through amidation.

Among the many functionalities that could be introduced on a polymeric structure, amino groups
are one of the most popular as they provide unique features, including pH responsivity, as cationic

polyelectrolyte, as well as for further functionalization via acylation or alkylation by reaction with

1 32-34

carboxyl, carbonyl, epoxy, Michael acceptors,’! to access more complex structures.
Representative examples of amine-containing polymers are polyethyleneimine (PEI), poly-L-

lysine (PLL), and polyvinylamine (PVAm). Amine-bearing poly(meth)acrylates and

poly(meth)acrylamides are also of prime importance for the development of new materials for
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various biomedical applications including drug and gene delivery, responsive systems,

and antimicrobial agents.*>#*

The rapid and straightforward introduction of amine functionalities in polymeric structures,
particularly reactive primary and secondary amines, is frequently hampered by their
incompatibility with most of the polymerization or post-polymerization modification methods,
therefore requiring the non-ideal use of protecting groups. Notably, primary and secondary amines
are incompatible with (meth)acrylate and (meth)acrylamide monomers as they react with the vinyl
double bond through Michael addition.*>*¢ Therefore, poly(N-alkyl acrylamide)s (PAM) bearing
primary or secondary amino groups in the side chain are usually prepared by polymerization of
tert-butyl-2-acrylamido(alkyl)carbamates  (Boc-AMA),** or 2-amino(alkyl)methacrylamide
hydrochloride salts (AMA.HC1),>”-¥*#147-50 in which the amino group is either BOC-protected or
protonated. Both routes request multiple steps, including protection/deprotection or
protonation/deprotonation sequences. Moreover, these protected and protonated monomers have
rather poor solubility in organic solvents. However, the direct amidation of PMA or other
polyacrylates, which introduce protected or even unprotected primary of secondary amino groups

into the side chain have not been reported, to the best of our knowledge.

Within this contribution, we explored the possibilities to prepare PAM containing a primary or
secondary amine reactive handle in the side chain directly from PMA, especially aiming to
identify, if possible, a method that omits activation/(de)protection steps, through a catalytic and
solvent-free method. We used the TBD-catalyzed amidation with various symmetrical or
asymmetrical bifunctional amines, such as BED that can give access to poly(N-aminoethyl
acrylamide)s (PAEAM) homo- and copolymers with a pendant primary amine group after cleavage

of'the Boc-protecting group. Based on our previous research, we rationalized that the steric features



of alkyldiamines could be exploited to enable chemoselective formation of the desired PAM
through selective amidation of the primary amino-group, and thus avoiding crosslinking side-
reactions. In this work, we indeed identified that the amidation with N-ethyl ethylenediamine
(NEED) as a relevant protection-free modification strategy to access novel poly(N-(2-
(ethylamino)ethyl) acrylamide) (PEAEAM) polymers and copolymers, which contain a pendant
secondary amine group. As a proof of concept, the reactive poly(N-(2-(ethylamino)ethyl-co-N-
hydroxyethyl acrylamide) P(EAEAM-co-PHEAM) copolymer was subsequently derivatized with
methacryloyl groups to induce radical network formation in the presence of a bifunctional thiol in

order to obtain hydrogels.

2. EXPERIMENTAL SECTION

2.1. Materials.

The following chemicals were purchased from various providers (Sigma Aldrich, TCI Europe,
Fluka) and used as received, unless otherwise stated: acetonitrile (MeCN, > 99%), acetone (>
99%), methanol (MeOH, > 99 %) chloroform (> 99%), diethylether (Et20, > 99%), tetrahydrofuran
(THF, > 99%), triazabicyclodecene (TBD, 98%), ethylenediamine (ED, > 99%), N-ethyl
ethylenediamine (NEED, >99.0%), N-methyl ethylenediamine (NMED, >97.0%), 1,3-
pentanediamine (PD, >97%), N,N’-diethyl ethylenediamine (DEED, >98%), di-fert-butyl
dicarbonate (> 95 %), hydrochloric acid (37%), methacrylic anhydride (>94.0%), trimethylamine
(>99%) DL-Dithiothreitol (DTT) (> 98%). Irgacure® 2959 was kindly donated by BASF. PMA
was purchased from Scientific Polymer Products (40.08% solution in toluene, Approx. Mw:

40,000 g.mol™"). The toluene from PMA was removed by evaporation under vacuum using a rotary

evaporator until no toluene signal was visible by "H-NMR analysis. N-Boc-ethylenediamine was



synthesized from ethylenediamine and di-tert butyl dicarbonate according to a previously
published method.>! Dialysis membranes (regenerated cellulose - MWCO 3.5 kDa ) were acquired
from Roth. Acidic resin (Dowex®, 50W X8, hydrogen form, strongly acidic, 16-50 mesh) was

purchased from Sigma Aldrich and washed with methanol and then water before use.

2.2. Methods.

Proton nuclear magnetic resonance (‘H-NMR) spectra were measured at room temperature with a
Bruker Advance MSL 400 MHz or 300 MHz NMR spectrometer. All chemical shifts are given in
parts per million (8, ppm) relative to tetramethylsilane. Deuterated solvents, such as chloroform-d
(CDCI3) and dimethylsulfoxide-ds (DMSO-ds) were purchased from Eurisotop. Size exclusion
chromatography (SEC) was performed on an Agilent 1260-series HPLC system equipped with a
1260 online degasser, a 1260 ISO-pump, a 1260 automatic liquid sampler (ALS), a thermostatted
column compartment (TCC) set at 50 °C equipped with two PLgel 5 um mixed-D columns (7.5
mm % 300 mm) and a precolumn in series, a 1260 diode array detector (DAD) and a 1260 refractive
index detector (RID). Distilled N,N-dimethyl acetamide (DMA) containing 50 mM of LiCl was
used at eluant at a flow rate of 0.500 mL.min"'. Number-averaged molar mass (M,), weight-
averaged molar mass (M,) and molar mass distribution (dispersity, P) values were calculated
against narrow dispersity polymethylmethacrylate (PMMA) standards from PSS. FTIR spectra
were measured on a PerkinElmer 1600 series FTIR spectrometer and are reported in wavenumber
(cm™). In situ infrared spectra or kinetics measurements were obtained with ReactIR 4000
instrument (Mettler Toledo) using a silicone probe (SiComp, optical range 4400-650 cm™). For
on-line monitoring, the silicon probe was introduced into a two-necked glass flask, equipped with
a stir bar. Centrifugation was performed on an ALC multispeed refrigerated centrifuge PK 121R

from Thermo Scientific using 15 mL or 50 mL high clarity polypropylene conical tubes from



Falcon. Lyophilization was performed on a Martin Christ freeze-dryer, model Alpha 2—4 LSC

plus. Ultrapure deionized water (Milli Q) was prepared with a resistivity less than 18.2 M Q x cm

using an Arium 611 from Sartorius with the Sartopore® 2 150 (0.45 + 0.2 um pore size) cartridge
filter. Photocrosslinking kinetics were studied by performing small strain oscillatory shear
experiments on an Anton Paar MCR302 Rheometer with 25 mm parallel plate-plate geometry at
R.T. Samples were irradiated using an Omnicure Series 2000 ultraviolet light source with 365 nm

filter and a fiber optic probe fitted under the quartz bottom plate of the rheometer.

2.3. Experiments

General procedure for (co-)amidation reaction with ED, NMED, NEED, PD, DEED, BED, EA
and copolymers thereof. Amidation reactions were conducted in sealed microwaves tubes. PMA
(0.5 g, 40 kDa according to supplier, corresponding to approx. 5.81 mmol of methyl ester group)
was weighed in 5 mL crimp vials (5 mL Biotage microwaves tubes). Amines (EA, ED, BED,
NMED, NEED, PD or DMED) of predetermined ratio (34.88 mmol, 6 eq. per methyl ester group)
were introduced in the flasks and the solutions were degassed by argon bubbling for 15 min. TBD
(0.05-0.25 eq. per methyl ester) was then added to the mixtures and the flasks were flushed with
Argon, capped and heated at 80 °C over a period of 72 h. To evaluate the reaction conversion, a
sample (100 pL) was precipitate in cold diethyl ether (5 mL), centrifuged, dried under vacuum at
40 °C for 2 h, and analyzed by FTIR and/or by 'H-NMR spectroscopy in dmso-ds (for BED) or

D-O.

General work-up procedure after amidation with NMED, NEED, EA and copolymers thereof.

After return to room temperature, the mixture was poured into 30 mL of cold acetone to precipitate



the polymer. The solution was centrifuged, and the liquid supernatant discarded. The polymer was
further precipitated twice by dissolving in a minimal amount of methanol (1-3 mL) and pouring in
cold acetone (30 mL). The polymer was dried under vacuum (R.T., 2h) to remove residual solvent.
To remove TBD and residual traces of amines, the resultant polymer was dissolved in water
(around 20 mL), and for each sample, Dowex (80-400 mg, corresponding to twice the mass of
TBD) was added. After stirring for 5 hours and filtration to remove the Dowex, water was removed
by freeze-drying and the resultant solid was dried in a vacuum oven at 40°C overnight to yield the
desired pure polymer as a white powder. The absence of polymer protonation was confirmed by

"H NMR spectroscopy.

General work-up procedure after amidation with BED and EA/BED mixtures. After return to room
temperature, the mixture was poured into 40 mL of cold diethyl ether to precipitate the polymer.
The solution was centrifuged, and the liquid supernatant discarded. The polymer was further
precipitated twice by dissolving in a minimal amount of MeOH (1-3 mL) and pouring in cold
diethyl ether (30 mL). The polymer was dried under vacuum (R.T., 2h) to remove residual solvent.
The polymer was dissolved in water and the pH was adjusted to 5 with diluted HCI1 (0.1 M). The
mixture was put in a 3.5 kDa Mw cutoff dialysis bag and dialyzed 3 times against deionized water.
Water was removed by freeze drying and the resultant solid was dried in a vacuum oven at 40 °C

overnight to yield the desired pure polymer as a white powder.

General procedure for the deprotection of Boc-protected polymers. 100 mg of Boc-protected
homo- or copolymer was dissolved in 10 mL methanol and 1 mL of concentrated hydrochloric
acid was added dropwise and the resulting mixture was stirred at room temperature overnight. The
solvent was removed under reduced pressure, and the residue was dissolved in water. The pH was

adjusted to pH 7 with diluted NaOH (0.1 M), and the mixture was put in a 3.5 kDa Mw cutoff



dialysis bag and dialyzed 3 times against deionized water. Water was removed by freeze drying
and the resultant solid was dried in a vacuum oven at 40 °C overnight to yield the desired pure

polymer as a white powder.

General procedure for the derivatization by acetylation for the SEC analysis. A homo- or
copolymer sample (100 mg) was poured in 1 mL acetic anhydride (around 15 eq. per functional
group, ie. OH groups + NH groups) in presence of a catalytic amount of N,N-
dimethylaminopyrridine (DMAP) (11 mg, 0.1 eq. per functional group). The reaction was stirred
at 40°C overnight. After return to room temperature, the mixture was poured into 10 mL of cold
diethyl ether to precipitate the polymer. The solution was centrifuged, and the liquid supernatant
discarded. The polymer was further precipitated twice by dissolving in a minimal amount MeOH
(1 mL) and adding to cold diethyl ether (10 mL). The polymer was dried under vacuum (R.T., 2h)

and then analyzed.

General procedure for the acylation of PEAEAM-co-PHEAM copolymers with methacrylic
anhydride. 0.5 g of the polymer was poured in 5 mL of dry DMF under inert atmosphere. A little
amount of hydroquinone was added to the mixture. Then dry triethylamine (4 eq. per amine group)
followed by methacrylic anhydride (2 eq. per amine group) were added, and the mixture was stirred
at room temperature in the dark overnight. The following purification steps were also conducted
as much as possible in the dark. The mixture was poured into 20 mL of cold diethyl ether to
precipitate the polymer. The solution was centrifuged, and the liquid supernatant discarded. The
polymer was further precipitated twice by dissolving in a minimal amount MeOH (2-3 mL) and
pouring in cold counter-solvent (20 mL). The polymer was then poured into a 1M KOH/MeOH
mixture (50:50, 5 mL) and the mixture was stirred at room temperature for 5h to cleave the O-

acetylated by-product. The methanol was evaporated, and the resultant aqueous solution was
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neutralized to pH 7 with 1 M HCI. The mixture was put in a 3.5 kDa Mw cutoff dialysis bag and
dialyzed 3 times against deionized water. Water was removed by freeze drying and the resultant
solid was dried in a vacuum oven at 40 °C for 2 h to yield the desired pure polymer as a white

powder.

Reaction kinetics. The reaction kinetics were followed via ReactIR, using the ester peak (C=0O
stretching, 1770-1700 cm™) for quantification of the amount of starting esters function in the
reaction, and the amide product peak (C=O stretching, 1698-1645 cm™) for quantification of the

amount of amide function formed in the reaction.

Photocuring experiment. In situ photo-crosslinking experiments were conducted with 10 wt%
solutions of (PEAEAM-co-PHEAM) copolymers with 14% functionalization degree of
methacryloyl groups in water as solvent, in presence of photo-initiator (Irgacure2959) (0.05 eq.
per methacryloyl groups) and eventually (2S,3S5)-1,4-Bis-sulfanylbutane-2,3-diol (DTT) (0.5 eq.
per methacryloyl group). The solution (around 0.2 mL) was pipetted onto the rheometer glass plate
and the gap was fixed at 0.4 mm (25 mm diameter upper profile). The storage and loss modulus
were measured over a total period over 665 sec with a gamma amplitude for the (oscillating) shear
deformation at 0.1 % and a deformation frequency of 1 Hz. The baseline was measured during 1

min, then the solution was irradiated with the UV lamp at room temperature.

Polymer characterizations. The polymers were generally characterized by FTIR and '"H-NMR
spectroscopy and SEC analysis with DMA/ 1 wt% LiCl as the eluent. The spectra and

corresponding values are presented and described in the supplementary data.

3. RESULTS AND DISCUSSION
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Aiming for the modification of bulk, commodity polymers, we used commercially available PMA
(around 40 kDa average molar mass (Mw)) as a starting material. The TBD-catalyzed amidation
was explored with bifunctional amines, i.e. ethylenediamine (ED), 1,3-pentanediamine (PD)
mono-Boc-protected ethylene diamine (BED) and alkylated diamines, including N-methyl
ethylene diamine (NMED), N-ethyl ethylene diamine (NEED), and N, N’-diethyl ethylenediamine
(DEED) (Scheme 1). The relevance of the transformations was evaluated according to a set of
criteria for an ideal modification approach, which should 1) allow the introduction of a reactive
amino group without any crosslinking between polymers chains, 2) be efficient enough to achieve
full conversion of the methyl ester, 3) eliminate the need for protecting groups, 4) limit the price
and the production of waste by minimization of amounts of catalyst and solvent, and 5) allow
“homo-amidation” as well as controllable co-amidation with ethanolamine (EA) to yield water-
soluble amine-functional polymers. Indeed, co-amidation with EA could give access to
functionalized PHEAM, which are valuable water soluble, non-ionic anti-fouling polymers found
in various biomedical applications.’*>° Such a copolymer, therefore, represents a promising

reactive platform for a large range of applications.

Homo-amidation Co-amidation Diamines:
H H R1= H R2= NH2 ED
R1/N \/\RZ R1/N\/\R2 co R2=CH(C2H5)NH2 PD
R, Diamine /{/f Diamine R, R,= NHBOC BED
R 7T . .
o= N 0 N0 T in 0" 'NH O 'N Ry= NHMe NMED
TBD (cat.) [ + 28N S0oH
R,= NHEt NEED
R PMA EA OH R

2 TBD (cat.) 2 R,= NMe, DMED
Standard conditions: 6 eq. diamine or diamine+EA /ester, 0.5% TBD/ester, neat, 80°C Ri= Bt Ry= NHE DEED

Scheme 1. Overview of the investigated post-polymerization modification reactions of PMA with

various amines to gives poly(N-alkyl acrylamide)s homo- and copolymers.
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We firstly explored the amidation reaction of PMA with ED, as the most direct and simple route
to introduce an N-aminoethyl side-chain group. As standard conditions, 0.05 equivalents (5 mol%)
of TBD were used together with 6 equivalents of the amine, both related to the methyl ester groups,
and the reaction was performed at 80°C. In our previous work, these conditions were previously
found to be optimal to reach a full conversion of the methyl ester groups using ethanolamine (EA)
as reactant.>’ As a preliminary amidation reaction of PMA with ED led to crosslinking, only co-
amidations with EA were further explored, in order to reduce crosslinking through the amidation
reaction from both amines of ED. The reaction conversions were evaluated by FTIR, by
comparison of the methyl ester peak (C=Ojvibration) at 1726 cm™) and the amide peak (C=Ovibration
at 1642 cm™!) from a reaction sample that was precipitate in diethyl ether, centrifuged and dried
(Figure S1). Although we could easily reach full conversion after 24 hours of reaction, it was clear
that the reactions led to undesired crosslinking (Scheme 2. left) regardless of the reaction
conditions, even with the use of an excess of EA as a co-reactant, either in neat conditions or
diluted in MeCN (Table S1). The propensity to crosslink was judged qualitatively (SEC was not
measured because of insolubility of the samples), by visual observation of an eventual insoluble
fraction in the reaction bulk or during work-up. A set of PMA amidation reactions with an
asymmetric diamine (PD) containing two primary amines, of which one is sterically less accessible
due to its connection to a secondary carbon, was also carried out aiming to achieve selective
amidation with the less sterically hindered amino group (Table S2). However, insoluble material
was again formed in the reaction, demonstrating the inability of PD to avoid the crosslinking side-

reaction.
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a

Scheme 2. Post-polymerization modification of PMA with unprotected vs protected

ethylenediamine leading to crosslinking (left) or no crosslinking (right).

Therefore, the amidation of PMA with BED appears as the most evident approach (Scheme 2,
right) to introduce a primary amine side-chain and to prevent crosslinking, although the use of a
protecting group is not ideal. Nonetheless, amidation reactions of PMA were conducted with BED
alone as well as in a coamidation of BED with EA at various ratio. Here, the conversion was
evaluated by 'H-NMR spectroscopic analysis of the samples, by looking at the methyl ester peak
disappearance (at around 3.58 ppm), because the signal of the Boc-group overlaps with the methyl
ester group signal in FTIR spectroscopy. The fully converted polymers were purified by
precipitation in diethyl ether followed by dialysis at acidic pH (5) to remove the catalyst. As one
could expect, no significant crosslinking was observed. However, it was rather difficult to obtain
full conversion, particularly for high BED contents (EA/BED > 3:3 or BED alone) (Table S3).
This lower reactivity for BED compared to EA is most likely due to the high steric bulk of the
Boc-group, hampering the amidation of neighboring ester groups. To push the reactions at high
BED content to full conversion, it was necessary to increase the TBD loading to 20 mol% per
methyl ester (when EA/BED > 3:3) and increase the reaction times (up to 96 h, for EA/BED 1:6
and for BED alone). Increasing the temperature to 120 °C was found to be detrimental for the

polymer dispersity, probably due to, partial, thermally induced Boc-cleavage leading to
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crosslinking. In contrary, the Boc-group remains relatively stable for the reactions at 80°C and
during workup, as shown by the SEC analysis of the isolated polymers (Figure 1.A.; Mn, Mw and
b of the products are provided in the Table S4), except for the polymers made with BED/EA 5:1
and 6:0 (29% and 100% Boc-aminoethylacrylamide (BOC)AEAM) units content) that gives a
high molar mass shoulder on the SEC, presumably due to a slight BOC cleavage as a consequence
of prolonged reaction time. All polymers show a clear and similar shift in retention time compared
to PMA, confirming the transformation into PAM. The corresponding fraction of (BOC)AEAM
units in the final P(HEMA-co-(BOC)AEAM) copolymers as a function of the stoichiometric ratio
of amine used is shown in Figure 1.B. The values were calculated from the 'H-NMR spectra, by
comparison of the integral of the protons of the Boc-group (k) with signal of the backbone protons
(atb) (Figure 1.C.). The lower incorporation degree of BED compared to EA is in line with an
expected difference in reactivity during TBD-catalyzed amidation reactions, because of their
difference in steric bulk and hydrogen-bonding capability. Indeed, the hydroxyl group in EA is
able to lower some transition states via hydrogen-bonding,*® whereas the amino-N-Boc-group in
BED probably cannot. For example, the use of equal amount of BED and EA (eq. ratio 0.5) gives
a polymer with only 7 mol % of (BOC)AEM units. However, the variation of this amine ratio is a
direct and straightforward means to control the percentage of incorporated (BOC)AEM functional

groups.
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Figure 1. A) Overlay of SEC-RI traces of the starting PMA and the PHEAM-co-P(BOC)AEAM

copolymers obtained after amidation with BED/EA ratios ranging from 1:5 to 6:0. B) The

fraction of (BOC)AEAM units in the corresponding copolymers as a function of the

stoichiometric BED/EA ratio. C) The corresponding *H-NMR spectra (MeOD, 300 MHz) of the
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obtained purified P(HEMA-co-(BOC)AEAM) and P((BOC)AEAM) polymers (the spectrum for

ratio 1:5 is not showed as (BOC)AEAM content is below 1%).

The deprotection of the Boc-group that leads to PAEAM homo- and copolymers was then
investigated using standard acidic conditions. It was found that stirring 24 hours in acidic media
allows a complete cleavage of the Boc-group as no fert-butyl protons were observed by '"H-NMR
spectroscopic analysis (Figure S2). At this stage, we have shown that reactive primary amine
containing poly(N-alkylated acrylamide) homopolymers and copolymers can be prepared by
amidation of PMA. Therefore, the method provides rapid access to water-soluble functional
copolymers from commercial PMA or for potential upcycling of PMA containing waste. However,
the usefulness of the method remains moderate because 1) it utilizes a protecting group, 2) it
requests a high catalyst loading and prolonged reaction times, hence inducing visible cross-linking
for high BED/EA ratios, 3) the incorporation degree of the amine group is relatively low and 4)
the same polymers could be obtained from the monomer approach, i.e. starting from BOC-AMA

or AMA HCI, as discussed in the introduction.

Therefore, we continued our investigations to study the modification of PMA with mono-N-
alkylated diamines, i.e. NMED and DMED, in order to discriminate between the reactivity of a
primary amine and a secondary amine, thus potentially eliminating the need of a protecting group
if sufficient selectivity is achieved (Scheme 3). We previously observed that secondary amines
(diethylamine, pyrrolidine) display lower reactivity in the amidation reaction of PMA compared
to primary amines (allylamine, benzylamine).?® Therefore, we hypothesized that primary amines
could be selectively incorporated in the presence of an alkyl-substituted secondary amine. We also
anticipated that these diamines could react faster compared to BED, because of their reduced steric

hindrance, as well as a restored activation/transition state stabilization of neighboring ester groups,
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as the secondary amine in NMED and NEED is expected to act as a hydrogen-bond donor. To
assess the latter, we compared the reactivity of ED, NMED, dimethylethylenediamine (DMED)
and propylamine (PA) in DMSO through in situ following of the conversion by FTIR using a
reactIR (Figure 2.A). It is clearly demonstrated that the reaction is faster for NMED compared to
amines with no hydrogen-bonding units, i.e. DMED or PA, but slower compared to ED or EA.
Although NMED could react efficiently, the visual observations and SEC analysis of the polymers
made by amidation of PMA with NMED highlighted the poor capability of this amine to prevent
cross-linking (Table S5, figure 2.B). Indeed, when NMED is used either alone or in combination
with EA at a ratio of NMED:EA of 3:3: or 1:5, a broad molar mass distribution with a large high
molar mass shoulder is observed on the SEC chromatogram, indicative of chain-coupling side
reactions. Quite surprisingly, the SEC traces that were obtained for analogous amidation reactions
of PMA with NEED, instead of NMED, revealed well-defined peaks with a molar mass
distribution similar to that of the starting PMA. Moreover, there was no visual evidence of
crosslinking for the amidation reactions with NEED either. The differences in reactivity between
NMED and NEED clearly highlight that the nature of the alkyl group that substitutes the secondary
amine is primordial to steer the selectivity of the amidation reaction. A recent report from Yuan et
al.,%! indeed observed a similar difference for amidation of plant oils with methyl and ethyl N-
substituted ethanolamines, whereby a four-time slower reaction was observed for the N-ethyl-
ethanolamine substrate. Here, we can hypothesize that the N-ethyl substituted secondary amine
could still provide the beneficial stabilization of the transition states through hydrogen-bonding,
but would be too sterically hindered to sufficiently compete (kinetically) with the primary amine
for the amidation reaction itself, or would impose too much steric hindrance to enable stabilization

of the transition state by the primary amine, probably resulting in increased thermodynamic and
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kinetic barriers. To further prove this hypothesis, we also performed the amidation reaction under
the same experimental conditions with the symmetrical N,N -disubstituted DEED (Scheme S8). In
this situation, crosslinking was visually observed in the bulk, indicating reaction on both sides of
the DEED. Therefore, we reasonably concluded that, although the N-ethyl group is sufficiently
reactive to react with PMA, the large difference in reactivity compared to the primary amine in the
NEED promotes the quantitivate amidation of the primary amines, whilst the crosslinking
involving the secondary amine is kinetically disfavored. In contrast, the reactivity difference is
probably reduced in the case of NMED, which leads to inevitable crosslinking indicating the

delicate balance in reactivity that is required for selective amidation on one of the amines.
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Scheme 3. Post-polymerization modification of PMA with secondary amines leading either to,

partial, crosslinking (NMED) or no crosslinking (NEED).
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Figure 2. A) Kinetic curves obtained by in situ FTIR monitoring of the methyl ester consumption
(lower-part marked symbols) and amide formation (upper-part marked symbols) B) Overlay of
SEC-RI traces of the starting PMA and the PMA modified either with EA/NMED mixtures or

with EA/NEED mixtures

It is worth mentioning that for the SEC experiments, the polymers were derivatized before
analysis, i.e. they were fully acylated (O- and N- acylated) using acetic anhydride in presence of
DMAP, as the SEC method we employed is unsuitable for polymers with high amine content. The

derivatization through acylation was monitored by 'H-NMR spectroscopy (Figure S4).

Then, we extended the method involving NEED to prepare a range of copolymers of PEAEAM
and PHEAM with various compositions, as well as the PEAEAM homopolymer, by simple
modulation of the amine proportions. For every amine ratio, a reaction time of 18h, in neat
conditions, at 80°C and using only 5 % of TBD per methyl esters were sufficient conditions to
attain the full conversion of the methyl ester, which was confirmed by FTIR spectroscopy (Figure
3A, Table S6,), except for the reaction with 100% NEED as a reactant which requested a longer

reaction time (40 h). This is consistent with the expected higher reactivity of NEED compared to
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BED, but lower reactivity compared to EA. All obtained polymers revealed SEC elution peak
profiles similar to that of the starting PMA, with a clear shift in retention time (Figure 3.B, Figure
S5). An even narrower dispersity compared to PMA was measured for the polymers with high
EAEAM contents, probably because of the applied purification method. The PEAEAM containing
polymers were purified by precipitation in acetone, which might partially dissolve the low molar
mass polymers and lead to a change in molar mass, which is not the case for the P(BOC)AEAM
polymers that were precipitated in diethyl ether and therefore keep a similar dispersity as the
starting PMA (Figure 1.A). The higher reactivity of NEED compared to BED is also well visible
when looking at the EAEAM functional group incorporation degree (Figure 3.C.) calculated from
the 'H-NMR analysis (Figure 3.D.). For an equimolar amount of EA and NEED (stoichiometric
ratio 0.5), a polymer with 20 % EAEAM functionality is obtained (to be compared with 7 %
functionality for (BOC)AEAM) at the same stoichiometric ratio). Although stabilization of the
transition state occurs for both EA and NEED, EA still stabilizes the transition state more
efficiently.®® While the acceleration phenomenon due to the ester activation by neighboring
EAEAM or HEAM units is present in both cases, still a difference exists for the stabilization of
the transition state by the incoming amine, which is most likely the cause of the reactivity

difference.
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Figure 3. A) Overlay of FTIR spectra after 24h of amidation of PMA with NEED/EA ratio
ranging from 0:6 to 6:0. B) Overlay of SEC-RI traces of the starting PMA and the PHEAM-co-
PEAEAM copolymers obtained after amidation with NEED/EA ratio ranging from 0:6 to 6:0 and
derivatization by acylation B) The fraction of EAEAM units in the corresponding copolymers as
a function of the stoichiometric NEED/EA ratio. D) The corresponding *H-NMR spectra of the

obtained purified polymers.
To remove the TBD catalyst, dialysis after acidic treatment could be used (Figure S6

). Alternatively, the employment of an acidic resin (Dowex) in water turned out be more
straightforward and offers the possibility to recover and reuse the catalyst. Overall, the use of
NEED is very beneficial, and allowed us to access novel PEAEAM homopolymers and (PHEAM-

co-PEAEAM) copolymers in a controllable, economic and straightforward manner.
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The applicability of this PEAEAM reactive platform to access hydrogel materials was then
explored. The reactive nature of the secondary amine groups was exploited to install methacryloyl
groups, which would enable facile photo-initiated network formation via either free radical or
thiol-ene chemistry. Thiol-ene click reactions are attractive tools for hydrogel materials
preparation owing to their rapid reaction rate and efficiency under mild aqueous conditions,
enabling the formation of gels with well tunable properties.’>®* For this purpose, a PHEAM-co-
PEAEAM copolymer (with 20 % EAEAM units) was reacted with methacrylic anhydride in
presence of triethylamine, followed by basic hydrolysis of the O-acetylated by-product (Scheme
4). After dialysis, a polymer with 14% functionalization degree was obtained, as determined by
integration of the protons signal of the methacrylamide side-groups versus the signal of the protons
from the backbone in the 'H-NMR spectrum (Figure S9, Table S7). The polymer (10 wt% in water)
was subsequently subjected to photo-initiated curing with and without dithiol crosslinker, in
presence of Irgacure 2959 as a photoinitiator. The tests were performed by strain oscillatory shear
photorheological experiments with in situ irradiation. For both experiments, a clear crossover point
highlights the sol-gel transition, although it is reached faster for the experiment with DDT (Figure
4). The storage modulus attained is also higher for this latter experiment, reaching up to 10 kPa,
indicating that the thiol-ene photocrosslinking is more efficient than the radical chain coupling of
the methacrylamide side chain units. It should be noted that it can not be excluded that during

thiol-ene photocrosslinking also some radical polymerization of methacrylamide units occurs.
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Figure 4. Storage modulus and loss modulus evolution over time as measured by rheology
during the in situ photocrosslinking experiments of P(EAEAM-co-HEAM) modified with
methacrylic anhydride (10 wt% in water), with or without DTT in presence of Irgacure 2959 as

photoinitiator.

Conclusion

To summarize, we have explored the direct TBD-catalyzed amidation of commercial PMA with
difunctional amines, aiming for the preparation of poly(N-alkylated) acrylamides bearing pendant
reactive primary or secondary amino groups. Whilst we observed inevitable cross-linking when
performing the reaction with ED or PD, the employment of mono-Boc-protected BED provides

access, after deprotection, to PAEAM containing homo- and co-polymers with reduced side
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reactions. However, the method is limited when high degree of amine content is targeted because
of the low reactivity of BED as well as the occurrence of some side-reactions due to more harsh
reaction conditions. Therefore, the employment of monoalkylated diamines, i.e. NEED, is clearly
more advantageous because it omits protecting group strategies, uses a low catalyst loading, does
not need solvent, reduces reaction time and excludes side-reactions, overall reducing energy cost
and waste production, whilst allowing the reliable preparation of the desired functionalization
degree simply by modulating the ratio between different amine reactants. The comparison of the
amidation of PMA with NEED to amidation with other amines (NMED, DMED, PA) have clearly
highlighted the beneficial role of the N-ethyl substituted secondary amino group. Its hydrogen
bonding capability is hypothesized to favor the fast amidation at the primary amine side by
stabilization of the transition states, while the bulky N-ethyl substituent is essential to dramatically
reduce its reactivity toward amidation and consequently suppress cross-linking side-reactions.
However, the secondary amine remains sufficiently reactive for later modification. Along this line,
we demonstrated the potential of the reactive P(EAEAM-co-HEAM) platform to conduct further

modification reactions to prepare a methacrylated polymer precursors for hydrogel materials.

Beyond this proof of concept, the presented approach appears powerful as a simple method to
access novel amine-containing homo- and copolymers that could find place in several applications,
such as hydrogels and biomaterials, and therefore extending the range of applications of

polyacrylamides in general.

ABBREVIATIONS

Polymethylacrylate (PMA), ethanolamine (EA), ethylenediamine (ED), 1,3-pentanediamine (PD),

N-(tertbutoxycarbonyl)ethylenediamine  (BED), N-methylethylenediamine (NMED), N-
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ethylethylenediamine (NEED), N,N-dimetylethylenediamine (DMED), propylamine (PA),
polyhydroxethylacrylamide (PHEAM), polyaminoethylacrylamide (PAEAM), poly(N-Boc-
aminoethylacrylamide (P(BOC)AEAM), Poly(N-methyl aminoethylacrylamide) (PMAEAM),
Poly(N-ethyl aminoethylacrylamide) (PEAEAM), Poly(N,N-dimethyl aminoethylacrylamide)

(PDMAEAM), polypropylamine (PPAM).
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