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A comprehensive examination of the synthesis of single chain polymer nanoparticles (SCPNs) from a co-

polymer of methyl acrylate (MA) and 2-hydroxyethyl acrylate (HEA) via the intra-chain urethane formation

by using hexamethylene diisocyanate (HDI) as a cross-linker is described. By introducing model urethane,
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Introduction

In recent years, there has been growing interest in the fabrica-
tion of devices and soft nano-objects based on the manipu-
lation of polymer nanoparticles."® Among the various syn-
thetic approaches for organic nanoparticles, the preparation of
single chain polymer nanoparticles (SCPNs), obtained from
the intramolecular collapse of polymer chains into very small
particles (5-20 nm),"*™* has been particularly eye-catching.
SCPNs, though simple in concept, exhibit fairly complicated
behaviour’® ™ and present promising prospects in various
applications, such as nanomedicine,>*>* catalysis,'>"*?>72°
sensing,>” mimicry of folded proteins,**° and more.

While there are a plethora of synthetic approaches towards
SCPNs, the chemistry used for the main chain and collapse is
crucial for developing applications, as they define the practi-
cality of SCPN synthesis, as well as properties.”'" Chain
collapse is induced by intramolecular bond formation
(covalent,*** dynamic covalent*® or non-covalent®*®) in
conventional linear polymeric backbones containing pendant
reactive groups. Thanks to the dramatic advances in controlled
radical polymerization (CRP)**** and post-polymerization
modification reactions,**™*® SCPN studies are booming, with a
variety of highly efficient cross-linking chemistries being
applied in the synthesis of new SCPNs in different shapes®’ "
and scales.”>™°

Among the different tested chemistries, commercially avail-
able or easily accessible monomers and cross-linkers that react
cleanly in high yield present clear advantages. Consequently,
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urea, and amine compounds, the resulting SCPNs were carefully characterized by NMR, DSC, IR and GPC.
In addition to the advantages of using cheap and accessible commercially available materials, the effects of
the long reaction time under high dilution or harsher heating conditions on the cross-linking chemistry are
studied, providing clear limitations on the use of this chemistry for intra-chain collapse.

20,50,57-60 1

radical coupling,”® benzocyclo-
butane dimerization, Bergmann cyclization,*>®® Diels-
Alder ligation,®”*® etc., are frequently employed as these reac-
tions are highly efficient and produce no side products.

Isocyanates are well-known to react efficiently with thiols,
amines and alcohols under mild conditions without side pro-
ducts, and are therefore widely used in polymer chemistry.®®~”>
The preparation of SCPNs from isocyanate containing acrylate
monomers has been reported,”® yet extreme caution is needed
during polymerization and storage, given the sensitivity and
reactivity of isocyanate side-chains. The alternative to that is to
prepare polymers with primary amines, thiols or alcohol
nucleophiles as side chains. While polymerization of mono-
mers with thiol or primary amine side-chains is tricky, as they
interfere with the propagating radicals,*® hydroxide groups are
compatible with the CRP protocols, and do not require protec-
tion and deprotection reactions, reducing the number of steps.
Monomers, such as 2-hydroxyethyl acrylate (HEA) and 2-hydroxy-
ethyl methacrylate (HEMA), are commercially available, con-
venient to handle and different CRP protocols have been put
forward for their polymerization or copolymerization.”*””
Additionally, SCPNs from PHEA or PHEMA based polymers
and copolymers which are biocompatible’®”® have the poten-
tial to deliver covalently attached small molecules such as
drugs or dyes, given that SCPNs can enter cells.**>°

However, only during the preparation of this manuscript
the first single chain collapse from the reaction of HEA units
with aromatic diisocyanates has been reported, where it was
used to make a complicated SCPN structure.®® However, a
comprehensive study of this typically simple reaction, such as
the detailed chemistry and structure of the cross-links, chain
collapse kinetics and the effect of cross-linking on the
properties of the isolated nanoparticles, is required, given the
special conditions required for intramolecular chain collapse.

click chemistry,
31,62-64
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Herein, the P(MA-co-HEA) copolymer was prepared and a
systematic study on the synthesis of SCPNs from P(MA-co-HEA)
via the intra-chain urethane formation by using hexamethyl-
ene diisocyanate (HDI) as a cross-linker is described. In
addition, model small molecules (urethane, urea and amine)
were prepared to thoroughly uncover the precise chemical
composition of the resulting SCPNs. The effects of temperature
on the kinetics of chain collapse and the amount of HDI on
the properties of resulting SCPNs were investigated. The
advantages and limitations of this kind of reaction for intra-
chain collapse are also discussed.

Experimental

Materials

Methyl acrylate (MA) and 2-hydroxyethyl acrylate (HEA) were
purified by filtration through basic alumina to remove the
inhibitor, after which they were kept at 4 °C under argon.
Tetrahydrofuran (THF) and dimethylsulfoxide (DMSO) were
purified by the method developed by Williams et al.®' All other
chemicals including, methyl a-bromoisobutyrate (MBiB), hexa-
methylene diisocyanate, tris(2-dimethylaminoethyl)amine
(MesTREN) and dibutyltin dilaurate (DBTDL) were obtained
from commercial sources and used as received. All reactions
were carried out in heat-gun-dried glassware under an argon
atmosphere using the standard Schlenk techniques.

Characterization

All "H and C NMR spectra were recorded using an Avance
300 MHz Bruker spectrometer at the Technion NMR facilities.
Proton chemical shifts are expressed in parts per million
(ppm, & scale) and are referenced to tetramethylsilane
((CH3),Si, 0.00 ppm) or residual protium in the solvent
(DMSO-ds, 2.50 ppm).

GPC measurements were performed in THF at a flow rate of
1 mL min~" at 30 °C, using a Thermo HPLC system consisting
of a Dionex Ultimate 3000 isocratic pump, four in line TSKgel
G4000HHR columns and a series of five detectors, Dionex
DAD-3000 UV-VIS detector, a Wyatt Dawn Heleos II 8 multi-
angle light scattering, including DLS (Wyatt QELS), refractometer
(Wyatt Optilab-rEX) and viscometer (Wyatt Viscostar II). Data
analysis was performed using ASTRA 6 software from Wyatt. The
dn/dc used for P(MA-co-HEA) was 0.068 mL g™ ". Attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectra were
recorded on a JASCO 3600 FTIR spectrometer at room tempera-
ture. Glass transitions of all samples were measured on a
Mettler Toledo Differential Scanning Calorimeter (DSC) under
a continuous flow of nitrogen. In all tests, a scan rate of
10 K min™" was used in the temperature range of —60 °C to
100 °C for the three heating and cooling cycles. The T, values
were determined from the third cycle.

Synthesis of P(MA-co-HEA) linear precursor

The copolymer was synthesized through a single electron
transfer living radical polymerization (SET-LRP).””’*> MA
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(1.0 mL, 11.10 mmol), HEA (0.22 mL, 1.96 mmol), DMSO
(2 mL), initiator (MBiB, 1.2 pL, 9.47 pmol), copper wire (diam.
0.5 mm, 2 cm length), and ligand (MesTREN, 1.3 pL,
4.73 pmol) were added into a 10 mL Schlenk flask under
argon. The flask was immediately sealed and three freeze-
pump-thaw cycles were applied to remove dissolved
oxygen and then the flask was backfilled with argon and
allowed to be stirred in a water bath for 2 h at room tempera-
ture. The polymerization was quenched by exposure to air. The
solution was diluted with 10 mL CH,Cl,, filtered through basic
alumina before concentration in vacuum, precipitation in
diethyl ether, filtration and drying under vacuum. The yield
was 79.0%.

Synthesis of single chain polymer nanoparticles

A typical intramolecular cross-linking procedure is as follows
(SCPNs;5): P(MA-co-HEA) (100 mg, n(OH) = 0.173 mmol,
15.7 mol% in copolymer) was dissolved in dry THF (85 mL).
Argon was bubbled for 15 min before a diluted solution of HDI
(14.0 pL, 0.086 mmol, aiming at 15% crosslink density) and
DBTDL (10.0 pL, 16.6 pmol) in dry THF (15 mL) were added
dropwise. The progression of the reaction was followed by GPC
measurements. After completion, excess n-butylamine was
added to quench unreacted isocyanate groups. Subsequently,
the reaction mixture was evaporated under reduced pressure
and the product was precipitated in diethyl ether, filtered and
dried under high vacuum. The yield was 94.5%.

Results and discussion

The syntheses of the polymers used in this study are shown in
Scheme 1. Firstly, the P(MA-co-HEA) linear precursor was pre-
pared via SET-LRP at room temperature. Recently, SET-LRP has
been reported as an efficient approach to homopolymerize the
protic monomer HEA under mild conditions providing PHEA
with a narrow polydispersity index (PDI) and experimental M,
values that correlate well with their theoretical values.”
Herein, a linear P(MA-co-HEA) was prepared in DMSO with
M, = 99.0 kDa and PDI = 1.20. The mole fraction of the HEA
units in the copolymer was determined to be 15.7 mol% using
"H-NMR spectroscopy.

Cu(0)/MBiB/MegTREN W
—_—
0=\ %o

DMSO0, 25°C P

m _>=0 + N _>=O
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Scheme 1 Synthesis of the polymers used in this study.
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Intramolecular collapse was tested initially by employing
HDI as a cross-linker in view of the efficient reaction of iso-
cyanates with alcohols®® under tin(n) or tertiary amine catalysis,
largely employed for polyurethane synthesis.””** In our hands,
the best reaction conditions were to dilute the P(MA-co-HEA)
linear precursor to 1 mg mL ™" (ca. 107> M) in THF followed by
addition of HDI and DBTDL in THF.

As a model reaction, we added HDI equivalent to 15 mol%
cross-link density. Chain collapse was implemented at room
temperature (labelled as SCPNs;5 (20 °C)), and monitored via
GPC analysis. The GPC, equipped with multi-angle light
scattering (MALS), a viscometer and refractive index (RI) detec-
tors, enables following the change in the absolute molecular
weight as well as the hydrodynamic radius concomitantly.

As the reaction progresses, an unambiguous increase in the
retention time is observed (Fig. 1a), pointing to a reduction in
the hydrodynamic volume. In addition, the average molecular
weight increases gradually, as expected for the reaction with
an external cross-linker, while a significant drop in the intrin-
sic viscosity and hydrodynamic radii is also observed (see the
ESI, Table S17), confirming that the change in the retention
time is indeed due to chain collapse. After 48 h, almost no
discernible increase in the retention time implied that the
reaction became too sluggish or completed. Unfortunately, iso-
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Fig. 1 (a) Evolution of SEC traces of the SCPNs;5 (20 °C) sample during
chain folding. Aliquots were removed at the specified time. (b) GPC
traces of the isolated SCPNsy5 (20 °C) sample.
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lation of the nanoparticles by drying under vacuum resulted in
gelation of the sample, probably due to the presence of
unreacted isocyanate and hydroxyl groups. To overcome this
undesired intermolecular cross-linking, the reaction was
repeated and excess n-butylamine was added at the end to cap
unreacted isocyanates. To our satisfaction, this time the result-
ing material could be readily redissolved in THF. Fig. 1b shows
an overlay of the MALS and RI detector signals for the isolated
SCPNs;5 (20 °C). No shoulders or peaks at lower retention
times are observed in these detectors indicating the absence of
undesired multi-chain aggregates.

In an attempt to accelerate the synthesis of these SCPNs, we
tested the procedure at elevated temperatures: 30 °C, 40 °C,
and 60 °C. Taking SCPNs;; (60 °C) for example, as observed in
Fig. 2a, the intramolecular cross-linking reaction was com-
pleted much faster than at room temperature, 3 h (Fig. 2a)
versus 32 h. The reaction kinetics could be measured by moni-
toring the hydrodynamic radius (Ry) values as a function of
reaction time.*® The pseudo-first-order kinetics plot disclosed
that the apparent rate constant of the intra-chain folding reac-
tion increases with elevation of temperature (Fig. 2b). An acti-
vation barrier (E,) of 53.0 k] mol™" was calculated from the
kinetic data using an Arrhenius plot (see Fig. S5 in the ESIf}).
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Fig. 2 (a) Evolution of GPC traces of the SCPNs;5 (60 °C) sample during

chain folding. Aliquots were removed at the specified time. (b) Pseudo-
first-order kinetics plots corresponding to the folding procedure at
20 °C, 30 °C, 40 °C and 60 °C, respectively.
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Direct evidence of urethane formation between the hydroxyl
group in the HEA unit and isocyanate moieties was obtained
by ATR-FTIR spectroscopy (Fig. 3). While the isocyanate peak
at 2280 cm™" is not observed in the isolated polymers, new
peaks at 1624 cm™, 1581 cm™, 1540 cm™" and 3350 cm™*
clearly emerge after the reaction (Fig. 3A). To identify the new
carbonyl peaks, model urethane and urea compounds were
prepared through reactions of HDI with ethanol and n-butyla-
mine, respectively. In comparison with the IR spectra of the
model urea and urethane compound (Fig. 3B), the peaks at
1624 cm™" and 1581 em ™" in the SCPN sample were ascribed
to the formation of urea groups while the peak at 1540 cm™
was assigned to the formation of the urethane group (an
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Fig. 3 (A) IR spectra of HDI, P(MA-co-HEA), SCPNs;s (20 °C) and
SCPNs;5 (60 °C) samples. (B) IR spectra of model urea compound,
model urethane compound, SCPNs;s (20 °C) and SCPNs;s (60 °C)
samples.
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additional urethane peak at 1718 cm ™" overlaps the ester peak
of MA and the HEA repeating unit).”"

In addition to the expected urethane peaks, significant urea
peaks are also clearly observed in the IR spectra of isolated
SCPN . Several possible reactions can explain the presence of
both urea and urethane groups during the chain collapse
process (Scheme 2): (I) the expected intra-chain cross-link by
reaction between HDI and HEA units, forming the urethane
group; (II) the reaction between isocyanate and n-butylamine
which is used to cap unreacted isocyanates, introducing a urea
group; (III) the hydrolysis of isocyanates, resulting in a primary
amine, even though dry solvents and reagents were used; (IV)
and (V) the resulting primary amine in (III) reacts with isocya-
nates (HDI, IV or side-group V) to form a urea unit.

To uncover evidence of these possible reactions, systematic
'H NMR and "C NMR studies were conducted. Firstly,
3C NMR spectroscopy investigation was implemented. As in
IR, we compared the "*C NMR spectra of SCPNs;5 with that of
the linear precursor and model urethane and urea compounds
(Fig. 4). ">C NMR revealed the appearance of new carbonyl
signals at 155.6 (r) and 158.4 (s) ppm arising from urethane
and urea groups respectively, reinforcing the observations
from the IR spectra. A comparison with model urea and
urethane compounds indicates the absence of a terminal
methyl group in SCPNs; ;5 (20 °C) and SCPNs;5 (60 °C), demon-
strating that reaction (II) is minor and not the source of the
urea groups. Therefore, urea must be coming from the reaction
with water followed by a subsequent reaction with an
additional isocyanate (IV or V).

To verify if terminal amines are present in the isolated
SCPNs, we looked for N-H peaks or CH,NH, in the '"H NMR.
Firstly, we assigned these signals in the "H NMR spectrum of
model hexylamine. Unfortunately, the -NH, protons overlap
with additional aliphatic protons, and the signal of ~-CH,NH,
overlaps with DMSO-d; (Fig. 5A). To resolve this, one drop of
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Scheme 2 Possible reactions during chain collapse.
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Fig. 5 (A) *H NMR spectrum of hexylamine in DMSO-de. (B) *H NMR
spectrum of hexylamine upon addition of one drop of H,SO, into
DMSO-dg. *DMSO-ds.

concentrated sulfuric acid (H,SO,) was added, shifting both
ammonium and -CH,NH;" protons to lower fields (7.64 and
2.77 ppm respectively, Fig. 5B), providing in both cases iso-

3716 | Polym. Chem., 2017, 8, 3712-3720

lated peaks. Similarly, H,SO, was added to model urea and
urethane compounds (ESI, Fig. S7 and S8%). As in hexylamine,
the acidic NHCOO- (k, urethane) and -NHCONH- (m, urea)
protons shift upon addition of the acid, but methylene
protons in -CH,NHCOO- (g) and -CH,NHCONHCH,- (n)
remain mostly unchanged (see the ESI}), as opposed to the
—-CH,NH, (u, Fig. 5) in hexylamine.

Based on this distinction, we analyzed the "H NMR spectra
of SCPNs;;5 (20 °C) and the same spectra upon acid addition.
The 'H NMR results revealed the expected shifts for -NHCOO-
(k, urethane group, Fig. 6) and -NHCONH- (m, urea group,
Fig. 6). If terminal amines are present, upon addition of acid,
-CH,NH;" (u, Fig. 5B) should be formed shifting the methyl-
ene protons to ca. 2.8 ppm, overlapping with the methylene o
to urea or urethane (g, n’, Fig. 6B), leading to a relative
increase in their integration. However, the relative integration
of these protons (g, n, Fig. 6A) remains unchanged upon acid
addition, indicating that if -CH,NH, (u in (3), Fig. 6A) is
present, it is too small for detection. In other words, no signifi-
cant amount of primary amine is present in SCPNs;5 (20 °C).
This was rather expected, as primary amines react with iso-

This journal is © The Royal Society of Chemistry 2017
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cyanates significantly faster than alcohols. The 'H NMR
spectra of SCPNs;5 (60 °C) with and without addition of acid
(ESI, Fig. S9t) showed similar results, further confirming that
urea groups arise from reaction with water (III) followed by
reactions (IV) and (V), and no significant free amine groups
remain. The assignment of every proton signal in the "H NMR
of SCPNs is shown in Fig. 7.

Using the ratio between hydrogens e, f' to b, b’ the precise
crosslink density can be calculated. For SCPNs;5 (20 °C), the
cross-link density is 6.3 mol% (with a molar ratio of urethane/
urea of 56.7/43.3); while for sample SCPNs;5 (60 °C), the cross-
link density is about 4.4 mol%, and the molar ratio of
urethane/urea is 44.4/55.6. These key measurements indicate
that part of the HDI is consumed by the reaction with un-
desired primary amines reducing the cross-link density and
lengthening cross-linkers. Although the reaction of alcohols
and isocyanates under tin(u) catalysis is well documented and
largely applied for polyurethane synthesis, under high dilution
conditions, the selectivity is decayed due to what seems
inevitable reaction with water, even if purified solvent and
Schlenk conditions are used. Importantly, our urethane model
compound was prepared using similar solvents and Schlenk
conditions, but no urea is apparent.

Finally, we tested how the cross-link density is affected by
the amount of added HDI, generating SCPNs with different
from the same linear P(MA-co-HEA) precursor.
Accordingly, we added the amount of HDI according to the

sizes

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 H NMR spectra of SCPNs;s (20 °C), SCPNs;s (60 °C) and
P(MA-co-HEA) in DMSO-de.

desired crosslink density of 1 mol%, 3 mol%, 5 mol%,
10 mol% and 15 mol% (labelled as SCPNs;, SCPNs;3;, SCPNss,
SCPNs;, and SCPNs;; respectively) and performed the reac-
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tions at 60 °C. The desired cross-link density is calculated
based on the molar ratio of reacted HEA units. The actual
crosslink density for each sample was determined by '"H NMR
(ESI, Fig. S9-S13 and eqn (2)f) and is shown in Table 1. GPC
analysis (Table 1 and Fig. 8) revealed a visible change in the
hydrodynamic volume even for a low cross-link density

Table 1 Characteristics of P(MA-co-HEA) and corresponding SCPNs?

Cross-link
M," P Ry’ density” T,?
Sample (kpa) PDI’ (mLg™') (nm) (mol%) (°C)
P(MA-co-HEA) 99.0 1.20 37.3 8.35 13.5
SCPNs; 99.8 1.15 36.5 8.30 0.47 13.9
SCPNs; 104.0 1.13 33.7 8.07 1.88 15.7
SCPNSs;5 107.8 1.12 30.1 7.80 2.35 16.7
SCPNSs; 111.9 1.12 28.2 7.62 3.08 21.2
SCPNs;5 120.8 1.12 25.5 7.50 4.41 21.9
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Fig. 8 GPC traces of SCPNs samples aiming at different cross-link
densities.
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Fig. 9 DSC curves (second heating scan) for P(MA-co-HEA) and the
corresponding nanoparticles.
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(0.47 mol%). As expected, increasing the amount of HDI gener-
ates more compact structures with lower hydrodynamic radii
and intrinsic viscosities, albeit there is no good control of the
actual cross-link density or cross-linker length.

Changing the cross-link density also influences the segmen-
tal mobility of the chains, affecting their glass transition temp-
erature (7,).* Indeed, compared to the linear copolymer, the
T, values of SCPNs increase gradually from an initial value of
13.5 °C (linear polymer) up to 21.9 °C for SCPNs; 5 (Fig. 9).

Conclusions

In summary, we studied the kinetics and selectivity of the
intra-chain collapse of a model polyalcohol made from cheap
and widely available monomers. We’ve shown that increasing
reaction temperature can lead to significant improvement in
the time required to complete these high-dilution reactions,
leading to SCPNs with different sizes, T,s and rigidities in only
a few hours. The use of widely available monomers and cross-
linkers with fast reaction time provides easy access to large
amounts of SCPNs. However, we’ve shown that the selectivity
of diisocyanate chemistry towards formation of urethanes is
partial at best, and a significant part of the HDI is consumed
through the formation of urea, increasing the length of the
cross-linker but reducing the actual cross-link density. The
mechanism for urea formation was studied using NMR, and
was shown to be mainly a consequence of water impurity and
not due to amine capping. Yet, even when working under dry
conditions - solvent drying and Schlenk techniques - these
reactions could not be avoided. With all the advantages and
disadvantages presented, this approach still presents a simple
route to SCPNs which can be made water soluble and further
functionalized with drug molecules for potential drug-delivery
applications.
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