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We develop a new platform based on 2,6-pyridinediethanol diesters
for introducing polymer degradability under thermolysis or alkaline
hydrolysis conditions, with the latter being rare in polymers.
Such labile diesters can be cross-linkers, bifunctional initiators
and inimers. We demonstrate the power of this platform through
the synthesis of the 2,6-pyridinediethanol dimethacrylate cross-
linker, its controlled (co)polymerization, and the thermal and
hydrolytic cleavage of its (co)polymers.

Degradable polymers represent an important class of polymeric
materials capable of undergoing reduction in their molecular
weight and, in certain cases, change in their architecture. These
materials are exploited in several important areas, such as
in microelectronics’ and in biomedical engineering,> where
they are used as positive photoresists and matrices for tissue
engineering or drug delivery, respectively. Degradable polymers
comprise at least one degradable component, the monomer, the
cross-linker or the initiator. Although degradable monomers are
the most common components in degradable polymers, degrad-
able cross-linkers have also been frequently employed, leading to
the formation of branched polymers or polymer networks with
degradable branching points, whose degradation results in
soluble, linear polymers.

To date, a large number of degradable cross-linkers have been
developed, (co)polymerized and cleaved. However, the vast majority
of these cross-linkers are labile to acidic hydrolysis conditions, with
only one example of cross-linker being readily amenable to cleavage
under basic conditions. Regarding the former type of cross-linkers,
these include several acetal di(meth)acrylates or diacrylamides,®
hemiacetal ester dimethacrylates,"®'” ketal di(meth)acrylates,
diacrylamides, or di(N-vinylformamides),"*° silyl ether di(meth)-
acrylates,>”*® and tertiary ester di(meth)acrylates.”** Regarding
the latter type, the only example of cross-linker spontaneously
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degradable under alkaline hydrolysis conditions is, to the best of
our knowledge, tetrafluorophenylene diacrylate,>* which is very
costly to prepare because of its perfluorinated ring. Other cross-
linkers, also sensitive to alkaline hydrolysis conditions, but
degrading at much slower rates, include a dilactone dimetha-
crylate®® and 1,1-ethylene diol (acylal) dimethacrylate.**”

Thus, there is a need for new, inexpensive divinyl cross-
linkers that would be initially stable under acidic hydrolysis
conditions (under which most known cross-linker residues
would be cleaved), and degrade at a later stage under alkaline
hydrolysis conditions. This is exactly the aim of this investiga-
tion, where a dimethacrylate cross-linker with these traits is
developed. The molecular design in this work is based on the
base-labile 2-(pyridin-2-yl)ethyl ester group, which has occasion-
ally been used in organic and peptide synthesis for the protection
of the carboxylic acid groups in small molecules,*®** and was
recently imported by our team to polymer chemistry for the
protection of methacrylic acid (MAA) before its controlled poly-
merization, leading to the development of 2-(pyridin-2-yl)ethyl
methacrylate (PyEMA).*>"*" Qur wish to prepare a symmetrical
cleavable cross-linker necessitated the presence of two 2-(pyridin-
2-yl)ethyl groups. However, rather than synthesizing two such
groups and linking them together, we decided, instead, for atom
economy, to include only one pyridine ring and introduce two
ethyl groups at its 2- and 6-positions.

This design led to 2,6-pyridinediethanol dimethacrylate (PyDMA)
whose chemical structure is shown on the left of Scheme 1. The
synthesis of PyDMA required the non-commercially available
2,6-pyridinediethanol that was prepared following the proce-
dure of Kelly et al.*® which was based on the original method of
Loffler and Thiel.*® Although the procedure possesses low yield,
it uses readily available, low-cost and recyclable reagents, with
2,6-lutidine being the main reagent. Thus, 2,6-lutidine was
reacted in water with paraformaldehyde in a pressure glass
vial at 135 °C for 16 h, leading to three hydroxymethylation
products (Fig. S1 in the ESI{): the desired 2,6-pyridinediethanol,
its isomeric 2-(6-methylpyridin-2-yl)propane-1,3-diol, and the
monosubstituted 2-(6-methylpyridin-2-yl)ethanol. The unreacted
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Scheme 1 RAFT (co)polymerization of the PyDMA cross-linker, and the thermal and alkaline hydrolysis treatments of the resulting polymers. (i) RAFT
homopolymerization of PyDMA (2.50 M); (i) RAFT homopolymerization of PyDMA (0.66 M); (i) RAFT copolymerization of MMA plus PyDMA (total
concentration 3.00 M); (iv) NaOH (aqg) in DMSO at RT overnight or 130 °C in a vacuum oven for 6 h.

2,6-lutidine was removed by steam distillation, whereas 2-(6-
methylpyridin-2-yl)ethanol was removed on the vacuum line at
80 °C. The two diols were separated in a subsequent step using
column chromatography and were identified using *H and **C
NMR spectroscopy (Fig. S2 and S3 in the ESIt); their melting
points, determined using differential scanning calorimetry
(DSC), were at 40 °C for 2,6-pyridinediethanol and at 68 °C
for 2-(6-methylpyridin-2-yl)propane-1,3-diol. Subsequently, the
symmetric diol was esterified using methacryloyl chloride to
obtain PyDMA which was purified by passage through basic
alumina columns. The 'H and *C NMR spectra of the purified
PyDMA cross-linker in de-DMSO are also given in the ESI¥
(Fig. s4).

Following its synthesis and purification, PyDMA was poly-
merized in a controlled way. In particular, reversible addition—
fragmentation chain transfer (RAFT) polymerization was
employed to homopolymerize PyDMA at two different concen-
trations, and also to copolymerize it with methyl methacrylate
(MMA), as illustrated in Scheme 1. Scheme 1 also illustrates the
cleavage of the PyDMA units in the (co)polymers thermally or
via alkaline hydrolysis at room temperature. Upon its cleavage,
each polymerized PyDMA unit was converted to two MAA units
and 2,6-divinylpyridine. In all cases, 2-cyanoprop-2-yl dithio-
benzoate (2-CPDB), 2,2’-azobis(isobutyronitrile) (AIBN) and
1,4-dioxane served as the chain transfer agent (CTA), the radical
source and the solvent for the polymerizations, respectively.
PyDMA concentrations of 0.66 and 2.50 M were used for the
homopolymerizations (at a PyDMA to CTA molar ratio, corres-
ponding to the nominal degree of polymerization, DP, equal to
10, for both cases), leading to a hyperbranched polymer and a
polymer network, respectively. Additionally, a randomly cross-
linked PyDMA-MMA copolymer network was also synthesized.
Table S1 in the ESIT summarizes the main characteristics of the
three PyDMA-containing polymers.

The hyperbranched PyDMA homopolymer was successfully
hydrolyzed in a 0.4 M NaOD solution in ds-DMSO at room
temperature within 2 h, as shown using '"H NMR spectroscopy
(Fig. S5 in the ESIf). A similar sample in DCl solution
was completely stable for at least 24 h (also Fig. S5, ESIt).
Upon alkaline hydrolysis, a two-phase system was formed,
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comprising a dg-DMSO solution top phase, and a precipitate
phase soluble in D,0. "H NMR spectroscopy analyses of the two
phases in the respective deuterated solvents indicated that the
bottom phase consisted of poly(sodium methacrylate) and 2,6-
divinylpyridine, whereas the top phase primarily contained 2,6-
divinylpyridine. These "H NMR spectra are displayed in Fig. 1,
together with that of the starting hyperbranched homopolymer
in d¢-DMSO before the addition of NaOD. The weak sharp
signals at 8.0 ppm in the spectra corresponded to the aromatic
protons of the 2-CPDB residue. The hyperbranched PyDMA
homopolymer was also thermolyzed in ds-DMSO solution (with-
out the addition of NaOD) at 130 °C for 8 h. The '"H NMR
spectrum of the thermolysis product (in ds-DMSO) is also
shown in Fig. 1, and it displayed broad polymeric peaks due
to the polyMAA units (including the carboxylic acid protons at
12.5 ppm) and sharp peaks due to the newly-formed 2,6-
divinylpyridine.

The PyDMA homopolymer network was also successfully
cleaved both by solution thermolysis and by alkaline hydrolysis
at room temperature. Here, the cleavage was most dramatically
demonstrated by the conversion of the insoluble network to a
polymer solution. Furthermore, the "H NMR spectra of the
network cleavage products (via thermolysis or hydrolysis) in
de-DMSO indicated the presence of the olefinic protons of
2,6-divinylpyridine and the disappearance of the polymeric
oxyethylene protons. Fig. $6 in the ESIt shows the '"H NMR
spectra of the cleavage products after subjecting the PyDMA
homopolymer network to alkaline hydrolysis or to thermolysis.
In the '"H NMR spectrum of the thermolysis product, a weak
signal due to the polyMAA carboxylic acid protons was also visible.

The cleavage of the PyYDMA-MMA copolymer network was
also performed both thermally and hydrolytically, and the
results are shown in Fig. S7 in the ESIL,{ where the 'H NMR
spectra were consistent with the expected degradation products,
which were a linear MAA-MMA random copolymer plus
2,6-divinylpyridine. Importantly, the cleavage also became evident
from the transformation of the insoluble copolymer network to a
soluble copolymer.

The bulk thermolysis of the PyDMA-containing polymers
was investigated using DSC and thermogravimetric analysis

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 'H NMR spectra of the hyperbranched PyDMA homopolymer (a) before any treatment in dg-DMSO (black), (b) after alkaline hydrolysis using NaOD
in dg-DMSO (red), (c) after alkaline hydrolysis using NaOD in D,O (blue), and (d) after thermolysis in a vacuum oven at 130 °C for 6 h in dg-DMSO (green).
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Fig. 2 DSC thermograms of the PyDMA hyperbranched homopolymer

(black, continuous line), the PyDMA homopolymer network (red, dotted

line) and the PyDMA-MMA copolymer network (blue, dashed line).

(TGA), and the results are shown in Fig. 2 and Fig. S8 (ESIY),
respectively. Fig. 2 displays an overlay of the DSC traces of the
three PyDMA-bearing polymeric materials, all presenting an
endotherm at around 200 °C, corresponding to the cleavage of
the 2-(pyridin-2-yl)ethyl ester group.*> The highest cleavage
temperature, at 210 °C was exhibited by the PyDMA-MMA
copolymer network, possibly a result of the protection offered
to the PyDMA units by the MMA units. Note that the cleavage
temperature of the same ester group in (linear) polyPyEMA,
determined also using DSC, was much lower, at 160 °C.** The
higher, by 50 °C, cleavage temperatures of the 2-(pyridin-2-
ylethyl ester groups in the PyDMA units might be due to
electronic effects arising from the presence of two such groups
in the same pyridine ring. The cleavage molar (per PyYDMA unit)
enthalpies were also calculated from the DSC traces and were
found to be 52.1, 45.2 and 45.9 kJ mol ' for the PyDMA

This journal is © The Royal Society of Chemistry 2016

hyperbranched homopolymer, the PyYDMA homopolymer network
and the PyDMA-MMA copolymer network, respectively. These
values were close to each other, as expected, but lower than those
for the PyEMA units in their homopolymers of ~70 kJ mol ™. This
difference can be understood considering that each PyDMA unit
bears two 2-(pyridin-2-yl)ethyl ester groups.

The weak exotherm in the DSC trace of the PyDMA homo-
polymer network at 120 °C was due to a small percentage of
unreacted methacrylate groups, identified in the ATR-FTIR
spectrum of the dried sample as a weak signal at 1630 cm ™"
(Fig. S9 in the ESIt). Such a signal was absent from the ATR-FTIR
spectrum of dried PyDMA-MMA copolymer network. Similarly,
complete vinyl group conversion was also accomplished in the
PyDMA hyperbranched homopolymer, as no olefinic signal was
present in its "H NMR spectrum (Fig. 1(a)).

In conclusion, a new labile dimethacrylate cross-linker based on
pyridine was designed, prepared, (co)polymerized by controlled
radical polymerization, and its residues were cleaved in the resulting
polymers under relatively mild conditions, hydrolytically in base at
room temperature or thermally. Thermal degradation occurred
instantaneously at ~200 °C (in DSC and TGA), or within a few
hours, both in the bulk and in solution, at 130 °C. Hydrolytic
degradation took place at room temperature and, selectively, under
alkaline conditions, a rare occasion among cleavable dimethacrylate
crosslinkers. The availability of this newly-developed base-labile
cross-linker will be important for cases in which initial stability
under acidic conditions is desired (where most other cross-linkers
would degrade), and subsequent degradation is planned. Finally, the
syntheses of similarly degrading bifunctional initiators and inimers
based on 2,6-pyridinediethanol are currently under way.
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