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ABSTRACT: The introduction of reversible covalent bonds into
polymeric systems afford robust, yet dynamic, materials that can
respond to external stimuli. A series of aliphatic polycarbonate polymers
were synthesized via ring-opening polymerization of furanyl and
maleimido-bearing cyclic carbonate monomers. These side chains
undergo thermally induced Diels−Alder reactions to afford cross-linked
films. Because both the diene and dienophile were incorporated into the
same polymer backbone, a protected maleimido group, in the form of
the furan adduct, was used. Both the forward and reverse Diels−Alder
reaction are triggered thermally, which allows the deprotection of the
maleimido group and the subsequent reaction with the furanyl side
chains to form cross-links. Random copolymers and poly(ethylene
glycol) containing block copolymers were formed using diazabicyclo[5.4.0]undec-7-ene as the catalyst and a thiourea cocatalyst.
The polymers form uniform films that can be cross-linked in the bulk state. To further illustrate the dynamic nature of the
covalent bonds within the cross-linked films, a patterned silicon mold was used to transfer a series of nanoscale patterns using a
thermal nanoimprint process.

Aliphatic polycarbonates are biodegradable polymers that
are of significant interest to biomedical and packaging

industries.1,2 These polymers inherently have a low Tg and,
thus, are typically used as additives or in segmented
polyurethanes.3 One route to altering the mechanical proper-
ties, thermal stability, and solvent resistance of these polymeric
materials is by chemical cross-linking.4 Ideally, the polymer is
first manipulated and processed freely prior to initiating the
cross-linking reaction via an external stimulus such as heat or
light. Many cross-linking polymeric materials are processed
with additives such as small-molecule cross-linkers or catalysts,
which require further purification to remove unreacted
compounds after the reaction has taken place. Alternatively, a
simpler system would involve a single copolymer with stimuli
reactive functionalities as side chains to afford the cross-linked
material. In both cases, versatile synthetic protocols are
necessary to incorporate the cross-linking functionalities into
aliphatic polycarbonates.
Several methodologies have been developed5−10 to enable

controlled living polymerization to afford polycarbonates that
vary in physical properties and chemical functionalities.
Organocatalytic approaches10 are particularly appealing as
they avoid the use of metal species that are often difficult to
remove from the resulting product. Cyclic carbonate
monomers11 are typically ring-opened during the polymer-
ization process. A particularly useful building block for
carbonate monomers is 2,2-bis(methylol)propionic acid (bis-
MPA), which can afford carbonate monomers with a wide
range of chemical groups.12−15 As a result, functionalized
aliphatic carbonates are of interest for biomedical surface

coating applications,16,17 wherein the functional groups allow
cellular interactions to be tailored or mediated.18 In some
particular cases, nanopatterned biodegradable coatings are of
interest to control or mediate cell growth on a surface, as cells
are known to be sensitive to the topography of the surface.19,20

The integration of dynamic covalent chemistry (DCC)21−23

into polymeric systems yields an intriguing set of materials with
the ability to respond to external stimuli. Reversible covalent
bonds provide robust linkages that can adapt or reorganize on
demand. As a result, these polymeric materials can be made to
be self-healing, responsive to changes in pH, or afford a
reversibly assembling micelle.24−31 Examples of reversible
covalent bonds and reactions that have been incorporated
into polymeric materials include Diels−Alder adducts, imines,
disulfides, and boronic acids.21−31 These dynamic covalent
bonds offer a useful platform for reversibly cross-linking
polymers under relatively mild conditions. Diels−Alder
reactions between a diene and dienophile have proven
particularly useful for forming dynamic covalent bonds which
can selectively be formed or broken in response to thermal
stimuli without the aid of an additional catalyst.32−35 For
example, Chujo et al. reported the reversible cross-linking of a
polymeric blend comprised of a polymer with furanyl side
chains and second polymer with maleimido side chains. The
forward reaction occurred at ambient temperatures that could
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be reversed when the sample was heated to temperatures above
80 °C.36

Herein, we demonstrate the cross-linking, and subsequent
imprinting, of an aliphatic polycarbonate copolymer using
reversible Diels−Alder adduct formation. To develop the
simplest possible polymer system, furanyl and maleimido side
chains were incorporated into a single random copolymer, as
this approach provides a catalyst-free method to thermally
cross-link these polymers under mild conditions without the
need of additives. To prevent premature Diels−Alder reactions
between the polymer side chains, a maleimido group protected
by furan was employed. The protecting group can be removed
thermally in situ to expose the maleimide functionality10 and
allow the cross-linking reaction to proceed. We further
demonstrate that the dynamic bonds of this system can be
employed to thermally imprint submicrometer features onto
the cross-linked film.
The monomers 1−3 were readily synthesized from bis-MPA

and did not require column purification. The details for the
synthesis of the bis-MPA derived monomers are provided in
the Supporting Information. Random copolymerizations
(Scheme 1) of the cyclic carbonates 1−3 were conducted

using an organocatalytic procedure with diazabicyclo[5.4.0]-
undec-7-ene (DBU) as the catalyst and a thiourea cocatalyst.
This versatile polymerization enables the controlled living ring-
opening polymerization of cyclic carbonates initiated from
alcohols. A series of polymers were synthesized via initiation
from 2,2-bis(hydroxymethyl)propionic acid benzyl ester, poly-
(ethylene glycol) monomethyl ether (mPEG), or poly(ethylene
glycol) (PEG) and characterized using NMR spectroscopy and
gel permeation chromatography (GPC). The ratios of the
monomers were varied to control the number of cross-linkable
sites that were introduced into the polymer. As shown in Table
1, the resulting ratios of the monomers incorporated into the
polymer largely reflected the feed ratio of the reaction. The

polydispersity index remained low (<1.2) over a range of
molecular weights as a consequence of the living nature of the
polymerization. When the monomers were initated from 2,2-
bis(hydroxymethyl)propionic acid benzyl ester, a linear random
copolymer was formed. Initiation from mPEG or PEG afforded
a diblock or triblock copolymer, respectively, comprised of a
PEG block and a poly(carbonate) block (Figure 1).

We next investigated the thermally induced cross-linking of
the polymers in the solid state. Solutions of the polymer were
spin-coated onto silicon wafers or cast into Teflon molds to
afford films. Wudl and co-workers previously reported24 that
similar systems undergo reverse Diels−Alder reaction at
temperatures above 120 °C. Thus, the polymer films were
baked at 130 °C for 1 h in order to initate the reverse Diels−
Alder reaction to deprotect the maleimido groups of the
polymer.
The films were then baked at 90 °C overnight to enable

cross-linking of the film via the forward Diels−Alder reaction
between the maleimido and furanyl side chains of the polymer.
Polymer 4e was analyzed by 13C CPMAS NMR, as shown in
Figure 2. In an analysis of a model reaction in solution between
furan and methylmaleimide (Supporting Information), we

Scheme 1. Synthesis of Polycarbonate Polymers

Table 1. Results from Organocatalytic Copolymerization of
Monomers 1−3

polymer feed ratiod (x, y, z) actual ratioe (x, y, z)
Mn

e

(kg/mol) PDIf

4aa 80:10:10 51:6:6 13.4 1.15
4ba 80:10:10 68:8:8 17.8 1.26
4ca 80:10:10 72:7:8 12.6 1.16
4da 240:30:30 235:22:25 58.5 1.19
4ea 50:25:25 59:21:21 23.6 1.27
4fa 150:75:75 52:16:17 19.7 1.22
5b 50:25:25 60:23:24 36.0 1.21
6c 80:10:10 77:7:8 32.7 1.20

aCopolymers initiated from diol. bCopolymer initiated from 5k
mPEG. cCopolymer initiated from 6k PEG diol. dMolar ratio of
monomer relative to 1 mol equiv of initiator. eDetermined by 1H
NMR spectroscopy. fDetermined by GPC.

Figure 1. Reversible covalent bond formation leads to deprotection
and subsequent cross-linking in the film.

Figure 2. Partial 13C CPMAS NMR spectrum of the cross-linked
polymer film.
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observed that a resonance at 90 ppm emerges as the adduct was
formed. A similar peak was observed in the solid-state NMR
spectrum of the baked polymer film which suggests that the
cross-linking reaction has occurred. The NMR analysis also
shows that residual unreacted furan still remains after the film
was cross-linked. Free standing films were also formed using
this process. In the case of polymers 5 and 6, elastomeric films
were obtained.
As shown in Figure 3, the reversible nature of the Diels−

Alder reaction enables us to remold the film even after the film

has been cross-linked. To demonstrate this process, polymer
4e37 was spin-coated onto a silicon wafer and thermally cross-
linked. A silicon master was then used in a thermal nanoimprint
process to transfer the pattern from the master to the cross-
linked polycarbonate film. At ambient temperatures, the film
can not be patterned as a consequence of the covalent cross-
linking between the polymer chains. However, upon heating
the film to 130 °C, the silicon master could be used to remold
the film to afford a patterned substrate. As shown in Figure 3,
submicrometer features were transferred in this thermal imprint
process. Arrays of line/spaces and free-standing posts were
formed from the random and block copolymers. Although the
patterns are robust at ambient temperatures, the covalent cross-
linking sites within the film are still reversible. When the
patterned films were baked at 130 °C, the patterns disappeared,
as the covalent bonds were broken and a featureless film was

restored. Moreover, changes to the pattern shape, either during
the imprint process or afterward, were not observed unless
elevated temperatures were used. Heath et al. have inves-
tigated34 thermally labile Diels−Alder linkages to afford
strippable materials for imprint lithography, but did not utilize
the reversibility of the reaction to transfer a pattern from the
mold to the substrate. To the best of our knowledge, this is the
first time that dynamic covalent chemistry has been
demonstrated for a nanoimprint process for transferring
patterns into films.
In conclusion, we have successfully demonstrated the catalyst

free cross-linking of a biodegradable polycarbonate film.
Random copolymers and block copolymers were synthesized
via living organocatalytic routes to afford aliphatic polycar-
bonates with furanyl and maleimido side chains. These
polymers form films which undergo reversible covalent bond
formation via Diels−Alder chemistry under mild thermal
conditions. Both the cross-linked and un-cross-linked films
were patterned using a thermal nanoimprint process. The
reversibility of the Diels−Alder adducts enabled the cross-
linked films to be remolded to the form of the template to
afford features as small as 500 nm.
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