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Polymers with quadruple hydrogen-bonding end
groups: controlling molecular weight using a small
molecule photoswitch†
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The molecular weight and topology of polymer chains is typically defined during their synthesis, after which

these parameters remain fixed. This limitation has motivated efforts to develop reversibly reconfigurable poly-

mers, which offer opportunities for advanced applications and/or efficient reprocessing. Herein, we report the

preparation of a library of poly(methyl acrylate) (PMA) homopolymers and a poly(methyl methacrylate) (PMMA)

homopolymer bearing pendant hydrogen bonding motifs (HBMs) which have the potential to generate

reconfigurable materials. This approach includes the synthesis of alkyne-functional HBMs which were success-

fully coupled to an azide-functionalised RAFT agent via alkyne/azide “click” chemistry. The resulting ureidopyr-

imidinone (UPy) and amidonaphthyridine (NAP) RAFT agents could successfully be used to prepare PMA, but

the attempt using the diamidonaphthyridine (DAN) RAFT agent was unsuccessful. In this example, a post-poly-

merisation technique was demonstrated as a viable alternative (in this case with a PMMA homopolymer). To

demonstrate proof-of-concept that this can be achieved using a supramolecular approach: a small molecule

photoswitch comprising ditopic azobenzene linked ureidopyrimidinone (UPy) was shown to effect reconfi-

guration of polymer molecular weight of DAN-functionalised PMMA under visible/UV light irradiation. In the

cis (Z) photostationary state, intramolecular UPy·UPy homodimerization within the photoswitch was preferred,

whereas in the trans (E) configuration, the need for UPy to satisfy its hydrogen-bonding requirements resulted

in intermolecular DAN·UPy heterodimerization with the DAN motif of poly(methyl-methacrylate) resulting in a

doubling of its molecular weight as observed by 1H DOSY NMR spectroscopy.

Introduction

Supramolecular polymers have had significant impact in
materials research,1,2 spanning a range of applications3 that
include: self-healing,4,5 adhesives,6–8 biomaterials,9,10 actuat-
ing and memory materials.11–13 Hydrogen-bond assembled
polymers14 have proven attractive given the availability of a
range of hydrogen-bonding motifs (HBMs);14,15 when hydro-
gen-bond donor and acceptor groups are combined to give pat-
terns, this leads to sequence selective recognition modules

with a range of dimerization affinities14 that directly influence
macromolecular behaviour.16–18 In solution, polymers
assembled through main chain hydrogen-bonds require high
affinity HBMs,19 whereas weaker affinities can be accommo-
dated where hydrogen-bonds between side chains are used for
assembly20–22 or hydrogen-bonds are used for crosslinking. A
specific category amongst the former class, are those which
involve assembly via a single HBM at the chain end of the
polymer and which have been used to prepare e.g. diblock co-
polymers23 which phase separate.24 Indeed, the topology of a
polymer plays a key role in determining its shape, which in
turn must be considered for different applications, however,
polymer topology is usually static once synthesis is complete
and has motivated efforts to generate reconfigurable poly-
mers.25 Thus, the ability to readily reconfigure polymers
assembled through HBMs at the chains ends would be desir-
able, but is not yet readily achievable. Amongst available
stimuli e.g. temperature, pH, redox control and light, light is
attractive.26–29 Indeed, a number of light responsive hydrogen-
bond assembled supramolecular “condensation” and side-
chain functionalized polymers have been described.30–36 We
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recently reported on the photoswitchable hydrogen-bond
mediated assembly of ditopic azobenzene linked HBMs;37 the
cis (Z) and trans (E) photostationary states were shown to be
biased toward cyclic or extended conformations leading to
different supramolecular assemblies based on the concen-
tration dependent ring-chain equilibrium and varying hydro-
gen-bond dimerization affinity of the HBMs.

In this manuscript we synthesise a series of poly(methyl
acrylate) and poly(methyl methacrylate) (PMA and PMMA) homo-
polymers, end-functionalised with HBMs using alkyne/azide
“click” chemistry. This was facilitated using a commercially avail-
able azide functional RAFT agent, combined with alkyne functio-
nalized HBMs reported in our previous work.37 To develop a
photoresponsive reconfigurable polymer, PMMA bearing a single
terminal DAN HBM38 was mixed with a ditopic azobenzene
linked ureidopyrimidine (UPy) HBM.39 By switching between E
and Z photostationary states using visible light at a concentration
below the supramolecular polymerization regime of the ring-
chain equilibria for the ditopic azobenzene linked UPy HBM, we
show that the molecular weight of the polymer bearing a single
terminal diamidonapthyridine (DAN) HBM can be reversibly
doubled through multiple cycles of photoswitching.

Results and discussion

It was anticipated that the most efficient route for the prepa-
ration of PMA end-functionalised with HBMs was via either a

pre-polymerisation functionalisation or post-polymerisation
functionalisation. The pre-polymerisation approach, by
employing HBM-functional RAFT agents was initially preferred
on the basis that all chains bear the HBM. Although this
would be possible with the post-polymerization approach,
there is the potential for incomplete reaction, which is likely to
be exacerbated by the steric hindrance of the long polymer
chains.

For the pre-polymerisation strategy, we identified a series of
alkyne-functional HBMs from our previous work which could
be reacted with an azide-functionalized RAFT agent via an
alkyne/azide click reaction (Scheme 1). This resulted in a
series of CTAs where alkynes 1, 2 and 3 were linked to azide
functionalised RAFT agent 4 by a triazole ring. Using this
approach amidonaphthyridine (NAP)-RAFT agent 5, UPy-RAFT
agent 6 and DAN-RAFT agent 7 were all successfully syn-
thesised in reasonable yields. The ability of 5–6 to serve as
chain transfer agents was then assessed for the RAFT polymer-
ization of MA (Scheme 2).

GPC and 1H NMR analysis conducted on the resulting pro-
ducts (Table 1 and Fig. 1) indicated that the NAP-RAFT agent 5
produced reasonably low dispersity polymer 9 (Đ = 1.19) but
monomer conversion was only 31% after three hours. This
suggested that the addition of the NAP HBM had an adverse
impact on polymerisation. More promising was the UPy-RAFT
agent 6, which afforded reasonably low dispersity polymers
(Đ = 1.18) alongside a much more respectable monomer con-
version of 84%. However, the resulting UPy functionalized

Scheme 1 Click chemistry syntheses of NAP-RAFT agent 5, UPy-RAFT agent 6 and DAN-RAFT agent 7.
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polymer 10, was considered less desirable for reconfiguring,
given the self-dimerization of the UPy motif. Unfortunately,
the DAN-RAFT agent 7 failed to control the MA polymerization,
with negligible conversion indicated by NMR.

Given our objective to switch molecular weight using a
small molecule, it was desirable to have a polymer functiona-
lized with an HBM, such as DAN, that does not self-associate.
Hence, we instead evaluated the use of post-polymerisation
functionalization. Furthermore, we also moved to methyl
methacrylate (MMA) instead of MA owing to the latter poly-
mers being challenging to purify due to their low Tg. In prin-
ciple, the behaviour of PMMA and PMA in solution should be
similar enough to allow for proof-of-concept reconfiguration
experiments to be explored.

The polymerization of MMA was conducted in DMF in the
presence of the azide functionalised RAFT agent 4. The azide
group was maintained in the resulting PMMA 13, allowing
for an azide click reaction to be performed using the DAN-
alkyne 3 (Scheme 3). Due to RAFT agent 4 being less suited
for polymerisation of MMA, the polymers synthesised had a
higher dispersity than those obtained with MA (Table 2 and
Fig. 1); the trithiocarbonate RAFT was not ideal for control-
ling the polymerization of methacrylate monomers, resulting
in a larger molar mass dispersity of 1.52 compared to values
<1.20 recorded for the acrylate monomers. After functionali-
zation with DAN, GPC (Fig. 2) indicated that the Mn

increased from 24 600 g mol−1 for 13 to 31 200 g mol−1 for
14 On first appearance, this increase seems large for a
simple end-group functionalization, but it is unsurprising
given the additional purification performed after functionali-
sation involved a size exclusion column which would have
also resulted in the removal of some of the shorter polymer
chains in the sample (which also resulted in subtle reduction
in molar mass dispersity). Analyses by NMR were more chal-
lenging; whilst conversion and some structural data could be
obtained it was not possible to perform end group analysis

Scheme 2 RAFT polymerisations of MA 8 using NAP-RAFT agent 5, UPy-RAFT agent 6, and DAN-RAFT agent 7.

Table 1 Data from polymerisations of MA 8 using RAFT agents 5, 6 and
7. GPC was obtained in DMF eluent, Mn and Đ were calculated based on
a series of near-monodispersie poly(methyl methacrylate) standards

Raft
agent

% MA
conver. DP

Mn (NMR)
(g mol−1)

Mn (GPC)
(g mol−1) Đ(GPC)

5 31 24 2800 3700 1.19
6 84 148 13 500 18 200 1.18
7 — 3 1100 — —

Fig. 1 GPC traces of NAP-PMA 9; and UPy-PMA 10 obtained in DMF.
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due to overlapping RAFT agent and polymer proton reso-
nances (see ESI for further details†). Nevertheless, it was
deemed sufficiently modified to continue proof-of-concept
studies.

To develop a photoresponsive reconfigurable polymer
system, DAN-PMMA polymer 14 was mixed with supramole-
cular synthon 15 (Fig. 3a) comprising ditopic azobenzene
linked UPy species where the UPy is capable of forming
quadruply hydrogen-bonded UPy·UPy homodimers through
self-association or DAN·UPy heterodimers.37 We hypoth-

esized that as a consequence of preferential intramolecular
cyclization (as shown previously),37 Z-15 would show limited
interaction with DAN-PMMA 14, but that upon photoisome-
rization to give E-15, intermolecular dimerization would be
suppressed in favour of chain extension permitting inter-
action between DAN-PMMA 14 and E-15. Such a change
would be anticipated to result in a change in molecular
weight of the polymer, effectively doubling the size of each
chain via central hydrogen bonded linkages. This size
change would result in a reduction in diffusion coefficient
in the solution, meaning DOSY NMR would provide an
ideal tool to assess this behaviour. We previously established
a critical concentration of ∼24 mM for the ring chain equili-
brium for 15 in chloroform. Therefore to limit supramolecu-
lar polymer formation by 15, samples of DAN-PMMA 14 and
15 prepared at lower concentrations (8 mM and 4 mM
respectively). At a concentration of 4 mM, DOSY measure-
ments on 15, indicate it adopts a cyclic monomer in the E
form and tends towards a cyclic dimer in the Z form as pre-
viously published.37 Samples were first exposed to green
light (530 nm) for 10 minutes to maximize the concen-
tration of Z isomer (photostationary state, 530 nm = 71 : 29
Z : E), then DOSY NMR was performed (Fig. 3c). This
process was repeated after exposure to blue light (405 nm)
for 10 minutes to maximize the concentration of E isomer
(photostationary state at 405 nM = 23 : 73, Z : E, Fig. 3b). A
reduction in diffusion coefficient was observed after blue
light irradiation, to confirm this behaviour was reversible,
irradiation was performed using each wavelength again, and
DOSY spectra recorded. The data obtained showed good evi-
dence of a reversible change in diffusion coefficient upon
irradiation (Fig. 3c and d). When converted to molecular
weight it became clear that the species approximately
doubles in size after blue light irradiation (Fig. 3d). Using
the diffusion co-efficient and the Stokes Einstein relation-
ship we estimated a hydrodynamic radius (rs) for the assem-
bly of DAN-PMMA 14 in the presence of Z-15 ∼34 nm and
(E-15) ∼43 nm.

Table 2 Monomer conversion (recorded by 1H NMR) and Mn and Đ
(recorded by DMF GPC) for polymerisation of PMMA 13 and post-poly-
merisation functionalised DAN-PMMA 14

Polmyer % MMA conver. Mn (GPC) (g mol−1) Đ(GPC)

13 99 24 600 1.52
14 — 31 200 1.32

Fig. 2 GPC traces of PMMA 13 (pre-functionalisation); and DAN-PMMA
14 (post-functionalisation) obtained in DMF.

Scheme 3 Synthesis of PMMA 13 using azide RAFT agent 4 and post-polymerisation azide click reaction producing DAN-PMMA 14.
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Fig. 3 Controlling polymer weight using a hydrogen-bonding photoswitch: (a) structure of E- and Z-15 alongside structures and affinities of
UPy·UPy homodimer and UPy·DAN heterodimer (b) DOSY spectra for DAN-PMMA 14 and 15 after irradiation at 405 nm (blue) and 530 nm (green);
(c) diffusion coefficient of DAN-PMMA 14 and 15 after 2 cycles of green and blue light irradiation; (d) molecular weight of DAN-PMMA 14 and
UPy·UPy foldamer 15 after 2 cycles of green and blue light irradiation; (e) schematic illustrating reversible rearrangement of 15 in the absence and
presence of DAN-PMMA 14 in response to blue and green light.
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Conclusions

In this work, we successfully synthesised a range of RAFT
agents by reacting alkyne functionalised NAP, UPy and DAN
precursors with an azide functional RAFT agent by alkyne/
azide click chemistry. The resulting NAP and UPy RAFT agents
were successfully used for the RAFT polymerisation of methyl
acrylate, yielding low molar mass dispersity polymers.
However, neither reached 100% conversion, with the NAP only
reaching 31%. Despite this, each polymer was successfully pur-
ified, resulting in polymers with terminal NAP and UPy func-
tionalities (9 and 10). On the contrary, the attempt to
polymerise MA with the DAN functionalised RAFT agent was
unsuccessful, with no conversion obtained. However, in this
case polymers bearing terminal HBMs could be obtained by
post polymerization addition of the DAN to poly(methyl-meth-
acrylate) to give 14.

We then demonstrated that a DAN-terminated poly(methyl-
methacrylate) 14 could undergo a reversible change in mole-
cular weight upon photoisomerization of Z-15 to E-15. This
was due to the ability of Z-15 to readily cyclize through homo-
dimerization of its UPy motif and the preference for E-15 to
satisfy the hydrogen-bonding requirements of its UPy through
intermolecular heterodimerization with the DAN motif of 14.
Such behaviour represents a first step in being able to reversi-
bly reconfigure polymer architecture and subsequent assem-
bly; for instance, our future studies will be geared towards
photoswitchable reconfigurations that lead to diblock for-
mation and subsequent phase separation.
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