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Rare earth–cobalt bimetallic catalysis 
mediates stereocontrolled living radical 
polymerization of acrylamides

Xiaowei Zhang    1, Fei Lin    1, Mengxue Cao    1 & Mingjiang Zhong    1,2 

The tacticity of polymers is one of the governing microstructural 
parameters that determines their material properties. Current methods 
to access stereoregular polymers are based on coordination and ionic 
polymerizations. However, these polymerization methods are limited to a 
small group of monomers. By contrast, radical polymerization is compatible 
with diverse chemical functionalities but provides poor stereocontrol 
primarily due to the challenge of controlling the stereochemistry of carbon-
centred radicals. Here, by covalently tethering a rare earth cation-based 
Lewis acid to cobalt(III) complexes, we designed a bimetallic catalytic 
system to achieve stereocontrol in living radical polymerization. The 
interplay of pendant group–Lewis acid interaction and cobalt-mediated 
reversible radical deactivation within a confined space results in chain 
propagation through a meso-configurated radical chain end. Acrylamide 
monomers with diverse polar and ionic pendant groups were polymerized 
in a stereoregular manner with a percentage of meso diads as high as 95%. 
Thermo-responsive, adhesion and electrical properties of homopolymers 
were readily diversified by tuning tacticity without compositional variance. 
This method provides a diversity-oriented design platform to access 
polymers with broadly tunable bulk, solution and interfacial properties 
from single monomer feedstock through tacticity engineering.

The material properties of polymers with given chemical composi-
tion can be tuned through engineering the relative stereochemistry 
of repeat units, also known as tacticity1. Vinyl polymers with varied 
backbone stereoregularities exhibit different thermomechanical 
properties2,3, charge carrier mobility4, dielectric properties5, self-
assembly behaviours6, processability7 and gas permeability8. These 
intrinsic structure–property relationships motivated the development 
of stereocontrolled vinyl polymerizations to access polymer products 
with diversified properties from unchanged monomer feedstocks. 
Current stereocontrolled coordination and ionic polymerizations have 
been limited to a small group of vinyl monomers and demand rigorously 
developed reaction conditions. Radical polymerization is considered 

the most versatile vinyl polymerization method as a consequence of 
its compatibility with diverse functional groups and high tolerance to 
impurities, and has been industrially applied to produce commodity 
polymers in a broad range of reaction media, for example, aqueous 
and protic solutions, gas phase, emulsion and dispersion. However, 
development of stereocontrolled radical polymerization remains a 
fundamental challenge (Fig. 1a) primarily due to the difficulty in con-
trolling the stereochemistry of the radical propagating chain ends with 
an sp2-hybridized planar geometry9,10. The continuous generation of 
new stereogenic radical centres during the chain-growth polymeriza-
tion process further complicates the development of stereocontrolled 
radical polymerization. Consequently, products containing around 
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forming a meso-configuration at the adjacently chelated units on the 
subsequent monomer addition (Fig. 1c)16,25. While this strategy success-
fully converted the atactic polymers to isotacticity-enriched polymers 
(for example, more than 80% m) with drastically altered materials  
properties, extensive application of this method is restricted by 
the high metallic LA loading and its failure in the polymerizations 
of strongly chelating or ionic monomers. Typically, 10–20 mol% LA 
(for example, rare earth metals) relative to the monomer is required  
to ensure LA chelation with the pendant groups at the growing chain 
ends due to the presence of numerous competing chelating species 
including non-chain-end pendant groups of polymers and unre-
acted monomers. This high LA loading may also cause physical chain 
crosslinking and crossover reactions with pendant functionalities.

We present here a molecular design of rare earth–cobalt-based 
bimetallic system to enable chain-end-specific radical interaction 
(Fig. 1d). This system builds a foundation for the development of a 
catalytic approach to controlling stereochemistry in radical poly
merization with minimized background interference. In our design, a 
multidentate cyclic ligand of aza-crown ether (ACE) that is covalently 
anchored with an organometallic cobalt(III)–porphyrin (R–CoIII–por) 
binds to LA, for example, rare earth cations, yielding a LA-tethered 
cobalt(III)–porphyrin (LACoP) bimetallic complex. The R–CoIII–por 
centre is responsible for the photocatalytic initiation and activation of 
a living radical chain-growth process26 with the tethered LA confined in 
proximity to the growing chain end. The propagating radical R• formed 
from homolytic cleavage of the C–CoIII bond (Fig. 1d(i)) undergoes meso 

50% meso (m) and racemo (r) diads, that is, atactic polymers without 
iso- or syndio-tacticity enrichment, are often obtained in radical  
polymerization.

Designing catalysts to tame a weakly interactive radical for a 
stereocontrolled process has been generally difficult. The enantio
facially differentiated vinyl addition enabled by organometallic 
bonding in coordination polymerizations11–13 or electrostatic interac-
tion in ionic polymerizations14,15 cannot be easily realized in radical 
polymerization16. Radicals can be reversibly deactivated by a chain-
end capping agent in living radical polymerization (LRP) techniques 
through which polymers with tailored molecular weight, dispersity and 
topology can be synthesized17. Capping agents with defined chirality 
were designed for enantioselective monomer additions (Fig. 1b). How-
ever, the weak interaction between the non-bonding neutral radical 
chain end and a designed chiral capping agent resulted in negligible 
stereocontrol18,19.

Stereoregular polymers have been synthesized through radical  
polymerization of chiral auxiliary monomers20 or in a rationally 
designed reaction environment, for example, in the presence of 
fluoroalcohols21 or under spatial confinement22. Adding Lewis acid (LA) 
has been widely demonstrated as a more universal and scalable strategy 
to promote the stereocontrol in conventional radical polymerization 
or LRP of common vinyl monomers under readily accessible reac-
tion conditions23,24. A prevalent rationale attributes this LA-enhanced 
stereocontrol to the hypothesis that LA binds to the polar pendant 
groups of the terminal and penultimate enchained monomers, thereby 
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Fig. 1 | Stereocontrol in radical polymerizations. a, Challenges of stereocontrol 
associated with radical polymerization. b, Weak interaction between a chiral 
radical capping agent and the radical chain-end leads to negligible stereocontrol 
in LRP. c, Adding LAs of a stoichiometric amount relative to the monomer results 
in a certain degree of stereocontrol in radical polymerizations. d, From this 

work: the stereocontrolled LRP mediated by LACoP bimetallic catalysts; the 
LA is localized at propagating chain end for site-specific chelation owing to the 
efficient reversible radical deactivation enabled by cobalt–porphyrin, forming a 
meso diad enriched polymer chain.
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addition to an incoming monomer due to the chain-end-selective LA 
chelation (Fig. 1d(ii)). The in situ generated CoII–por can reversibly 
deactivate R• to form an R–CoIII–por dormant species either before 
or after the monomer addition (Fig. 1d(iii))27. The chain-end-chelated 
LA can direct a Co–por to regulate the growth of the same polymer 
chain and suppress the interchain transfer of LACoP: a competing 
process detrimental for the chain-end-specific interaction. Conversely, 
the covalently linked Co–por mediates a rapid deactivation reaction 
through a pseudo-intramolecular pathway, limiting the number  
of monomers added during each activation–deactivation cycle 
and further facilitating the chain-end stereocontrol. Although each 
monomer addition event produces a new terminal unit, the subse-
quent recapping of radical by CoII–por forces the tethered LA to rear-
range to interact with the newest enchained monomers and ensure  
continuous meso monomer additions even at catalytic loading of  
LA (Fig. 1d(iv)). Whereas the concept of bimetallic catalysis involving  
covalently bridged hetero-catalytic centres has been applied in  
non-radical systems to attain high-performance polymerizations28,29, 
leveraging this proximity effect to realize chain-end-controlled radical 
propagation remains unprecedented.

Results and discussion
LACoP-mediated LRP
To prove our hypothesis, we synthesized a series of LACoPs as initia
tors for N,N-dimethylacrylamide (DMAA) photopolymerizations  
under visible light irradiation (Fig. 2a,b and Supplementary Table 6). 
Figure 2a summarizes the data of meso diad percentages obtained from 
LACoP-initiated polymerizations in methanol with varied loadings 
of lanthanum(III) trifluoromethanesulfonate (La(OTf)3). The initial 
attempts involving 1b with an alkylated cyclen ligand resulted in poly-
DMAA with 75–85% m when 0.5–2.5 mol% La(OTf)3 was used relative to 
DMAA. The degree of isotacticity monotonically increased with increas-
ing the equivalent of La(OTf)3. In comparison, a lower percentage of 
meso diads (less than 70% m) was obtained with 2.5 mol% La(OTf)3 from 
a conventional radical polymerization initiated by a diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) photo-initiator. An R–CoIII–
por complex without tethered ACE (1a) provided up to 74% m at the 
same La(OTf)3 loading. Adding non-tethered ACE into the 1a-initiated 
polymerization resulted in negligible change in the stereocontrol, 
indicating the essential role of the covalently tethered LA in meso  
radical addition. The 1a-enhanced isotacticity, compared to TPO-
initiated radical polymerization, could be attributed to the weak LA 
interaction with the carboxylate group of 1a as well as a controlled 
chain-growth process mediated by Co–por, and has been generally 
observed in many other LRP systems30–33. Replacing the para-sub-
stituted LA ligand (1b) with a meta-substituent (1c) with respect to  
the porphyrin ring provides a more appropriate bite angle of the  
dinuclear catalyst for a chain-end-selective chelation, and resulted  
in moderate isotacticity enhancement, for example, 88% m (1c)  
versus 85% m (1b) at a 2.5 mol% La(OTf)3 loading.

Further investigation of LACoPs was centred on engineering the 
binding affinity and geometry of the LA ligand. A Co–por complex 1d 
contains a tridentate triazacyclononane (TACN)-derived ligand with a 
similar LA binding constant to the tetradentate ACE34,35. PolyDMAA with 
more than 90% m was obtained in a 1d-initiated polymerization with 
merely 2.5 mol% La(OTf)3 added, although a similar level of isotacti
city could not be realized in TPO-initiated radical polymerization with 
more than 10% LA added (Supplementary Table 6). The percentage of 
meso–meso triads (mm) in the polyDMAA with 95% m was quantified 
to be 90% mm according to its clearly distinguishable chemical shifts 
in the proton nuclear magnetic resonance (1H-NMR) spectrum (Sup-
plementary Fig. 42). This improved stereocontrol compared to 1c 
plausibly originated from the enhanced interactions of 1d with chain-
end pendants due to its reduced ligand cone angle and coordination 
number. By contrast, 1e resulted in poor stereocontrol due to the 

weak N-monosubstituted crown ether ligand with a binding constant 
roughly eight orders of magnitude lower than cyclen36. In addition to 
the ligand design, selecting appropriate LA could be equally critical to 
the stereocontrol, especially in a reaction medium rich in competing 
chelating species. In the proposed mechanism, at least two coordina-
tion sites of LA need to be reserved for the chelation with chain-end 
pendant groups in a meso radical addition. Among a series of LAs we 
screened (Supplementary Table 4), rare earth metal cations with a large 
coordination number, particularly lanthanum(III) (La3+) and yttrium(III) 
(Y3+), presented superior stereocontrol.

The scope of monomers was expanded to acrylamides with 
various N-substituents (Fig. 2c). 1d-Initiated polymerizations gener-
ated polymers with a higher isotacticity compared to TPO-initiated  
polymerizations from all monomers. Alkyl-substituted acrylamides 
including N,N-diethylacrylamide (2b, DEAA) and N-isopropylacryl
amide (2c, NIPAM) provided more than 90% m in 1d-initiated poly
merizations with addition of 5 mol% La(OTf)3. A wide range of polar 
pendants were well-tolerated, including ether, amine, alcohol and 
cation. Polymerizations of 2d–g resulted in polymers with up to 85% 
m, slightly lower than those alkyl-substituted acrylamides due to the 
competitive coordination interactions of the pendant ether groups. 
N-(3-(dimethylamino)propyl)acrylamide (2 h) and N-(2-hydroxyethyl)
acrylamide (2i, HEAA) that seem compatible only with radical polymeri-
zation were isotactically polymerized using 1d, although TPO-initiated 
radical polymerizations provided poor stereocontrol even at elevated 
LA loading and resulted in insoluble products possibly due to the 
abovementioned physical crosslinking. Positively charged polymers 
with nearly 80% m were synthesized from (3-acrylamidopropyl)tri-
methylammonium trifluoromethanesulfonate (2j, APTMAT). As a 
controlled experiment, introducing a strongly coordinating group 
that interferes the ACE complexation with La3+, for example, sulfonate 
in 2k, diminished the isotacticity enrichment, further revealing  
that covalently tethering LA to the radical deactivator is key to the 
stereocontrol attained in LACoP-mediated LRP.

The crystallinity and related thermal properties of tacticity-varied 
polyDMAA (NMR spectra shown in Fig. 2d) were characterized by dif-
ferential scanning calorimetry (DSC) and wide-angle X-ray scattering 
(WAXS). An isotactic polyDMAA (95% m) exhibited a glass transition 
temperature (Tg) of 109 °C, 20 °C lower than its atactic counterpart with 
51% m (Fig. 2e). Consistent with previous studies30, first-order phase 
transition absent in the atactic sample was observed in the DSC heat-
ing curve of the 95% m polyDMAA with an exothermic crystallization 
peak at Tc of 177 °C and an endothermic melting peak at Tm of 258 °C, 
suggesting the formation of a semicrystalline structure. Decreasing 
the degree of isotacticity from 95% m to 83% m reduced the specific 
enthalpy change of melting from 16.7 to 5.6 J g−1 due to the decreased 
fraction of crystalline phase. Sharp and intensive diffractions originat-
ing from the crystalline phase were observed in WAXS profiles of the 
two isotacticity-enriched polyDMAAs (Fig. 2f).

Mechanistic investigation
The characteristics of a living chain-growth process were probed in 
the 1d-initiated polymerizations of DMAA. Instantaneous quench-
ing of the polymerization on either addition of a nitroxide radical or 
removal of light irradiation (Supplementary Information) validated 
the radical-mediated polymerization mechanism in the presence of 
LA. The pseudo-first-order polymerization kinetics (Fig. 3a) resulted 
in narrowly distributed molecular weight (dispersity index Đ < 1.3) 
that grew linearly with monomer consumption (Fig. 3b). The deviation 
of the molecular weight from a theoretical value originated from the 
relatively low initiation efficiency due to a larger bond dissociation 
free energy of the Co–carbonyl bond of the initiator than the Co–C 
bond at the polyacrylamide chain end (Supplementary Table 21). 
LACoPs with a more labile Co–C bond could potentially be designed to  
further improve the control over both molecular weight and tacticity.
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The livingness rendered by the Co–por-mediated reversible radical 
deactivation was evidenced by the successful synthesis of polyDMAA-
containing block copolymers. An isotactic polyDMAA macroinitiator 
end-functionalized with CoIII–por was synthesized and isolated from 
a 1d-initiated polymerization. The clear shift of the gel permeation 
chromatography (GPC) trace (Fig. 3c) after its chain extension with 
tert-butyl acrylate suggested a high chain-end fidelity preserved in a 
living chain-growth process. This stereocontrolled LRP also opened 
a way to the one-pot synthesis of stereo-block polyacrylamides con-
taining an atactic and an isotactic block by injecting LA solution to 

LACoP-mediated homopolymerizations at a given time (Supplemen-
tary Information).

Comparison of the kinetic characteristics under dissimilar reac-
tion conditions provided mechanistic insights into the LACoP-medi-
ated LRP. LA-accelerated polymerization that occurs in conventional 
radical polymerization37 was also observed in LACoP-mediated LRP 
(Fig. 3d). This acceleration at an unchanged radical concentration could 
be ascribed to the LA-enhanced reactivity of propagating radicals16, 
which is in agreement with the postulated meso radical addition  
enabled by a chain-end-specific interaction with LA. LA-induced 
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Fig. 2 | LACoP-mediated LRPs in methanol. a, General scheme and 
tacticity data of LACoP-initiated photopolymerization of acrylamides. 
[DMAA]0:[initiator]0 = 400:1. rt, room temperature. b, Chemical structures 
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by 1d (red) and TPO (black) with 5 mol% La(OTf)3. d, 1H-NMR spectra used to 
quantify the composition of meso and/or racemo diads. e,f, PolyDMAA with 
varied degrees of tacticity displayed different phase transition behaviours and 
levels of crystallinity as reflected by DSC curves (e) and WAXS profiles (f).
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acceleration in the LACoP-mediated LRP was investigated by relating 
both the apparent propagation rate coefficient (kappp ) and degree  
of isotacticity with the La(OTf)3 loading (Fig. 3d and Supplementary 
Table 10). In 1d-initiated LRPs, a sharp increase of kappp  and isotacticity 
was obtained below 1 mol% La(OTf)3. When 1a with weak LA chelation 
was used, La(OTf)3 resulted in little impact on kappp  and poorer stereo-
control until its loading reached 2.5 mol%. For further comparison, a 
kappp  of 5.0 × 10−3 min−1 with 78% m was achieved using 1d and only 
0.5 mol% La(OTf)3, while 2.5 mol% LA was needed in the 1a-initiated 
LRP to obtain a similar level of acceleration (kappp  = 5.4 × 10−3 min−1)  
and isotacticity (77% m). The remarkable acceleration accompanied 
with a more prominent isotacticity enhancement in 1d-initiated  
LRP demonstrated that the covalently attached ACE facilitated the 
chain-end-specific LA chelation that is beneficial for both fast kinetics 
and meso radical addition.

1H-NMR spectroscopic studies revealed that LA coordinated  
preferentially with ACE over monomer and solvent. The almost iden-
tical NMR spectra of a La3+–TACN methanol-d4 solution before and  
after adding DMAA monomers (Fig. 3e and Supplementary Fig. 7) 

indicated stable La3+–TACN complexation at a polymerization-relevant 
stoichiometry. It is worthwhile noting that methanol appeared to be 
an optimal solvent for the polymerization (Supplementary Table 1) 
not solely because of its excellent solubility for all reaction species  
but also a stereocontrol-beneficial LA coordination behaviour as  
demonstrated in previous work (Supplementary Figs. 15 and 16 and 
Supplementary Table 11)38. The good compatibility of LACoP with a 
protic environment allowed a stereocontrolled LRP of DMAA (roughly 
90% m) in the presence of up to 2.5% water by volume (Supplementary 
Figs. 25 and 26).

The quality of stereocontrol can be improved by suppressing other 
LA-chelating species that compete with the chain-end chelation. There-
fore, in conventional radical polymerization39,40 and 1a-initiated LRP 
the degree of isotacticity changed with the progressive consumption 
of monomers due to the difference in binding strengths of monomer 
and polymer with LA. The conversion-independent isotacticity in  
1d-initiated LRP (Fig. 3f) is consistent with the proposed LACoP- 
enabled stereocontrol; LA is selectively chelated by the pendant groups 
located at the radical chain end throughout the entire polymerization 
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(Fig. 3g). This mechanism, based on chain-end-specific interaction,  
was corroborated with the diad and triad composition analysis on  
the basis of Markovian statistics (Supplementary Information)41.

Tacticity-dependent material properties
The stereocontrolled LRP provides an ideal platform for the preparation 
of well-defined polymers for systematic and accurate assessment of the 
tacticity influence on polymer properties. This outcome enables facile 
diversification of polymer properties in solution, interface and bulk 
states through tacticity engineering. Thermo-responsive polymers are 
widely used in biomedical engineering42 and design of smart devices43. 
The thermo-responsiveness of commonly studied polyacrylamides, 
for example, polyDEAA and polyNIPAM, are captured by their lower 

critical solution temperature (LCST) above which a dissolved polymer 
becomes insoluble in water (Fig. 4a). Atactic polyDEAA and polyNIPAM 
share a mutual LCST around 33 ± 1 °C (ref. 44). Such single-point LCST 
limits their broader applications and is often adjusted by integrat-
ing comonomers45–47. Nevertheless, this copolymerization strategy 
lacks robust predictability and reproducibility due to the unclearly 
defined monomer sequence as well as the underexplored effects of 
molecular weight and composition on LCST. Herein, we accessed a 
notably expanded tuning window of LCST by varying the degree of 
isotacticity. LCST increased with increasing isotacticity of polyDEAA 
(Fig. 4b, red branch, and Supplementary Fig. 23), plausibly due to  
the enhanced hydrophilicity through cooperative hydrogen bond 
interactions between the meso-configurated neighbouring units 
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and a water molecule48. When the percentage of meso diads changed 
from 66% m to 94% m, the LCST increased from 35.8 to 40.9 °C. Overall,  
a continuous change of LCST from 33 to 42 °C was achieved in homo
polymerized DEAA without compositional variance. The LCST was 
found to be independent of molecular weight and concentration  
of polyDEAA (Supplementary Figs. 18 and 19) under the studied  
conditions. Thus, a one-to-one correspondence was constructed 
between the degree of isotacticity and LCST. Different from poly-
DEAA solutions in which tacticity primarily influences the hydration of  
polymer solutes, the meso pendant units of polyNIPAM also greatly 
enhance the intra-/intermolecular interaction contributed by the 
dehydrating hydrogen bonds between amide groups and therefore 
increase the hydrophobicity of the polymers49–51. Collectively, the LCST 
of polyNIPAM displayed an opposite but more profound tacticity-
dependence (Fig. 4b, blue branch and Supplementary Fig. 26). The 
aqueous solution of polyNIPAM with 54% m became cloudy at 25.5 °C 
and further increasing to 70% m resulted in a sub-room temperature 
thermo-response at 1.5 °C. The two different tacticity-dependences 
complementarily provide tunable LCST from 0 to 43 °C, broadly  
covering the temperature range relevant to biomedical and responsive 
device applications.

A further attempt towards property diversification was focused on 
the interfacial adhesion behaviours of polyHEAA, the atactic forms and 
analogues of which have demonstrated promise as (bio-)adhesives52,53. 
Lap shear tests were carried out using glass slides adhered with isotac-
ticity-varied polyHEAA samples plasticized with the same fraction of 
glycerol (Fig. 4c). While the adhesion abilities of all polyHEAA samples 
were quantified to be within the anticipated window of commercial 
adhesives (Supplementary Fig. 37), both failure shear stress and inter-
facial toughness monotonically increased with respect to the degree 
of isotacticity (Fig. 4d and Supplementary Table 18). PolyHEAA with 
80% m cost more than ten times the energy than polyHEAA with 43% 
m to unbond the single-lap joint. The isotacticity-enhanced adhesion 
achieved without changes in chemical composition was due to the 
meso-configurated neighbouring hydroxy pendants that provided 
uniformly oriented hydrogen bonds to cooperatively adhere the glass 
surface54.

Design of high-performance solid-state polyelectrolytes is of 
high industrial value in battery, sensor and ion-exchange membrane 
applications55–57. The conventional strategy of introducing additives 
into polyelectrolyte to enhance ion conductivity often compromises 
other critical material properties such as processability, durability, as 
well as the solid-state nature58. Here, we demonstrate an additive-free 
method to enhance ion conductivity of bulk polyAPTMAT that consists 
of a polycation backbone and mobile counter anions. Three viscoelastic 
solids of polyAPTMAT were prepared with adjusted tacticity through 
LACoP-mediated LRP. The heterogeneous phase with a correlation 
length of 1.8 nm observed in isotacticity-enriched samples (Fig. 4e) 
indicated that the meso-configurated pendants induced ion clustering 
due to increased local ion density59,60, resulting in phase segregation 
between backbone and ionic pendants. The conductivity of atactic 
polyAPTMAT with randomly packed chains was below the detection 
limit of the used electrochemical impendence spectroscopy method. 
However, ion conductivity in the range of 10–7–10–4 S cm−1 was obtained 
in isotacticity-enriched samples (Supplementary Figs. 32 and 33). 
PolyAPTMAT with 79% meso diads displayed a more intense scattering 
peak and provided ion conductivity over one order of magnitude higher 
than that with 61% meso diads, suggesting that the formed nanophase-
separated structures provided conducting channels for the charge 
carriers and reduced the energetic barrier of the anion transport.

Conclusions
In summary, we designed a rare earth–cobalt bimetallic catalytic 
system to realize stereocontrolled LRPs. Polyacrylamides with diver-
sified properties were readily prepared by varying their main chain 

stereoregularity. We anticipate that the dinuclear molecular catalyst 
design can be extended to a variety of stereocontrolled polymeriza-
tions. Knowledge attained from studies of small-molecule and enzy-
matic asymmetric catalysis will inform a more sophisticated design of 
chain-end-controlled radical chemistry for precision macromolecu-
lar synthesis. We see that the functional properties of commodity or 
discovered polymers can be further diversified or improved through 
tacticity engineering.

Methods
General procedure of Co–por-initiated stereocontrolled LRP
A toluene solution (10.0 ml) of CoII–por (0.01 mmol), AgOTf 
(0.04 mmol, 10.3 mg), Na2HPO4 (0.08 mmol, 11.36 mg) and MeOH 
(1.0 ml) was degassed through three freeze–pump–thaw cycles and 
refilled with CO (1 atm). The mixture was then stirred for 7 h under dark 
at room temperature to generate R–CoIII–por. The inorganic impuri-
ties were removed by water extraction. The remaining organic solvent 
was evaporated and followed by addition of acrylamide monomer 
(4 mmol), a specified amount of LAs and solvent (4 ml). After three 
freeze–pump–thaw cycles, the flask was refilled with N2 and irradiated 
with visible light for 5 h. The polymer product was purified by dialysis 
against methanol. The monomer conversion and tacticity of polymer 
were determined by 1H-NMR spectroscopy in DMSO-d6. The number-
average molecular weight and dispersity were determined by GPC with 
a DMF (0.1 mol l−1 LiNTf2) eluent.

Material characterization methods
LCSTs of polyDEAA were measured by a Shimadzu UV-3600Plus or 
a Unisoku ultraviolet-visible light spectrometer scanned with a pro-
grammed temperature profile. Samples were dissolved in H2O at a 
concentration of 5 mg ml−1 for primary measurements. During each 
measurement, transmittance of polymer solution was recorded after 
isothermal equilibration at each temperature for 5 min. The LCST 
was determined to be the temperature at which 50% transmittance 
dropped.

Lap shear measurements were conducted on an Instron 5960 
tensile testing system. Lap shear stress and strain were recorded at 
room temperature at an extension speed of 5.0 mm min−1. Purified 
polyHEAA (1 g) was first dissolved in methanol (10 ml), followed  
by addition of glycerol (1 g). The mixtures were vigorously stirred  
until homogenous solutions formed. Methanol was removed under 
reduced pressure and the resulting mixtures were used for the meas-
urement. Glass slides (8.5 cm × 2.2 cm × 1.5 mm) were directly used 
without any pretreatment. Both polyHEAA and commercial samples 
were painted on a 2.2 × 2.0 cm2 area that was 0.1 mm thick. The adhered 
interfaces were equilibrated at room temperature for roughly 3 h 
before testing.

Electrochemical impedance spectroscopy measurements were 
performed using a Solartron SI 1260 impedance and gain phase  
analyser. A frequency range of 106 to 1 Hz with a polarization ampli-
tude of 20 mV was applied. All samples were fabricated in a nitrogen 
glovebox. Temperature-dependent ion conductivity was measured 
from 25 to 80 °C with 30-min equilibration time at each temperature. 
Polymers were dissolved in acetonitrile (roughly 50 mg ml−1), stirred 
for approximately 3 h, and drop-casted onto circular stainless-steel 
discs in the glovebox. A Teflon ring with a thickness of 0.254 mm and an 
inner diameter of 9.525 mm was used as a spacer to ensure no thickness 
variation during the measurements. Acetonitrile was slowly evaporated 
in the glovebox for over 8 h, which produced smooth and homogenous 
films. The samples were then placed into the vacuum chamber of the 
glovebox and dried under vacuum for 12 h before testing.

Data availability
All data are available in the main text or the supplementary materials. 
Source data are provided with this paper.
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