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Adaptable Eu-containing polymeric films with dynamic control of 
mechanical properties in response to moisture
Zichao Wei,a Srinivas Thanneeru,a Elena Rodriguez,a Gengsheng Weng,a,b,* Jie Hea,c*

ABSTRACT: Self-healing polymers often have a trade-off between healing efficiency and mechanical stiffness. Stiff polymers 
that sacrifice their chain mobility are slow to repair upon mechanical failure. We herein report adaptable polymer films with 
dynamically moisture-controlled mechanical and optical properties, therefore having tunable self-healing efficiency. The 
design of the polymer film is based on the coordination of europium (Eu) with dipicolylamine (DPA)-containing random 
copolymers of poly(n-butyl acrylate-co-2-hydroxy-3-dipicolylamino methacrylate) (P(nBA-co-GMADPA)). The Eu-DPA 
complexation results in the formation of mechanically robust polymer films. The coordination of Eu-DPA has proven to be 
moisture-switchable given the preferential coordination of lanthanide metals to O over N, using nuclear magnetic resonance 
and fluorescence spectroscopy. Water competing with DPA to bind Eu3+ ions can weaken the cross-linking networks formed 
by Eu-DPA coordination, leading to the increase of chain mobility. The in-situ dynamic mechanical analysis and ex situ 
rheological studies confirm that the viscofluid and the elastic solid states of Eu-polymers are switchable by moisture. Water 
speeds up the self-healing of the polymer film by roughly 100 times; while it can be removed after healing to recover the 
original mechanical stiffness of polymers.

Introduction
There has been an enormous amount of interest on synthetic 

polymers with reversible metal-ligand (M-L) binding, as inspired by 
mussel byssus threads that contain catechol moieties to coordinate 
mineral ions, e.g., Fe3+.1-4 The M-L binding can break and reversibly 
reform under continuous equilibrium; therefore, synthetic polymers 
having M-L binding are self-healable upon mechanical failure.5, 6, 3, 7 
This is of particular importance towards improving the safety and 
lifetime of synthetic polymer materials. Compared to other non-
covalent interactions,8-11 the M-L binding is highly tuneable in terms 
of their binding strength and kinetics, known as the key parameters 
to tune self-healing efficiency. 

Lanthanides are particularly useful in terms of their functionality 
and their large radius thus providing a high coordination number 
(e.g., 9-12),12-24, 7, 25 that can result in the high cross-linking density to 
improve the mechanical robustness of polymers.13, 14, 16, 26 
Meanwhile, the design of healable polymers has to balance the 
mechanical stiffness and self-healing efficiency. The materials with 
high mechanical strength and stiffness often sacrifice the chain 
mobility that imposes a large energy barrier to reform the polymer 
network.27 This in turn slows down the chain diffusion and decreases 
the self-healing ability. In the current study, we propose the use of 

an old coordination trick, i.e., the competitive binding of O and N to 
lanthanides,28 as a means to balance the mechanical strength and 
self-healing efficiency. Using a tridentate ligand dipicolylamine (DPA) 
with three “N” atoms,29, 30 we demonstrate that the coordination of 
europium (Eu) with DPA is moisture-switchable based on the 
coordination competition. Water competing with DPA to bind Eu3+ 

ions can dynamically tune the binding strength of Eu-DPA. The chain 
mobility of polymers as well as the self-healing efficiency, therefore, 
become controllable upon the use of water as a trigger (Figure 1a). 
When water binds to Eu3+ ions, the physical cross-linking density of 
the polymer decreases to allow for fast chain diffusion thus enabling 
extremely efficient healing. Once healed, moisture can be removed 
from the polymer film to recover its original mechanical strength. 
Compared to water-induced hydrogen bonding competition that also 
can drive efficient healing,31-35 the mechanical strength of Eu-
containing polymers is coupled with the emission property of Eu3+ 

ions.36, 17, 37-39 Upon the coordination with water, the disruption of 
Eu-DPA coordination network not only weakens the mechanical 
strength of the polymer but also reduces the emission intensity of 
Eu3+ ions. The moisture-switchable M-L coordination, therefore, 
opens a new way to design the smart polymer materials potentially 
with an optical readout of their mechanical strength or states 40.

Results and discussion
The design of such Eu-containing polymers is shown in Figure 

1a. The random copolymers of poly(n-butyl acrylate-co-2-hydroxy-3-
dipicolylamino methacrylate) (denoted as P(nBA-co-GMADPA)) were 
prepared using reversible addition–fragmentation chain transfer 
polymerization.41 The dipicoly-containing monomer, 2-hydroxy-3-
dipicolylamino methacrylate (GMADPA), was synthesized using the 
ring opening reaction of glycidyl methacrylate with DPA (see SI for 
details and NMR).42, 10 nBA was chosen as the co-monomer because 
of the low glass transition temperature (Tg) of PnBA (ca. -50 oC).43 The 
synthetic details of GMADPA and polymers are given in experimental 
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part. By varying the ratio of nBA and GMADPA, two random 
copolymers of P(nBA-co-GMADPA) were prepared as P(nBA176-co-
GMADPA32) (P1) and P(nBA210-co-GMADPA7) (P2) (Table 1 and Figure 
S1). The NMR spectra of DPA, GMADPA and the two copolymers are 
shown in Figures S2-S3. The molecular weights of the two 
copolymers were calculated to be 33.7 and 29.3 kg·mol-1 based on 
the conversion of nBA measured from 1H NMR. The GMADPA ligand 
ratio is around 15 mol% in P1 and 3 mol% in P2. P1 and P2 have a low 
Tg of -32.2 °C and -48.5 °C (Table 1 and Figure S4), respectively. Both 

polymers are viscous, brown liquids at room temperature (Figure 
1b). 

Table 1. Characterization of the two copolymers
No. Polymers Ligand Mole 

Fraction
from NMR (%)

Mn (NMR) 
(kg.mol-1)

Tg (°C)

P1 P(nBA176-co-GMADPA32) 15 33.7 -32.2
P2 P(nBA210-co-GMADPA7) 3 29.3 -48.5

Figure 1. (a) Scheme of moisture-controlled Eu-DPA coordination in P(nBA-co-GMADPA). (b,c) Pictures showing the viscofluid state of P1 and 
the elastic solid state of the self-standing film of P1-Eu. In c, pictures were taken under sunlight (left) or under UV light (254 nm, right). (d,e) 
Rheological frequency sweep (0.1 to 100 rad/s) with a constant strain (1%) of P1 (d) and P1-Eu (e). G′ (open square), G′′ (open circle) and tan 
δ (filled triangle). The Eu-to-DPA ratio is 1:7 in (c-e).

To confirm Eu-DPA coordination in bulk and identify its effect on 
the mechanical properties of copolymers, the elastic behaviour of P1 
with and without Eu(NO3)3 was compared using rheology. The 
frequency scan of the pure copolymer P1 shows a typical viscofluid 
where its loss modulus (G′′) is higher than the storage modulus (G′) 
across the frequency range of 0.1 to 100 rad/s (Figure 1c). This is 
confirmed by tan δ > 1 in the same range. Due to its low Tg, the pure 
P1 is a viscous liquid at room temperature (Figure 1b). On the 
contrary, the copolymer even with a low Eu-to-DPA ratio of 1:7 
formed a self-standing film. The film was stretchable and red-
emissive under UV light. The Eu-DPA coordination obviously impacts 
the mechanical properties of the copolymer. The moduli of the film 
showed a 10-time increase compared to that of the pure P1 (Figure 
1e). The G′ of the Eu-containing film became higher than the G′′ 
indicating the formation of the physical networks via Eu-DPA 
coordination. When further increasing the content of Eu in P1, the 
increase in both moduli was seen in the elastic solid state (Figure S5). 
The moduli of the copolymer P1 with an Eu-to-DPA ratio of 1:3 are 2-
order of magnitude higher than those of the pure copolymer (Figure 

S6). These results imply that the addition of Eu3+ ions can lead to the 
formation of elastic films. Similarly, the incorporation of Eu(NO3)3 
with the copolymer P2 demonstrated the transition from a viscofluid 
to an elastic solid (Figure S7). However, the low DPA ratio of P2 limits 
the cross-linking density. Only a sticky film with poor mechanical 
strength was formed even at an Eu-to-DPA ratio of 1:3.44-46

Proton nuclear magnetic resonance (1H NMR) spectroscopy was 
used to confirm Eu-DPA binding. We used the monomer GMADPA as 
a model compound to titrate with Eu(NO3)3 in tetrahydrofuran (THF). 
The four protons of pyridyl rings, labelled as a, c, d and b in Figure 2b 
and c, are well-resolved at 8.5, 7.6, 7.3 and 7.1 ppm, respectively. 
When titrated with Eu(NO3)3, the protons of pyridyl rings in GMADPA 
have pronounced resonance shifts and changes in peak intensities. 
In the presence of Eu3+, the paramagnetic environment created by 
Eu3+ ions has largely changed the resonance feature of pyridyl rings.47 
This confirms the coordination of DPA with Eu3+ ions in solution. For 
P1 and P2, the four protons of pyridyl rings (Figures S8-S10) show a 
slight shift when bounded with Eu(NO3)3, compared to that of 
GMADPA; while, a 40% decrease of the peak intensity was seen. The 
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weaker paramagnetic effect in polymers is unclear but it is possibly a 
result of the presence of multi paramagnetic ions in polymers as 
reported previously.48

Figure 2. (a) Chemical structure of GMADPA. (b,c) 1H NMR of 
GMADPA (black, bottom) and its titration spectra with Eu(NO3)3. (d,e) 
1H NMR reverse titration using water to an Eu-to-DPA ratio of 1:1 
with a 2.5 µL incensement in 1 mL of d8-THF. All spectra were 
measured in d8-tetrahydrofunan (*). # is the peak for water. 

GMADPA has an absorption peak around 260 nm (Figure S11), 
which can provide a weak “antenna effect” to enhance the emission 
of Eu3+ ions.49, 50 The copolymer P1 containing Eu3+ ions had a strong 
red emission at 617 nm upon excitation at 272 nm (Figure 3a), 
corresponding to the 5D0  7F2 transition of Eu3+ ions.46 When 
titrating the copolymer P1 with Eu(NO3)3, the coordination number 
of Eu3+ ions can be analysed. The emission intensity at 617 nm is 
qualitatively plotted with Eu-to-DPA ratio as given in Figure 3b. The 
fluorescence intensity of Eu3+ ions showed a linear increase with the 
addition of Eu3+ before plateaued at an Eu-to-DPA ratio of 1:0.7, 
slightly lower than that of P2 (1:1) (Figure S12). This is likely due to 
the higher content of DPA in P1 that results in the in the loss of ligand 
accessibility, compared to P2. 

Lanthanides preferentially coordinate to more electronegative 
elements, e.g., O compared to N.51-61 There are a number of 
examples that use Eu3+ complexes to pick up the trace amount of 
water from organic solvents as a means for water detection on the 
basis of the fluorescence quenching.62, 63 One example from Mazzanti 
et al. show that water can even replace a strong tripod ligand, tris(2-
pyridylmethyl)amine, from a few lanthanide metals including Eu.28

First of all, we confirmed that water is favourable to coordinate 
Eu3+ ions through the displacement of DPA ligands. This was carried 
out using the reverse titration of Eu-coordinated GMADPA with 
water, monitored by 1H NMR (Figure 2d and e). The clear disruption 
of Eu-DPA was observed after immediately mixing with 2.5 µL of 
water (1 mL solution). The complete dissociation of Eu-DPA was seen 
with 15 µL of water. After the dissociation of Eu-DPA, the four 
protons of pyridyl rings recovered although they were slightly 

broadened (note that, Eu ions were not removed from the NMR 
solution). This suggests that water competes with DPA to disrupt Eu-
DPA binding. The coordination competition is also characterized in 
Eu-coordinated P1. The recovery of the four pyridyl peaks was seen 
after the addition of water. The peak areas of a and l increased by 
~20% with 10 µL of water, although further addition of water 
resulted in the precipitation of P1 (Figure S9).

When water binds to Eu3+ ions in the first coordination sphere, 
the O-H vibration as “oscillators” can quench the fluorescence of Eu3+ 
ions.64, 65 Using fluorescence spectroscopy, we monitored the 
emission quenching of Eu3+ ions by water titrating (Figure 3). Only a 
small amount of water (ca. 1.5 vol%) can quench ~70% of the 
emission intensity of Eu3+ ions at 617 nm (see Figure S12 for P2). The 
fluorescence quenching also correlates with the number of water 
molecules per Eu3+ ion.66, 63 We further used the lifetime study to 
confirm the presence of water in the first coordination sphere of Eu3+ 
ions (see Figure S13 for details). By increasing the amount of water 
in P2/THF solution up to 1.2 vol%, the lifetime of Eu3+ emission 
showed the linear dependence on the water concentration. This is 
indicative of the increase in number of the bound water on Eu3+ ions.

Figure 3. (a) Fluorescent spectra when titrating P1 in THF (1.67 
mg/mL) using Eu(NO3)3. (b) Plotting emission intensity at 617 nm vs. 
Eu-to-DPA ratio. (c) Fluorescent spectra when reversely titrating Eu-
containing P1 by adding water/THF (1/1, vol). The spectra were 
collected by stepwise adding 5 µL of water to the THF solution (3 mL) 
each time. (d) Emission intensity at 617 nm plotted against water 
concentration (vol%). The arrow indicates the polymer precipitation. 
All spectra were collected with an excitation wavelength of 272 nm.

We examined whether the Eu-DPA coordination could be 
disrupted in solid. Since PnBA is hydrophobic, the fluorescence 
quenching through water-competing coordination with DPA is 
expected to be slow due to the slow diffusion. To visualize the 
fluorescence change, a drop of Eu-P1 solution (50 µL) was cast on a 
glass slide and placed in a close chamber with a continuous flow of 
water-saturated N2. The change in emission could be recorded using 
a digital camera (see Figure 4 and the supporting video). The red 
emission of the polymer film was substantially quenched when 
subjected to a 3-6 min flow of moisture-saturated N2. Ex situ 
fluorescence measurements confirmed the decrease in the peak 
intensity at 617 nm with the continuous flow of moisture-saturated 
N2. Qualitatively, 80% of the initial emission intensity was quenched 
after 15 min (Figure 4c). The fluorescence change of Eu3+ ions is 
reversible. The red emission of Eu3+ ions could be recovered after the 
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flow of dry N2 for 5 min (Figure 4c). These findings show that the 
dynamic coordination of Eu-DPA is reversibly controllable through 
moisture. The coordination competition, therefore, brings the 
potential switching of cross-linking networks in polymers using 
water.

Figure 4. (a) Pictures recorded during fluorescence quenching and 
recovery. The P1 film with Eu-to-DPA ratio of 1:3 placed in a sealed 
chamber with the flow of moisture-saturated or dry N2. Scale bars 
represent 0.5 cm. (b) The ex situ emission spectra of the P1 film 
containing Eu3+ ions under moisture-saturated N2. The spectra were 
recorded every 3 min. (c) The emission spectra of the wetted film 
under dry N2. The spectra were taken every 5 min. All spectra were 
collected using an excitation wavelength of 272 nm. 

To estimate the impact of moisture on its mechenical strength 
and chain mobility, rheological behaviours of the P1 film containing 
Eu3+ ions (Eu-to-DPA = 1:3) were studied in the presence of water 
(Figure 5). Both moduli (G′ and G′′) displayed a continous decrease 
with a trace amount of water. The G′ at 100 rad/s decreased from 66 
kPa to 10 kPa with 10 µL of water in ~15 mg of the P1 film. The two 
moduli almost overlopped across the range of scaning frequency 
(Figure 5C), suggesting that the films behaved like viscofluid in the 
presense of water. After drying by argon for 15 min, the magnitude 
of moduli recovered, and the elastic solid state was restored as well. 
Note that, the moduli were slightly higher for the recovered sample 
because the initial film was stored in air. 

Figure 5. G′, G′′ and tan δ of the P1 film (~15 mg, Eu-to-DPA  = 1:3) in 
response to water: (a) original; (b) 5 µL of water; (c) 10 µL of water; 
(d) dried with argon for 15 min. G′ (open square), G′′ (open circle) 
and tan δ (filled triangle).

The switching between the viscofluid and the elastic solid state 
is reversible. Using in-situ dynamic mechanical analysis (DMA), the 
moisture-switchable mechanical states are further revealed (Figure 
6b). Before exposure to moisture, the initial G′ is greater than the G′′ 
in air, indicating the elastic solid state of the film. When the film was 
exposed to moisture, the values of G′ and G′′ gradually decreased. G′ 
dropped faster than G′′ and they became rather close to each other 
after 15 min (910 mechanical cycles). This suggests the disruption of 
the physical network of the polymer films since the coordination of 
Eu-DPA dissociated. When flowing with dry N2, G′ and G′′ of the film 
quickly recovered. We carried out two hydration/dehydration cycles 
to confirm the reversibility of moisture-switching mechanical states. 

The stress-strain curves of the copolymer P1 with different Eu-
to-DPA ratios are shown in Figure 6a. The film with an Eu-to-DPA 
ratio of 1:7 was obviously more stretchable, as compared to the 
other two samples with higher ratios of Eu3+ ions. The maximum 
elongation at break reached 220±19% with a Young modulus of 1.0 
MPa. As the content of Eu3+ ions increased, the stiffness of the films 
increased; and the maximum elongation at break decreased to 
160±40% and 17±8% for the film with an Eu-to-DPA ratios of 1:5 and 
1:3, respectively. Meanwhile, the Young modulus reached 39.5 MPa 
for the copolymer P1 with an Eu-to-DPA ratio of 1:3. 

Figure 6. (a) Stress-strain curves of P1 with different Eu-to-DPA ratios 
(1:7, 1:5, 1:3). (b) Moisture-switchable mechanical states of P1-Eu 
from in-situ DMA measurement. DMA was proceeded using time 
sweep with a constant frequency of 1Hz and a constant strain of 
2.5‰. Note that, the polymer film deformed in moisture/dry cycles, 
particularly upon exposure to a high humidity. Therefore, the moduli 
of the film in the final cycle did not overlap with those of the original 
film. (c,d) Self-healing of P1 with an Eu-to-DPA ratio of 1:3 in the 
presence of water (c) and in the absence of water (d). Scale bars are 
200 µm. All measurements were carried out at room temperature. 

Because the film becomes brittle at a high content of Eu3+ ions, 
a stronger physical network where the chain dynamics of polymers 
significantly slows down is expected. This in turn loses the dynamic 
properties endowed by strong M-L coordination. When such strong 
film fails mechanically or is wounded, the healing process is likely to 
be slow. As demonstrated in the Figure 6d, the cross wound on the 
surface of the P1 film with an Eu-to-DPA ratio of 1:3 took 96 h to heal 
at room temperature. 

Since water competes with DPA to disrupt the M-L coordination, 
we can apply water locally on the wound, as to disrupt the 
coordination of Eu-DPA and accelerate the healing. After healing, the 
removal of water can recover the mechanical strength by reforming 
the coordination of Eu-DPA. This demonstration is given in Figure 6c. 
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The similar cross wound on the surface of the P1 film healed within 
30 min in the presence of water, roughly 100-times faster compared 

to the healing at the absence of water. 

Scheme 1. Scheme of moisture-triggered self-healing mechanism of Eu-containing P(nBA-co-GMADPA).

To further confirm the recovery of mechanical strength after 
healing, the stress-strain curves are examined for the thin films 
healed at different healing times. To do so, two films of the 
copolymer P1 with an Eu-to-DPA ratio of 1:3 (length ~13.0 mm, width 
~2.5 mm, thickness ~0.11 mm) were overlapped together with a 
cross-section length of ~2.5 mm.67, 68 One set of samples were simply 
pressed together and left for 24, 48, and 72 h at room temperature 
before the mechanical test. The other set of samples were sprayed 
with water mist for 3 s and then pressed together for 15, 20, and 30 
min. The films were dried under vacuum for another 30 min to 
remove water before mechanical test (Figure S14, Table S1). In the 
absence of water, the healed films showed a lower fracture stress 
after being stored for 24 h (0.49±0.43 MPa), 48 h (0.34±0.21 MPa) 
and 72 h (0.65±0.15 MPa) compared to the original film (2.21±0.64 
MPa). All three samples fractured through sliding the two films at the 
healing regions (Figure S14d). Those results suggest that the two 
films did not completely diffuse across the interfaces even after 72 
h; that is, the high cross-linking density results in low self-healing 
efficiency. On the contrary, the films healed in the presence of water 
had the comparable fracture stress after 15 min (1.7±0.17 MPa), 20 
min (2.0±0.91 MPa) and 30 min (3.1±0.51 MPa). Moreover, the 
fracture occurred at the non-cut region after healing for 20 min 
(Figure S14c). This indicates that the overlapped interfaces healed 
and reinforced the stiffness of the interface of the two films.

Non-covalent M-L coordination has tuneable bonding strength 
when carefully choosing metals or ligands. It has been broadly used 
in self-healable polymeric materials,69 due to reversible and dynamic 
nature of M-L coordination. Since lanthanide metals are much larger 
than base metals commonly used, the use of Eu3+ in coordination 
polymers enables a higher cross-linking density, as a physical 
network to strengthen the mechanical properties. As presented in 
our results (Figure 6a), the thin film of P1-Eu3+ is mechanically strong 

and highly emissive, given the sensitization of DPA to Eu3+ ions. The 
improved mechanical strength sacrifices the coordination dynamics 
and thus the polymer chain mobility. 

Since water can replace DPA ligands to bind Eu3+ ions, the strong 
coordination networks of Eu-DPA can be weakened, leading to 
softening the film of P1-Eu3+. When water as a competitive ligand to 
binds Eu3+ in the first coordination sphere,70 this loosens Eu-DPA 
coordination (Scheme 2). The elastomers change from an elastic solid 
to a viscofluid state, since the copolymers have a low Tg. Those 
unbound or less bound polymer chains can diffuse across the 
wounded area to heal the film. When water binds to Eu3+ ions, the 
emission of Eu3+ ions is quenched and the film becomes non-
emissive. After healing, water can be removed to restore the 
coordination network of Eu-DPA along with the mechanical strength 
and the emissive state of Eu3+ ions. Water therefore acts as a green 
“glue” to change the mechanical states/strength as demanded. To 
confirm the plasticizing effect plays a less important role in the chain 
dynamics of PnBA, the Tg of P1 and Eu3+-containing P1 with different 
DPA-to-Eu ratios were measured with or without the presence of 
water (Figure S15 and Table S2). The Tg P1 is around -30 oC and it 
shows a minimum change in the presence of water, regardless of Eu3+ 
concentration. This suggests that water has a weak plasticizing effect 
to the hydrophobic PnBA, different from healable polymers with 
hydrogen bonds. In our case, water competes with DPA to bind Eu3+ 
and dynamically controls the physical cross-linking network. When 
the Eu-DPA coordination is weakened or disrupted, the self-healing 
occurs in the copolymers.

Conclusions
To summarize, we demonstrated moisture-adaptable 

polymer films with dynamically controlled mechanical and 
optical properties. The films were designed through Eu-DPA 
coordination in the random copolymers of P(nBA-co-GMADPA). 
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Using 1H NMR and fluorescence spectroscopy, the coordination 
of Eu-DPA has proven to be moisture-switchable given the 
preferential coordination of lanthanide metals to O over N. 
With a low content of Eu3+ ions in the random copolymers, self-
standing and mechanically robust films could be prepared. Since 
water binds to Eu3+ ions by competing DPA, the optical and 
mechanical states of the polymer films could be reversibly 
switched by water. The in-situ DMA measurements confirmed 
that the viscofluid and the elastic solid states of Eu-containing 
polymers were controllable by moisture. Moisture as a green 
“glue” was further used to efficiently speed up the self-healing 
process of the polymer film without altering its stiffness. We 
believe that the moisture-switchable M-L coordination provides 
a new way to remotely control the smart materials both 
mechanically and optically.

Experimental
Materials

nBA, GMA, 2,2-azobis(isobutyronitrile) (AIBN), 2-formylpyridine and 
the RAFT agent 4-cyano-2-(phenylcarbonothioylthio) pentanoic acid 
were purchased from Sigma-Aldrich. The nBA monomer was purified 
by passing an alumina column prior to use. AIBN was recrystallized 
from ethanol. Eu(NO3)3·6H2O was purchased from Alfa-Aesar. 2-
Aminomethylpyridine was purchased from Oakwood Chem. Sodium 
borohydride (NaBH4) was from Tokyo Chemical Industry (TCI). 
Deionized water (High-Q Inc. 103Stills) with a resistivity of >10 MΩ 
was used throughout. 

Synthesis of GMADPA

DPA was synthesized through the coupling reaction of 2-
aminomethylpyridine with 2-formylpyridine.71 2-
aminomethylpyridine (10 g, 92.6 mmol) was dissolved in 30 mL 
methanol in an ice/water bath. 2-formylpyridine (9.9 g, 92.6 mmol) 
was dissolved into 30 mL methanol and dropwise added into the 
methanol solution of 2-aminomethylpyridine. After 1 h, NaBH4 (3.5 
g, 92.6 mmol) slowly added to the mixture and stirring overnight. In 
order to purify DPA, the light-yellow solution mixture was firstly 
tuned to pH 3. The mixture was extracted with dichloromethane 
(DCM) for 3 times to remove unreacted reactants and the aqueous 
phase was collected. Excess Na2CO3 was then added to the aqueous 
solution to change the solution to pH 10. The solution was extracted 
with DCM at least 3 times and all oil phases were collected. The 
excess sodium sulfate was added to remove residual water in the oil 
phase. The DPA was obtained as a starting material to synthesize 
GMADPA after the removal of the solvents using a rotavap. 1H NMR 
(in CDCl3, Figure S2): δ (ppm) = 8.54 (d, 2H, py Ha), 7.61 (dt, 2H, py 
Hc), 7.34 (dd, 2H, py Hd), 7.12 (dt, 2H, py Hb), 3.95 (s, 4H, -CH2-py). 

DPA (4.09 g, 20.6 mmol) was mixed with GMA (2.92 g, 20.6 
mmol) in 7 mL of N,N-Dimethylformamide (DMF). The mixture was 
heated to 100 oC for 5 h in a 25 mL round-bottom flask.72 The reaction 
mixture was then poured into statured sodium bicarbonate solution. 
DCM was used to extract the product as GMADPA for 3 times and the 
crude product was obtained by concentrating the mixture with a 
rotavap. The crude product was washed with petroleum ether to 
remove the unreacted reactants. The final product was collected 
after the removal of the residual petroleum ether and dried under 
vacuum overnight. 1H NMR (in CDCl3, Figure S2): δ (ppm) = 8.55 (d, 
2H, py Ha), 7.60 (dt, 2H, py Hc), 7.31 (dd, 2H, py Hd), 7.15 (dt, 2H, py 
Hb), 6.04 (s, 1H, CH2=), 5.51 (s, 1H, CH2=), 4.11 (q, 1H, -CH-O-), 3.97 

(m, 2H, -O-CH2-CH-), 3.89 (q, 4H, -CH2-py), 2.75 (qd, 2H, -CH2-N-), 1.89 
(s, 3H, -CH3). 13C NMR (in CDCl3, Figure S3): δ (ppm) 167.6, 159.2, 
149.0, 136.9, 136.1, 125.6, 123.3,122.1, 67.2, 66.3, 60.1, 57.6, 18.2. 

Synthesis of random copolymers, P(nBA-co-GMADPA)

P(nBA-co-GMADPA) was synthesized through reversible 
addition-fragmentation chain transfer polymerization. nBA (4.0 g, 
31.2 mmol), GMADPA (1.5 g,4.5 mmol), AIBN (18.3 mg, 0.11 mmol) 
and 4-cyano-2-(phenylcarbonothioylthio) pentatonic acid (31.1 mg, 
0.11 mmol), DMF (94.4 mg, 1.3 mmol) were dissolved into 2 mL of 
anisole in a 15 mL flask. The reaction mixture was degassed and 
purged with nitrogen (N2) for 15 min. The flask was sealed then 
placed into oil bath preheated at 70 oC. The polymerization was 
carried out for 48 h. Then the copolymer was collected by diluted 
into DCM and precipitating in the mixture of methanol and water (1:1 
vol) three times. From 1H NMR spectrum (in CDCl3), the number of 
repeat units of nBA and GMADPA was calculated to be 176 and 32, 
respectively, denoted as P(nBA176-co-GMADPA32) (P1), based on the 
conversion of the two monomers. By varying the feed ratio between 
nBA and GMADPA, another polymer of P(nBA210-co-GMADPA7) (P2) 
with a lower content of GMADPA was obtained. The molecular 
weight of the two polymers calculated to be 33.7 and 29.3 kg·mol-1, 
respectively, based on the conversion of monomers. The summary of 
the two polymers is shown in Table 1. 

Preparation of Eu-containing polymer films

Typically, the Eu-containing polymer film was prepared with 
different ratios of Eu-to-DPA. For example, 130 mg of the copolymer 
P1 was dissolved into 2 mL of THF. 20 mg of Eu (NO3)3·6H2O solid 
dissolved into 300 µL THF to make the solution. 290 µL of the Eu 
solution was added into the polymer solution to make an Eu-to-DPA 
ratio of 3:1. In order to make uniform film, the mixture was sonicated 
for 5 min. The mixture was then casted on a Teflon mold (3.5 cm×3.5 
cm) then all the solvent was first evaporated under room 
temperature. The film was then transferred into a vacuum oven and 
annealed at 80 oC for 6 h. The sample was cooled down overnight to 
obtain uniform films. The free-standing polymer film can be slowly 
peeled off from Teflon. 

Characterization
1H NMR measurements

1H NMR measurements were carried out on a Bruker Avance 
400 MHz NMR. In normal NMR measurements, the two polymer 
samples were dissolved in CDCl3. For titration using Eu(NO3)3·6H2O 
or water, 5 mg of P1 (as an example) was dissolved in 500 µL of d8-
THF (0.297 mM). At the same time, Eu(NO3)3·6H2O was dissolved in 
d8-THF (47.5 mM). 10 µL of Eu(NO3)3·solution was added to the above 
solution for each titration measurement. To study the binding 
competition with water, the titration was carried out by adding 5 µL 
of water/d8-THF (1:1, vol) to the Eu-containing polymer solution in 
d8-THF. The relative integral of peak a and peak l (Figure 2) was 
plotted against the ratio of Eu-to-DPA and water concentration. 

Rheology measurements
The rheology of the copolymers with/without Eub was recorded 

on an AR-G2 (TA instrument) stress-controlled rheometer. The 
frequency sweep experiments were performed using a 20 mm 
aluminium parallel plate with a constant strain of 1%. The frequency 
ranges from 0.1 to 100 rad/s at 25 oC. Approximately 15 mg of 
polymers was used for each measurement. To study the binding 
competition with water, the rheological studies were conducted by 
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stepwise adding 5 µL of water. In order to measure the reversibility, 
the wetted polymer samples were dried by flowing argon for 15 min.

Fluorescence measurements
The optical images for self-healing experiments were recorded 

on an optical microscopy (AmScope ME 520TA). The P1 film with an 
Eu-to-DPA ratio of 1:3 was used. The film was scratched to make 
“cross” cuts using a clean razor. The sample was examined until the 
self-healing completed. In order to study the influence of the water 
on the self-healing efficiency, the water mist was sprayed on the 
surface of the scratched film for 3 s and the samples were examined 
under similar conditions. All optical images were recorded by 5× 
magnification. 

The fluorescence spectroscopy was recorded on a Cary Eclipse 
fluorescence spectrophotometer. The emission of Eu3+ ions in the 
range of 500-700 nm was measured under excitation at 272 nm. The 
scan rate was 600 nm/min. To carry out the titration, 5 mg of P2 were 
dissolved into 3 mL of anhydrous THF. To this solution, 10 µL of the 
Eu(NO3)3·solution (12.3 mM) in anhydrous THF was added to the 
above polymer solution and the fluorescence spectrum was 
recorded. To measure the moisture-responsive emission of the Eu-
containing polymers, the Eu-containing polymer solution was 
titrated with 5 µL of THF/water (1:1, vol). The measurements for the 
monomer and the copolymers were carried out using the same 
procedures. The lifetime was recorded and calculated using Cary 
Eclipse lifetime measurement. Typically, the copolymer P2 with an 
Eu-to-DPA ratio of 1:1 was dissolved in anhydrous THF. 5 µL of 
THF/water (1:1, vol) was continually added to the solution. The 
lifetime was recorded using the excitation at 272 nm and the 
emission at 617 nm. 

Differential scanning calorimetry (DSC)
DSC was recorded using a TA Q20 calorimeter. For DSC 

measurements, the samples were equilibrated at -80 oC for 10 min 
then heated to 150 oC, followed by a cooling/hearting cycle at a rate 
of 5 oC/min. 

DMA
The stress-strain tests were conducted on a TA Q800 instrument 

at room temperature in ramp mode and with a loading rate of 0.5 
N/min. For in-situ measurement on the moduli against moisture 
exposure, the DMA time sweep measurements were used to 
characterize dynamic moduli change of the copolymer P1 with an Eu-
to-DPA ratio of 1:3 under a constant frequency of 1 Hz with an 
amplitude of 10 µm (the length of the film is ~4.7 mm) at the room 
temperature. The changes in G′ and G′′ were observed in response 
to alternating switching water mist and the nitrogen flow. The 
healing films were prepared by cutting the films (thickness ~ 0.11 
mm, length of 13.0 mm) into two pieces. The two halves were gently 
pressed together with cross section length of ~2.5 mm and then wait 
for a self-healing time of 24 h, 48 h and 72 h, respectively. The 
moisture driven healing films exposure at water mist for 3 seconds. 
Then two halves gently pressed together with cross section length of 
~2.5 mm. Then the water stays on the film for 15 ,20 and 30 min. The 
films were dried in the vacuum for 30 min. The film was clamped with 
the clamp distance of ~7.5 mm. The Mechanical strain-stress curve 
recorded the fracture stress and elongation at break at room 
temperature.
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Moisture that competes with dipicolylamine to bind Eu dynamically controls the mechanical and optical properties 
of polymer films, as well as their self-healing efficiency. 
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