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In order to understand the mechanical and self-healing properties of polymers cross-linked by Fe(III)-2,6-

pyridinedicarboxamide (pdca) coordination complexes, herein we performed the reaction between 2,6-

pyridinedicarboxamide and FeCl3 under both neutral and alkaline conditions, and studied the dynamic

ligand exchange properties of the resulting model complexes. The results showed that [Fe(Hpdca)]+

exhibited a rapid ligand exchange property which was not observed for [Fe(pdca)]−. Correspondingly,

polymer Fe-Hpdca-PBCA (PBCA = poly(butadiene-co-acrylonitrile)) was weak, highly stretchable and

self-healable, while Fe-pdca-PBCA was strong and poorly stretchable and can only be partially healed

with a prolonged time. These results deliver a clear indication of the important impact of the bond

strength and dynamics of coordination complexes on the mechanical and self-healing properties of poly-

mers. Such an understanding is helpful for further design of novel synthetic polymers which can achieve

an optimal balance between the mechanical strength and self-healing performance.

Introduction

During the past few decades, many synthetic polymers which
can repair internal and/or external damage have been devel-
oped to mimic the self-healing properties of natural
biomaterials.1–4 So far, two main strategies have been typically
employed to develop self-healing materials: (1) encapsulating
healing agents (in microcapsule5–9 or microvascular10–12 net-
works) into bulk polymers and (2) incorporating reversible
covalent bonds (such as alkoxyamine bonds,13 disulfide
bonds,14–16 Diels–Alder reaction,17–19 radical dimerization
reaction,20 cycloaddition reaction21,22) or non-covalent inter-
actions (such as hydrogen bonds,23–28 π–π stacking
interactions,29–31 host–guest interactions32,33) into polymer
backbones. The healing process of the former systems is not
repeatable due to the consumption of the encapsulated
agents. In contrast, reversible covalent bonds or non-covalent
interactions can break and reform repeatedly, leading to repea-
table self-healing.

Coordination bonds are a unique kind of noncovalent inter-
action which forms between metal ions and ligands. Different
combinations of metal ions and ligands will result in various
coordination bonds with different bond strengths. As a result,
we can take advantage of abundant well-studied metal–
ligand combinations to construct self-healing materials.
Rowan et al. reported [Zn(Mebip)2]

2+ (Mebip = 2,6-bis(1′-
methylbenzimidazolyl)pyridine) complex cross-linked metallo-
supramolecular polymers that can be mended through
exposure to light.34,35 Holten-Andersen et al. demonstrated
pH-induced metal–ligand cross-links that yield self-healing
polymer networks with near-covalent elastic moduli.36 Our
group has also been engaged in developing highly stretchable
and functional self-healing polymers based on coordination
bonds.37–40

Previously, we have reported a network of PDMS polymer
chains cross-linked by Fe(III)-2,6-pyridinedicarboxamide
coordination complexes.38 This polymer showed impressive
high stretchability and autonomous self-healing. It was pro-
posed that 2,6-pyridinedicarboxamide (H2pdca) reacting with
FeCl3 in the absence of a base gives the mono-deprotonated
complex [Fe(Hpdca)]+, which contains both strong and weak
coordination bonds and leads to the combination of high
stretchability and self-healing ability. According to this expla-
nation, polymers cross-linked by a double deprotonated Fe(III)-
2,6-pyridinedicarboxamide complex (which contains only
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strong coordination bonds) should exhibit distinct mechanical
and self-healing properties. A direct comparison between poly-
mers cross-linked by the mono-deprotonated complex
[Fe(Hpdca)]+ and double-deprotonated complex [Fe(pdca)]−

would therefore provide clear evidence on our hypothesis. In
the previous paper, we could not provide such data as the poly
(dimethylsiloxane) backbone would be destroyed under alka-
line conditions.

Herein, by using poly(acrylonitrile-co-butadiene) (PBCA) as
a polymer backbone, which is insensitive to alkaline con-
ditions, we can successfully demonstrate the distinct differ-
ences in mechanical and self-healing properties between poly-
mers cross-linked by the mono-deprotonated complex
[Fe(Hpdca)]+ and the double-deprotonated complex [Fe(pdca)]−.
We first performed the reaction between 2,6-pyridinedicarbox-
amide and FeCl3 under both neutral and alkaline conditions,
and studied the dynamic ligand exchange properties of model
complexes [Fe(Hpdca)]+ and [Fe(pdca)]− by mass spectroscopy,
which was shown to be an effective research technique in our
recent study.41 The results showed that [Fe(Hpdca)]+ exhibited
a rapid ligand exchange property which was not observed for
[Fe(pdca)]−. Two PBCA polymers cross-linked by [Fe(Hpdca)]+

and [Fe(pdca)]− (denoted as Fe-Hpdca-PBCA and Fe-pdca-
PBCA, respectively) were then prepared and their mechanical
and self-healing properties were compared. It was found that
Fe-Hpdca-PBCA was weak, highly stretchable and self-healable,
while Fe-pdca-PBCA was strong and poorly stretchable and can
only be partially healed after a prolonged time. These results
give a clear indication of the important impact of the bond
strength and dynamics of coordination complexes on the
mechanical and self-healing properties of polymers. Such an
understanding is helpful for further design of novel synthetic
polymers which can achieve an optimal balance between the
mechanical strength and self-healing performance.

Experimental
Materials and general measurements

Dicarboxy terminated poly(acrylonitrile-co-butadiene) (PBCA–
COOH, Mn = 4000) was purchased from Tianjin Heowns
Biochem LLC. 2,6-Pyridinedicarbonyl dichloride, 2-aminoetha-
nol, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDCI), 4-dimethylaminopyridine (DMAP), NaH (60%)
and the remaining chemicals and solvents were purchased
from Sigma-Aldrich. All of the chemicals were used as received
without further purification. NMR (1H and 13C) spectra were
recorded on a Bruker DRX 500 NMR spectrometer in deute-
rated solvents at room temperature (25 °C). Chemical shifts
are reported in ppm relative to tetramethylsilane as an internal
standard (1H). Infrared spectra were recorded in a KBr pellet
on a vector 22 Bruker spectrophotometer in the range of
4000–400 cm−1. UV–vis absorption spectra were obtained on a
UV–3600 spectrophotometer at room temperature. MALDI–
TOF mass spectra were recorded on an UltraFlexTreme Bruker
spectrometer with matrix HCCA. ESI mass spectra (ESI–MS)

were recorded by direct injection on an Agilent mass spectro-
meter with acetonitrile as the solvent and mobile phase. The
ionization temperature was set as 25 °C and measured in the
negative ion mode. Differential Scanning Calorimetry (DSC)
experiments were performed using a PerKinElmer Pyris 1
analyzer. The temperature range is from −120 to 0 °C, at a
heating and cooling speed of 10 °C min−1. For each sample,
two cooling–heating runs were performed and data were
obtained from the second cooling–heating curves.

Synthesis of model ligands and their corresponding Fe(III)
complexes

Synthesis of H2Bupdca ligand. The synthesis of H2Bupdca
was the same as in our previous work.38 2,6-Pyridinedicarboxylic
acid chloride (502 mg, 2.46 mmol) and n-butylamine (359 mg,
4.90 mmol) were reacted under argon in the presence of excess
pyridine (4.1 g, 51.90 mmol) for 3 h at room temperature with
diethyl ether (50 ml) as the solvent. The resulting pyridinium
hydrochloride precipitate was removed by filtration, and the
solvent in the filtrate was removed by rotary evaporation. The
resulting solid was collected and dissolved in dichloro-
methane, washed with aqueous 5% NaHCO3 three times, and
dried over Na2SO4. Evaporation of the solvent gave the ligand
H2Bupdca in 95% yield. 1H NMR (500 MHz, DMSO-d6, δ) 8.34
(d, J = 7.5 Hz, 2H), 8.04 (t, J = 7.5 Hz, 1H), 7.75 (bs, 2H, NH),
3.50 (t, J = 6.0 Hz, 4H), 1.65 (quint, J = 6.0 Hz, 4H), 1.42 (m,
4H), 1.01 (t, J = 6.0 Hz, 6H). MS (ESI) m/z = 277.76 [M]+.

Synthesis of H2Bzpdca ligand. H2Bzpdca was prepared in
the same manner as H2Bupdca except that benzylamine
instead of n-butylamine was used (yield 65%). 1H NMR
(500 MHz, DMSO-d6, δ) 9.92 (t, J = 6.4 Hz, 2H), 8.34–8.09 (m,
3H), 7.34 (d, J = 4.5 Hz, 8H), 7.25 (h, J = 4.1 Hz, 2H), 4.63 (d,
J = 6.4 Hz, 4H). MS (ESI) m/z = 345.15 [M]+.

Synthesis of [Fe(HBupdca)2]Cl complex. [Fe(HBupdca)2]Cl
was synthesized by the reaction between H2Bupdca and FeCl3
without the addition of a base, the same as in our previous
work.38 A solution of FeCl3·6H2O (135 mg, 0.50 mmol) in 1 mL
of methanol was slowly added with stirring to a solution of
H2Bupdca (305 mg, 1.10 mmol) in 20 mL of methylene
dichloride. The resulting deep orange solution was stirred for
12 h at room temperature. Then the solution was evaporated
under reduced pressure and the residue was washed with
diethyl ether (3 × 50 mL) to afford an orange solid product in a
yield of 76%. FT–IR (KBr pellet, ν/cm−1): 3278 ν(N–H); 1635
ν(amide I); 1540 ν(amide II). UV–Vis (CH2Cl2), λmax, nm
(M−1 cm−1): 361 (3300) MS (MALDI–TOF) m/z = 609.43 [M + 1]+.

Synthesis of [Fe(HBzpdca)2]Cl complex. [Fe(HBzpdca)2]Cl
was prepared in the same manner as that for (Et4N)[Fe
(Bupdca)2] except that H2Bzpdca instead of H2Bupdca was
used (yield: 85%). MS (MALDI–TOF) m/z = 745.36 [M + 1]+.

Synthesis of (Et4N)[Fe(Bupdca)2] complex. We followed the
typical procedures of our former work to prepare (Et4N)
[Fe(Bupdca)2] by using NaH as a base.38 The ligand H2Bupdca
(139 mg, 0.50 mmol) was dissolved in anhydrous N,N′-di-
methylformamide (DMF) (5 mL) followed by addition of solid
NaH (40 mg, 1.66 mmol) under an argon atmosphere. The
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solution was stirred for 1 h. (Et4N)[FeCl4] (82 mg, 0.25 mmol,
synthesized by mixing anhydrous FeCl3 and Et4NCl in metha-
nol) was dissolved in anhydrous DMF (5 mL) and added drop-
wise to the previous solution. The resulting red solution was
stirred for 2 h. After the reaction, the solvent was removed
under reduced pressure. The residue was dissolved in aceto-
nitrile and filtered. Diethyl ether was added to the filtrate.
After 5 h, the formed red precipitate was collected and dried
under vacuum to give (Et4N)[Fe(Bupdca)2] in 90% yield.
MS (ESI) m/z = 606.25 [M]−. UV–Vis (CH2Cl2), λmax, (ε) =
453 (9100). FT–IR (KBr pellet, ν/cm−1): 1591 ν(amide I);
1492 ν(amide II).

Synthesis of (Et4N)[Fe(Bzpdca)2] complex. (Et4N)[Fe(Bzpdca)2]
was prepared in the same manner as that for (Et4N)
[Fe(Bupdca)2] except that H2Bzpdca instead of H2Bupdca was
used (yield: 80%). MS (ESI) m/z = 742.33.

Synthesis of polymer ligands and their cross-linked polymer
films

Synthesis of N2,N6-bis(2-hydroxyethyl)pyridine-2,6-dicarbox-
amide (H2hepdca). Et3N (35 mL) was added to a solution of
2-aminoethanol (9.0 mL, 150 mmol) in dry CH2Cl2 (100 mL) at
0 °C under an argon atmosphere. After stirring for 2 hours, a
solution of 2,6-pyridinedicarbonyl dichloride (10.2 g,
50 mmol) in CH2Cl2 (50 mL) was added dropwise. The result-
ing mixture was stirred for 2 hours while the temperature was
kept at 0 °C with ice water. The solution was allowed to warm
to room temperature, and then stirred for 2 days. After the
reaction, the solution was evaporated to remove the solvent
and excess Et3N. The resulting crude product was further puri-
fied by silica gel column chromatography (MeOH : CH2Cl2;
5 : 100 up to 20 : 100) and a faint yellow solid was obtained
(yield: 52%). 1H NMR (500 MHz, DMSO-d6, δ) 9.41 (t, J = 6.1
Hz, 1H), 8.16 (m, 3H), 4.86 (t, J = 5.5 Hz, 1H), 3.56 (q, J = 6.1
Hz, 2H), 3.43 (q, J = 6.2 Hz, 2H). 13C NMR (126 MHz, DMSO-d6,
δ) 163.72, 149.22, 139.79, 124.59, 60.21, 42.24.

Synthesis of H2pdca-PBCA ligand. The H2pdca-PBCA ligand
was synthesized according to literature methods with small
modifications.42 PBCA–COOH (40 g, 10 mmol, Mn = 4000) and
DMAP (2.93 g, 24 mmol) were dissolved in dry CH2Cl2
(150 mL). H2hepdca (2.78 g, 11 mmol) in dry N,N′-dimethyl-
formamide (DMF) (50 mL) was added. Then EDCI (4.61 g,
24 mmol) in dry CH2Cl2 (150 mL) was added with stirring. The
solution was stirred at room temperature for 2 days. After the
reaction, the solution was concentrated to 1/5 of its volume and
200 mL of MeOH was poured into it to quench the reaction.
A white precipitate-like viscous liquid appeared and the mixture
was centrifuged. The upper clear solution was then decanted.
100 mL CH2Cl2 was added to dissolve the crude product. The
dissolution–precipitation–decantation process was repeated three
times and the final light yellow viscous liquid as a product was
obtained by vacuum evaporation to remove the solvent (yield:
97%, Mn = 61 700). The molecular weight was estimated by
1H NMR according to the integration ratio of the methylene
group (denoted as ‘a’, δ 3.87 ppm) near the terminated hydroxyl

group and the methylene group (denoted as ‘c’, δ 4.41 ppm) near
the ester group (RCOO–) (Fig. S5†).

Preparation of Fe-Hpdca-PBCA films. We synthesized
Fe-Hpdca-PDMS polymer films with reference to our previous
method:38 1.35 mL of FeCl3·H2O (100 mg mL−1) solution in
methanol was added to a solution of H2pdca-PBCA (1.0 g) in
CH2Cl2 (5 mL). The mixed solution was stirred for 1 day at
room temperature and then was concentrated to about 2 mL.
The concentrated solution was poured into a polytetrafluoro-
ethene (PTFE) mold and dried at room temperature for one
day followed by drying at 60 °C for 12 h. The as-prepared
polymer film has a size of 36 mm length × 14 mm width ×
1.0 mm height. The polymer films were then peeled off from
the PTFE mold for further testing.

Preparation of Fe-pdca-PBCA films. A typical procedure for
the preparation of Fe-pdca-PBCA polymer films is firstly, the
ligand H2pdca-PBCA (1.0 g) was dissolved in dry CH2Cl2 (5 mL)
followed by addition of solid NaH (60%) (100 mg) in dry DMF
under an argon atmosphere. The solution was stirred for 1 h.
(Et4N)[FeCl4] (82 mg, 0.25 mmol, synthesized by mixing an-
hydrous FeCl3 and Et4NCl in methanol) was dissolved in dry
DMF (5 mL) and added dropwise to the previous solution. The
resulting red solution was stirred for 24 h. After the reaction,
the solution was evaporated by rotary evaporation to remove
CH2Cl2, and a dark red precipitate was formed and collected.
The obtained dark red solid was dissolved in CH2Cl2 and was
processed in the same manner for Fe-Hpdca-PBCA to obtain
the required films.

Rheological measurement

The rheological measurement was carried out on a TA DHR–2
Rheometer. All sweeps were performed using 20 mm parallel
plates on circular samples of 20 mm diameter at room temp-
erature (25 °C). Strain sweeps were run from 0.001% to 100%
strain at 1 Hz. Frequency sweeps were performed from 6.28 ×
10−4 to 628 rad s−1 with a constant 1% strain.

Mechanical and self-healing tests

Uniaxial tensile measurements were performed on an Instron
3343 universal testing machine with different strain rates at
25 °C, equipped with a 500 N load cell, using a rectangular
film with effective gauge dimensions of 5 mm (L) × 4 mm (W)
and a thickness of 0.8–1 mm. Stress–relaxation analysis (SRA)
experiments were performed in a strain control (100% strain)
mode. After equilibrating at room temperature for about 30 s,
strain was applied and the stress decay was monitored. For the
self-healing test, the polymer film was cut into two pieces and
then put together. The polymer film was then healed for
different durations. The healed polymer films were then
stretched to obtain stress–strain curves. The mechanical
healing efficiency was defined as the ratio between the tough-
ness of the healed sample set relative to the toughness of the
original sample set. The values of Young’s modulus, maximal
strengths, breaking strains and toughness were presented as
the mean ± standard deviation according to the data of at least
five trials.
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Results and discussion
Synthesis and dynamic exchange properties of the model
complex

Our previous work has demonstrated that when H2pdca
reacted with FeCl3 without the addition of a base, only one of
the two amide groups of a model ligand was deprotonated in
the most stable complex formed in the reaction.38 The
bonding energies calculated by density functional theory
(DFT) indicated that the interactions between each ligand and
Fe(III) contain a strong Fe(III)–Npyridyl bond, a medium strength
Fe(III)–Namido bond and a weak Fe(III)–Oamido bond. However,
once both of the amide groups were deprotonated by addition
of a strong base like NaH, Fe(III) would tend to coordinate
exclusively with the deprotonated Namido to form a strongly
chelating complex [Fe(pdca)]−, which is very stable at room
temperature, with one Fe(III)–Npyridyl bond and two Fe(III)–
Namido bonds. Thus, the different bond energies in
[Fe(Hpdca)]+ and [Fe(pdca)]− would lead to different ligand

exchange behaviors which are vital for self-healing properties.
To demonstrate this property, we studied the structures and
dynamic exchange properties of model complexes. Firstly,
model ligands H2Bupdca and H2Bzpdca were prepared from
the condensation reaction between n-butylamine/benzylamine
and 2,6-pyridinedicarbonyl dichloride. Fig. 1a shows the struc-
tures of H2Bupdca and H2Bzpdca. These ligands were then
complexed with Fe(III) salts to afford four model complexes:
[Fe(HBupdca)2]Cl, [Fe(HBzpdca)2]Cl, Et4N[Fe(Bupdca)2], and
Et4N[Fe(Bzpdca)2] (Fig. 1b, c, and d). FT-IR and UV–vis spec-
troscopy and mass spectrometry were then used to characterize
these complexes. All these data showed that the complexes
were prepared successfully (Fig. 1 and Fig. S6, S7†).

To directly observe the dynamic ligand exchange behavior
in solution, we mixed the complexes Et4N[Fe(Bupdca)2] and
Et4N[Fe(Bzpdca)2] in acetonitrile. After 24 hours, the resulting
mixture was analyzed by ESI–MS. As shown in Fig. 1e, the ESI–
MS signals of Et4N[Fe(Bupdca)2] and Et4N[Fe(Bzpdca)2] were
found at m/z 606.42 and 742.33, respectively, which correspond

Fig. 1 Model molecule studies. (a) Structures of the model ligands. (b) Structures of the anion model complex [Fe(Bupdca)2]
−. (c) Structures of the

anion model complex [Fe(Bzpdca)2]
−. (d) Structures of the cation model complexes, [Fe(HBupdca)2]

+ and [Fe(HBzpdca)2]
+ and their ligand exchange

product [Fe(HBupdca)(HBzpdca)]+. (e) ESI–MS spectra for Et4N[Fe(Bupdca)2] (blue line), Et4N[Fe(Bzpdca)2] (green line), and their mixture (brown line)
in a 1 : 1 molar ratio in CH3CN. (f ) MALDI–TOF spectra for [Fe(HBupdca)2]Cl (blue line), [Fe(HBzpdca)2]Cl (green line), and their mixture in a
1 : 1 molar ratio in CH3CN.
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to the ion peaks of [Fe(Bupdca)2]
− and [Fe(Bzpdca)2]

−.
However, no exchange product [Fe(Bupdca)(Bzpdca)]− was
detected at the theoretical value m/z 674.23, indicating that the
dynamic exchange behavior between Et4N[Fe(Bupdca)2] and
Et4N[Fe(Bzpdca)2] was negligible in this case. Under neutral
conditions, the resulting complexes [Fe(HBupdca)2]Cl and
[Fe(HBzpdca)2]Cl exhibited totally different dynamic pro-
perties. Fig. 1d shows the ligand exchange process between
[Fe(HBupdca)2]

+ and [Fe(HBzpdca)2]
+ as well as the dynamic

exchange product [Fe(HBupdca)(HBzpdca)]+. Here, MALDI–
TOF was used to monitor the starting materials and resulting
product, because singly deprotonated complexes were fragile,
and thus can hardly be detected by ESI–MS. As shown in
Fig. 1f, the [M + 1]+ ion peaks of [Fe(HBupdca)2]

+ and
[Fe(HBzpdca)2]

+ were found at m/z 609.43 and 745.36, respect-
ively, when they were tested separately. After mixing both for
1 h, a new signal with high relative abundance occurred at m/z
677.36, which corresponds to the [M + 1]+ ion peak of
the dynamic exchange product [Fe(HBupdca)(HBzpdca)]+,
demonstrating that [Fe(Hpdca)]+ complexes are highly
dynamic.

Polymer synthesis and characterization

The coordination complexes [Fe(Hpdca)2]
+ and [Fe(pdca)2]

−

were then introduced into a polymer backbone to serve as a
crosslinking unit. As a result, reversible and irreversible poly-
meric networks would be formed respectively with notable
differences in mechanical and self-healing properties. In order
to directly exhibit the effect of dynamics of crosslinking units
(defined as the terminal relaxation process43) on the polymeric
networks, the same linear dicarboxy terminated poly(acryloni-
trile-co-butadiene) (denoted as PBCA–COOH, Mn = 4000)
polymer, which has the merit of alkali resistance, was selected
as the appropriate polymer backbone to avoid the influence of
chain dynamics. Here, 2,6-pyridinedicarbonyl dichloride was
connected to PBCA–COOH in two steps. First, 2-aminoethanol
reacts with 2,6-pyridinedicarbonyl dichloride to yield a faint
yellow solid N2,N6-bis(2-hydroxyethyl)pyridine-2,6-dicarbox-
amide (denoted as H2hepdca). The PBCA oligomers that con-
tained dicarboxamide groups (denoted as H2pdca-PBCA, Mn =
39 000) were subsequently prepared by esterification between
H2hepdca and PBCA–COOH (Mn = 4000) to give a pale orange
viscous liquid (Fig. 2a). Finally, with a molar ratio of 1 : 2,
Fe(III) ions and H2pdca-PBCA oligomers were cross-linked into
orange polymer films (denoted as Fe-Hpdca-PBCA) without the
addition of a base (the top picture of Fig. 2c), or dark red
polymer films (denoted as Fe-pdca-PBCA) in the presence of a
strong base NaH (the bottom picture of Fig. 2c). Fig. 2b
depicts the structures of Fe-Hpdca-PBCA and Fe-pdca-PBCA.
According to the DSC measurement, the Tg values for H2pdca-
PBCA, Fe-Hpdca-PBCA and Fe-pdca-PBCA were −70.5 °C,
−70.4 °C and −69.7 °C, respectively (Fig. 2d). This result indi-
cates that the Tg values of H2pdca-PBCA, Fe-Hpdca-PBCA and
Fe-pdca-PBCA are mainly dependent on the polymer backbone
instead of the crosslinking sites. The low Tg values endow the
materials with excellent flexibility at room temperature.

According to the TGA curves, the decomposition temperatures
of Fe-Hpdca-PBCA and Fe-pdca-PBCA are 380 °C and 200 °C,
respectively. The initial weight loss for Fe-pdca-PBCA at
around 200 °C was due to the decomposition of quaternary
ammonium salt (Fig. S8†). As illustrated in Fig. 2e, the UV-vis
spectra of Fe-Hpdca-PBCA and Fe-pdca-PBCA in CH2Cl2 solu-
tions show new bands at 438 nm and 363 nm, respectively,
which are in agreement with the absorption wavelength
observed in their model complexes. In addition, the structures
of Fe-Hpdca-PBCA and Fe-pdca-PBCA were further identified
by FT-IR. For Fe-Hpdca-PBCA, the intensity of the amide I
band at 1683 cm−1 and the amide II band at 1531 cm−1 and at
3379 cm−1 partially decreased. For Fe-pdca-PBCA, N–H stretch-
ing completely disappeared and the amide I band shifted to
1589 cm−1 (Fig. S9†). These results showed that Fe-Hpdca-
PBCA and Fe-pdca-PBCA polymer films were prepared
successfully.

Rheological properties

The rheological properties of Fe-Hpdca-PBCA and Fe-pdca-
PBCA polymer were studied. According to the strain sweep
curves of Fe-Hpdca-PBCA (Fig. 3a) at room temperature, the
storage modulus (G′) is higher than the loss modulus (G″) as
the strain is less than 1000%, indicating that the sample is pre-
dominantly elastic at small strains. On the other hand, G′
falls behind G″ at larger strain (>1000%), manifesting that
the sample becomes viscous due to the partially broken
network.41 As for Fe-pdca-PBCA polymer films, a similar trend
was observed (Fig. 3b). However, in the linear viscoelastic
region, the Fe-pdca-PBCA polymer exhibits a larger storage
modulus (G′) but a lower oscillating strain tolerance (500%).
This difference in rheological properties is the result of the
energy dissipation mechanism of the reversible crosslinking
sites of Fe-Hpdca-PBCA polymer networks.

The distinct rheological properties between Fe-Hpdca-PBCA
and Fe-pdca-PBCA polymer films can be further investigated
by performing oscillatory frequency sweeps at room tempera-
ture. Here, storage (G′) and loss (G″) moduli were measured as
a function of frequency (Hz). The reciprocal of the crossover
angular frequency (ωc), where G′(ω) = G″(ω), can be taken as a
characteristic relaxation time of the network (denoted
as τc).

44–46 The material which exhibits a smaller ωc (larger τc)
shows a wider elastic-like behavior region. As shown in Fig. 3c,
the ωc of Fe-Hpdca-PBCA is approximately equal to 2.5 × 10−3

rad s−1, while the storage modulus and loss modulus curves of
Fe-pdca-PBCA even do not have an intersection point in the
range of 0.0006 to 628 rad s−1. By extending the curves to
obtain the intersection, it can be estimated that the ωc of Fe-
pdca-PBCA is around 3.9 × 10−5 rad s−1, demonstrating the fact
that Fe-pdca-PBCA is more elastic than Fe-Hpdca-PBCA.
According to the observed ωc, the calculated relaxation time τc
of the metal–ligand cross-linked network in Fe-Hpdca-PBCA is
400 s, which is far less than that of Fe-pdca-PBCA (τc ≈ 2.6 ×
104 s), indicating the fast exchange dynamics of coordination
bonds in Fe-Hpdca-PBCA polymers, which did not appear in
Fe-pdca-PBCA polymers. To study the stability of our materials
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in an ambient environment, we placed the Fe-Hpdca-PBCA
and Fe-pdca-PBCA polymer samples in an ambient environ-
ment for 7 days, and performed frequency sweep tests every
two days to monitor their mechanical stability (Fig. S10†). The
result indicates that both Fe-Hpdca-PBCA and Fe-pdca-PBCA
are stable under ambient conditions.

Temperature-dependent rheological properties of Fe-Hpdca-
PBCA and Fe-pdca-PBCA polymers were also explored by per-
forming oscillatory temperature ramps at 1 Hz with a constant
1% strain. The shear moduli–temperature curves of the Fe-
pdca-PBCA polymer show that both G′ and G″ decrease as the
temperature rises from −20 °C to 80 °C, but G′ decreases faster
than G″ and falls behind G″ above 60 °C, and turns viscous
(Fig. S11a†). In contrast, Fe-pdca-PBCA has a relatively higher
G′, but G′ decreases slowly in the whole range from 20 °C to

150 °C (Fig. S11b†). Such distinct rheological behaviors should
be owing to the different temperature sensitivities of Fe(III)–
Hpdca and Fe(III)–pdca complexes.

Furthermore, Fe-Hpdca-PBCA and Fe-pdca-PBCA polymer
films with different Fe(III) to ligand molar ratios were prepared.
As for Fe-Hpdca-PBCA, the storage modulus (Fig. S12a†) and
loss modulus (Fig. S12b†) increased as the Fe(III) to ligand
molar ratio increased from 1 : 6 to 1 : 2, indicating that the
increase of crosslinking sites leads to a higher modulus.
However, when we further increased the Fe(III) to ligand molar
ratio to 1 : 1 which was higher than the stoichiometric ratio,
both the storage modulus and loss modulus decreased. Such a
phenomenon is due to the fact that, with an excess of Fe(III)
ions, some Fe(III) ions will coordinate to one Hpdca ligand and
three chloride anions, and thus cannot function as a cross-

Fig. 2 Structure and fundamental properties of polymer films. (a) Synthesis of ligand H2pdca-PBCA. (b) Structure of Fe-Hpdca-PBCA and Fe-pdca-
PBCA polymers. (c) Optical image of the Fe-Hpdca-PBCA (top) and Fe-pdca-PBCA (bottom) polymers. (d) DSC curves of H2pdca-PBCA, Fe-Hpdca-
PBCA and Fe-pdca-PBCA polymer films. (e) UV–vis spectra of H2pdca-PBCA, Fe-Hpdca-PBCA, and Fe-pdca-PBCA with the same concentration
1 mg mL−1 in CH2Cl2 solutions at 25 °C.
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linking site and therefore the mechanical strength of the
polymer will be reduced. A similar trend was found for
Fe-pdca-PBCA (Fig. S12c and S12d†). These results indicate
that the density of cross-linkage strongly affects the mechani-
cal strength of materials.

Mechanical properties

The mechanical properties of Fe-Hpdca-PBCA and Fe-pdca-
PBCA polymer films were investigated by strain–stress
measurements. Due to the difference in the dynamics of Fe(III)-
Hpdca and Fe(III)-pdca complexes, the mechanical properties
of Fe-Hpdca-PBCA polymer films are significantly different
from those of Fe-pdca-PBCA (Table 1). Firstly, Fe-Hpdca-PBCA
has a relatively low Young’s modulus (0.28 ± 0.04 MPa),
which is almost one fifth of that of Fe-pdca-PBCA polymers

(1.39 ± 0.05 MPa). However, the sacrifice in strength endows
Fe-Hpdca-PBCA polymer films with much more stretchability
(3400 ± 800%) and higher toughness (6.94 ± 1.46 MJ m−3). In
contrast, Fe-pdca-PBCA polymer films can only be stretched to
about twice their original length, and behave like a polymer
cross-linked by covalent bonds. Furthermore, as shown in
Fig. 4a, the stress–strain curves of Fe-Hpdca-PBCA polymer
films consist of an initial stiffening region (in which the
tension significantly increases with the increase of the strain),
followed by a slow-growth region in which the stress increases
slowly on further increases in strain due to the terminal relax-
ation process. This characteristic phenomenon was not
observed in the Fe-pdca-PBCA polymer films (Fig. 4b). Table 1
shows the key mechanical properties of Fe-Hpdca-PBCA and
Fe-pdca-PBCA polymer films.

Fig. 3 Rheological and mechanical studies. (a) Dynamic oscillatory strain sweep of Fe-Hpdca-PBCA at f = 1 Hz. (b) Dynamic oscillatory strain sweep
of Fe-pdca-PBCA at f = 1 Hz. (c) Frequency sweep of Fe-Hpdca-PBCA with 1% strain amplitude. (d) Frequency sweep of Fe-pdca-PBCA with 1%
strain amplitude. All measurements were performed at room temperature.

Table 1 Key mechanical properties of Fe-Hpdca-PBCA and Fe-pdca-PBCA filmsa

Sample Young’s modulusb (MPa) Elongation at break (%) Tensile strength (MPa) Toughnessc (MJ m−3)

Fe-Hpdca-PBCA 0.28 (±0.04) 3400 (±800) 0.24 (±0.03) 6.94 (±1.46)
Fe-pdca-PBCA 1.39 (±0.05) 109 (±25) 0.69 (±0.10) 0.49 (±0.13)

a Strain rate = 10 mm min−1. The data shown here are the average values with standard deviation derived from five measurements on different
samples at 25 °C. b Young’s modulus, calculated from the initial slope of stress–strain curves. c Toughness, calculated by manually integrating the
area under the stress–strain curve.
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In order to study the speed-dependent mechanical pro-
perties of Fe-Hpdca-PBCA and Fe-pdca-PBCA polymer films, a
series of tensile tests with different strain speeds were per-
formed. As shown in Fig. 4a, the strain–stress curves of Fe-
Hpdca-PBCA polymer films show distinct speed-dependent
mechanical properties. As the stretching speed increases, the
stretchability of the films is getting poorer while the tensile
strength is becoming stronger. This is due to the fact that less
time is allowed for the re-formation of the broken Fe(III)–amide
bonds at higher strain speed, which reduces the fracture toler-
ance and dynamic energy dissipation. By comparison, Fe-pdca-
PBCA polymer films tested at different strain rates have similar
stress–strain curves, indicating that the strain speed does not
have an obvious effect on the mechanical properties (Fig. 4b).

The stress relaxation tests of Fe-Hpdca-PBCA and Fe-pdca-
PBCA polymer films have also been performed at 25 °C. As
shown in Fig. S13,† owing to the fast ligand exchange process,
the normalized relaxation stress of Fe-Hpdca-PBCA rapidly
decreased from 1 to 0.14 within 1200 s, with an 86% release of
the internal stress within the polymer. However, due to the lack
of dynamics of crosslinking sites, the normalized relaxation
stress of Fe-pdca-PBCA only decreased from 1 to 0.59, which
was mainly caused by the chain mobility of PBCA polymers.

Self-healing properties

To study the self-healing capability of Fe-Hpdca-PBCA and Fe-
pdca-PBCA polymer films at room temperature, the samples
were cut into two pieces and subsequently brought into

Fig. 4 Mechanical studies. Typical tensile stress–strain curves of (a) Fe-
Hpdca-PBCA and (b) Fe-pdca-PBCA polymer films with different strain
rates at 25 °C.

Fig. 5 Self-healing properties. (a) Typical stress–strain curves at a strain rate of 10 mm min−1 and (b) self-healing efficiencies of Fe-Hpdca-PBCA
polymer films healing for described times at room temperature. (c) Typical stress–strain curves at a strain rate of 50 mm min−1 and (d) self-healing
efficiencies of Fe-pdca-PBCA polymer films healing for described times at room temperature.
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contact at the fractured surfaces. The healing process of
Fe-Hpdca-PBCA and Fe-pdca-PBCA was recorded by tensile
tests at room temperature. The self-healing efficiency was calcu-
lated from the ratio of toughnesshealed and toughnessoriginal.

47

Here, toughnesshealed is the toughness of the healed sample set
and toughnessoriginal is the toughness of the original sample set.
As illustrated in Fig. 5a and b, Fe-Hpdca-PBCA polymers exhibi-
ted a good self-healing ability, and the sample could achieve
15 ± 5% healing efficiency after healing at 25 °C for just 4 hours.
After healing for 24 h, the cut on the sample almost disappeared
and the healed films ultimately achieved 97 ± 5% recovery of the
toughness as compared to the original film. In contrast, the
healing process of the Fe-pdca-PBCA polymer film was slower
and the self-healing efficiency was much lower. As revealed in
Fig. 5c and d, the Fe-pdca-PBCA polymer film just achieved
3.7 ± 0.8% healing efficiency after healing at 25 °C for 7 days,
which was owing to the entanglement of polymer chains.

We have also performed an aging study for the Fe-Hpdca-
PBCA and Fe-pdca-PBCA polymers (Fig. S14†). The results indi-
cate that the self-healing properties of the Fe-Hpdca-PBCA
polymer are not significantly affected by surface ageing,
similar to our previous study.38 The slight degradation over
time for Fe-Hpdca-PBCA may be due to the migration of some
Fe(III) metal ions to inside the polymer matrix for a long time,
which leads to fewer reactive sites on the surface. For Fe-pdca-
PBCA, the decrease of healing efficiency is not insightful
because the self-healing (with a healing efficiency ≤3.0%) at
room temperature is actually negligible.

Conclusions

In summary, two PBCA polymers cross-linked by the mono-
deprotonated complex [Fe(Hpdca)]+ and double-deprotonated
complex [Fe(pdca)]−, respectively, were prepared, and the
mechanical and self-healing properties of these polymers were
studied. Due to the different bond strengths and dynamics of
[Fe(Hpdca)]+ and [Fe(pdca)]−, these two polymers exhibit dis-
tinct mechanical and self-healing properties. The Fe-Hpdca-
PBCA polymer films had poor mechanical strength but much
higher stretchability and better self-healing properties as com-
pared to Fe-pdca-PBCA polymer films. It is concluded that the
mechanical strength of a polymer is determined by the bond
strength of the cross-linking sites. Stronger cross-linking inter-
actions will endow polymer networks with higher mechanical
strength, while the stretchability and self-healing properties of
a polymer are linked with the dynamic behavior of cross-
linking sites. The presence of the dynamic exchange process is
necessary for achieving highly stretchable and self-healing
polymers. Such an understanding is a beneficial supplement
to our previous study on highly stretchable and self-healing
poly(dimethylsiloxane) (PDMS) polymers cross-linked by Fe(III)-
2,6-pyridinedicarboxamide coordination complexes, and
would be helpful for further design of novel synthetic poly-
mers, which can achieve an optimal balance between the
mechanical strength and self-healing performance.
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