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ABSTRACT: By the coordination of dangling terpyridine (TPY) ligands with transition metal ions to form supramolecular cross-
linking points as sacrificial bonds (SBs), a double-cross-linked system is constructed from the physically cross-linked semicrystalline
polyesters. The mechanical properties are greatly enhanced, and the effect of coordination interaction strength on the toughening
effect has been investigated by using different ions (Fe2+, Co2+, Ni2+, Cu2+, and Zn2+). It shows that stronger coordination bonds
provide a larger Young’s modulus, but not for strength and toughness, which increase first and then decrease after achieving a
maximum value at an optimal SB strength. This is due to the properties estimated at different strains, where the supramolecular and
physically cross-linking points behave differently. Our results demonstrate that SB strength is not the higher, the better, which should
be useful for the design of strong and tough materials.

■ INTRODUCTION
Inspired by Nature, where spider silks and mussel byssus are
strong and tough materials, introducing weak interactions into
a polymeric material can greatly improve its mechanical
properties.1−3 These weak interactions are defined as sacrificial
bonds (SBs) since they are broken preferentially before
covalent bonds, following the energy dissipation mechanism
and releasing the hidden length of chains.4−7 To now, a variety
of weak bonds (interactions), including hydrogen bonds,8−10

metal−ligand coordination bonds,11−16 and ionic interac-
tions,17,18 have been utilized to be incorporated into polymers
with good toughening effect. Among them, due to the available
abundance of metal ions and ligands, the metal−ligand
coordination bonds have attracted great research inter-
ests.19−22 For example, by the incorporation of pyridine−
Zn2+ coordination bonds into butadiene−styrene−vinylpyr-
idine vulcanizing rubber, the modulus, strength, and toughness
increased several times without sacrificing the extensibility.23

Other metal−ligands coordination interactions, including
pyrimidinone−Zn2+, bipyridine−Zn2+, terpyridine−Fe2+, and
catechol−Fe3+ interactions, have also been reported for the
toughening of elastomers.23−25

To now, most of the reported research works have focused
on the toughening effect by studying the property differences
after the introduction of SBs.26−30 Since the energy required to
break the weak bonds is varied for different SBs, the SB

strength should also affect the properties of elastomers. The
difficulty lies in the design of a system where other effects are
similar while only the SB strength is different. This is hard to
be achieved in most systems but is feasible when using metal-
coordination interactions as SBs since the strength of
coordination bonds can be flexibly tuned by varying the
metal ions.31−34 However, the interactions of pyridine-type
ligands with transition metals are usually very weak; thus, their
effects on the properties of elastomers are hard to be
investigated. Compared to mono- and bidentate ligands,
tridentate ligands exhibit a much larger binding affinity range
due to the efficient chelation. For example, terpyridine (TPY)
can coordinate with a variety of transition metal ions to form
M(TPY)2

2+, with the binding constant varying from 104.4 M−1

for Mn2+ to 1010.7 M−1 for Ni2+.35

In this work, we demonstrate a strategy to construct a
toughening system where only the SBs are different. Polyesters
with dangling TPY ligands were synthesized via a cascade
polycondensation-coupling ring-opening polymerization
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(PROP) method,36−39 and the SBs were introduced for
toughening by the complexation of TPY with transition metal
ions, as shown in Scheme 1. Since Fe2+, Co2+, Ni2+, Cu2+, and
Zn2+ are frequently used first-row transition metal ions that
form coordination complex with TPY with different binding
energy,40 the strength of metal−ligand coordination inter-
actions was thus adjustable where Fe2+ has the strongest while
Zn2+ has the weakest. The properties of toughened elastomers
were studied to reveal the effect of the introduced coordination
bonds on the material properties. It should be noted that Cu2+

ions (and Zn2+ slightly) can form monocoordination
complexes with TPY when used in excess40; thus, their
behavior may be different from that of those ions forming
stable M(TPY)2

2+ dicoordination complexes.

■ RESULTS AND DISCUSSION
The dihydroxyl-terminated TPY (TPY-2OH) initiator was
synthesized via Kröhnke-type condensation reaction of 2-
acetylpyridine and p-chlorobenzaldehyde followed by ether-
ification reaction under the catalysis of calcium hydride
(Scheme S1 and Figures S1−S4).41,42 To investigate the effect
of TPY content on properties of toughened elastomers, a series
of TPY-containing copolyesters, poly(ethylene-co-2-(4-
((2,2’:6′,2″-terpyridinyl)-4′-phenoxy)methyl)-2-ethyl-propy-
lene brassylate) (PETB), with various TPY contents were
prepared via in situ cascade PROP with TPY-2OH and
ethylene brassylate (EB) as monomers (Scheme 1). The
obtained polymers are coded as PETB-n, where n donates the
average number of TPY per chain evaluated by 1H NMR
spectroscopy. The detailed synthetic route and characterization
results are provided in the Supporting Information (Figures
S5−S6). Gel permeation chromatography (GPC) results
confirmed that PETB copolyesters possessed a similar relative
number-average molecular weight (Mn) of around 60 kg/mol
(Figure S5), while 1H quantitative NMR results provide similar
results as summarized in Table 1. The average TPY number in

a copolymer chain can be flexibly tailored by the feeding ratio
of TPY-2OH and EB, which is ∼38 in PETB-38, and gradually
reduced to 14 in PETB-14. All the monomer conversions are
over 98%, indicating the efficient atomic utilization of the
PROP method.

The PETB copolyesters show good thermal stability with 5%
weight loss temperature above 360 °C, from thermogravi-
metric analysis (Figure S7). Differential scanning calorimetry
(DSC, Figure S8) and wide-angle X-ray diffraction (WAXD,
Figure S9) measurements indicate poly(ethylene brassylate)
(PEB) segments crystallized with melting peaks varied between
58 and 66 °C.43,44 The melting and crystallization temper-
atures of PEB segments decrease with the increment of TPY
content as well as their crystallinity (Table S1). Interestingly, a
significant “negative” peak was observed during the heating
curve of PETB-38, which is ascribed to the cold crystallization
of the PEB segments. As the TPY segments can be regarded as
defects in PEB main chains, the crystallization rate of PEB
decreased with the increment of the TPY content. As a result,
some of the PEB segments were unable to crystallize during
the first cooling process for copolymers with high TPY
content. These PEB segments crystallized during the second
heating process when the temperatures were higher than the
glass transition temperature, leading to the observation of a
cold crystallization peak.

Scheme 1. Schematic Illustration of the Synthesis of PETB Copolyesters via PROP

Table 1. Polymerization Results of PETB Copolyesters

sample NEB
a NTPY

a
conv.b

(%)
Mn
c (kg/

mol)
Mn
d (kg/

mol) Đe

PETB-38 186 38 98 64.8 64.2 2.1
PETB-20 195 20 99 60.2 62.1 2.1
PETB-14 204 14 98 60.3 64.2 1.8
aTotal repeating unit number of TPY (NTPY) and EB (NEB).
bConversion of monomer EB. cDetermined by 1H quantitative NMR.
dDetermined by GPC. ePolydispersity determined by GPC.
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As the one-dimensional oriented fibrous structure is also
critical to achieve high toughness,25,45 PETB raw fibers were
prepared by the melt-spinning of corresponding copolyesters
and used to investigate the coordination process with
transition metal ions. The diameter of the fibers is 140 ± 10
μm, estimated by optical microscopy (OM, Figure 1a), with

strong birefringence observed from polarized optical micros-
copy (Figure 1b) due to the structure orientation generated
during the spinning traction process. The fibers were soaked
into 1.0 wt % large excess transition metal salt (Fe2+, Co2+,
Ni2+, Cu2+, and Zn2+) methanol solutions for their complex-
ation with TPY ligands, affording toughened fibers with a
supramolecular coordination and physical crystallization
double-cross-linked structure. Figure 1c shows the scanning
electron microscope (SEM) image of the cross-section region
of toughened fibers after soaking in 1.0 wt % Ni2+ solution for
90 min. The elemental mapping based on energy dispersive
spectrometry (EDS) analysis evinced a uniform nitrogen
distribution along the fiber cross-section (Figure 1d). The
process of Ni2+ migration into the fibers was also traced, where
Ni2+ gradually spread from the edge of fiber to its center with
the increment of soaking time, and finally distributed uniformly
along the fiber (Figure 1e, i−iv). Similar results were also
observed for other metal ions (Fe2+, Co2+, Cu2+, and Zn2+,
Figures S10−S13), verifying the efficient coordination of TPY
units with transition metal ions. It should be noted that the
saturation complexation time where corresponding metal ions
distributed uniformly along the fiber is different for Ni2+

(around 90 min) compared to others (all around 60 min),
due to the smallest coordination rate of Ni2+ with TPY.35

The formation of TPY-M(II) complexes is further supported
via UV−vis absorption spectroscopy (Figure 2a). Only one
intense absorption peak was observed at 287 nm for PETB raw
samples attributed to the π → π* transition of TPY ligands.
After coordination with transition metal ions, an intense
absorption peak emerged at around 350 nm, ascribed to the
metal-to-ligand charge-transfer transition from TPY-M(II)
complexes.46−48 As a result, the PETB-M(II) samples
presented different colors (Figure S14). In FTIR spectra
(Figure 2b), the bending vibration of C�N from free TPY
units (absorption peak at 1584 cm−1) in PETB raw samples
was diminished after the introduction of M(II) ions, while a
new peak at 1601 cm−1 appeared, convincing the successful
formation of TPY-M(II) complexes.49,50

The complexation of TPY units in PETB-38 with different
M2+ was also traced with uniaxial stress−strain tests, with the
curves for Ni2+ presented in Figure 3a, while others are in the

Supporting Information (Figures S15−S18 and summarized in
Tables S2−S6). For complexation with Ni2+, the Young’s
modulus, true stress at break, and toughness increased with
soaking time and reached a plateau at about 90 min. This
suggests most of the TPY units were complexed with Ni2+, in
accordance with the EDS results. Compared with the raw
fibers, after soaking in Ni2+ solution for 90 min, the Young’s
modulus, true stress at break, and toughness of fibers increased
from 180 to 431 MPa, 77.6 to 215 MPa, and 32.4 to 99.8 MJ
m−3, respectively. The mechanical properties were greatly
strengthened without sacrificing their elongation at break,
which is difficult to achieve in traditional chemical cross-
linking systems. The strengthening and toughening mecha-
nisms can be attributed to the introduction of metal−ligand
SBs, which dissipate energy during breaking. For other
transition metal ions, a similar trend is observed, but the
complexation saturation time is around 60 min, consistent with
the results from EDS mapping.

To study the effect of SB strength on mechanical property of
toughened fibers, the uniaxial stress−strain curves of PETB-38
raw fiber and those PETB-38-M2+ with saturated coordination
time are plotted in Figure 3b. The corresponding Young’s
modulus, true stress, and strain at break are summarized in
Table 2. The Young’s modulus increased dramatically after the

Figure 1. Optical microscopy (a) and polarizing optical microscopy
(b) images of PETB-38 fibers; (c) SEM image of cross-section area of
the PETB-38-Ni2+ fibers with 90 min soaking time; EDS mapping of
cross-section area of element N (d) and Ni2+ with different soaking
times (e: i, 10 min; ii, 30 min; iii, 60 min; iv, 90 min).

Figure 2. UV−vis absorption spectra (a) and ATR-FTIR spectra (b)
of PETB copolyesters before and after complexation with different
metal ions.
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formation of SBs, due to the increased cross-linking density
among the elastomers.51 Interestingly, Fe2+ provides the
highest Young’s modulus increment, while Zn2+ is the smallest.
The trend for the order of Young’s modulus increment roughly
follows that of the coordination bond strength, i.e., Fe2+ > Ni2+

> Co2+ ≈ Cu2+ > Zn2+. For true stress at break (strength),
however, Ni2+ affords the largest tensile strength enhancement
while Fe2+ is the second, with the trend of Ni2+ > Fe2+ > Zn2+ >

Co2+ > Cu2+. When looking at the true strain at break, there is
a slight increment after complexation, yet Fe2+ provides the
smallest while others are similar. As a result, PETB-38-Ni2+

provides the highest toughness among the studied ions, with
the order of Ni2+ > Fe2+ > Zn2+ > Co2+ > Cu2+, similar to that
of strength. These results indicate that when the SBs are too
strong, they may not be broken before the breaking of other
interactions (physical cross-links and/or covalent bonds); thus,

Figure 3. True stress−strain curves of PETB raw fibers and those metal-ion toughened fibers. (a) PETB-38 after coordination with Ni2+ for
different times; PETB-38 (b), PETB-20 (c), and PETB-14 (d) after saturated coordination time with different metal ions.

Table 2. Uniaxial Tensile and Stress Relaxation Properties of PETB-38-M(II) Copolyester Fibers

sample
ΔHa (kcal/

mol)
Young’s modulus

(MPa)b
true stress at break (σT,

MPa)b
true strain at break

(εT)b
toughness (MJ

m−3)b
τ1/2

c at 50%
strain (s)

τ1/2
c at 100%

strain (s)

raw fiber 180 ± 22 78 ± 17 0.86 ± 0.06 32.4 ± 6.3 3496 51
Fe2+-60

min
−38.4 592 ± 18 189 ± 27 1.02 ± 0.06 86.7 ± 4.3 1370 220

Co2+-60
min

−28.2 288 ± 37 173 ± 14 1.15 ± 0.06 82.1 ± 8.0 790 195

Ni2+-90
min

−31.2 345 ± 15 202 ± 32 1.20 ± 0.20 96.0 ± 12.0 1436 280

Cu2+-60
min

−33.8 274 ± 41 153 ± 22 1.15 ± 0.09 81.3 ± 12.3 330 68

Zn2+-60
min

−28.4 257 ± 37 180 ± 24 1.21 ± 0.01 85.6 ± 5.4 1366 96

aThe metal ligand binding enthalpies of M(TPY)2
2+ tested in acetonitrile via isothermal titration calorimetry reported in ref 40. bObtained from

uniaxial tensile tests. cThe characteristic relaxation time at σ/σ0 = 0.5.

Figure 4. Schematic illustration of toughened fibers by the introduction of SBs.
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their “sacrificial” nature is hindered. As observed in Fe2+, their
strain at break is the smallest among all of the studied ions.
Thus, the system with the strongest SBs may not afford the
best strength, strain, and toughness enhancement. The
toughening effect of different metal ions is illustrated in Figure
4.

For Cu2+, which forms relatively strong coordination bonds
with TPY, it shows the lowest strength and toughness
enhancement. This can be attributed to its preferential
monocoordination with TPY (Cu(TPY)2+) when Cu2+ is in
excess.40 During the metal ion introduction process, Cu2+

migrated from the fiber outer layer to the core; thus, some of
Cu(TPY)2

2+ formed in sheath was converted to the
monocoordination complex, reducing the supramolecular
cross-linking density. This is supported by the Young’s
modulus decrement after the saturation complexation time
(60 min).

To elucidate that the property difference is due to the
introduction of coordination bonds but not the crystallinity
change after complexation, all PETB-38 samples were
characterized by DSC and WAXD (Figure S19 and Table
S7). DSC results indicate the melting enthalpy for PEB
segments decreased slightly after the formation of complexes.
The peaks (21.65°, 24.02°, 30.01°, 36.23°, 40.51°, and 43.88°)
observed from WAXD are the characteristic peaks for PEB
crystals. After complexation with metal ions, the full width at
half-maximum intensity (fwhm) was slightly increased,

indicating that the PEB crystal size decreased slightly after
the formation of coordination bonds. Since typically the
strength and Young’s modulus of a polymeric material increase
with enhanced crystallinity, these results suggest that the
improved mechanical properties come from the formation of
SBs.

The stress−strain curves of copolyesters with less TPY
content (PETB-20 and PETB-14) and their corresponding
metal ion toughened fibers with saturated coordination time
are presented in Figure 3c,d, with the results summarized in
Tables S8 and S9. Similarly, the Young’s modulus, strength,
strain at break, and toughness increase after the introduction of
metal ions. In addition, Fe2+ affords the highest Young’s
modulus but the lowest strain at break increment, while Ni2+

provides the highest strength and toughness enhancement. On
the other hand, Cu2+ shows the lowest toughening effect with
the smallest strength.

When compared to the three series of toughened fibers with
the same metal ion, PETB-14-M2+ shows the largest strength,
strain at break, and toughness. This can be attributed to the
increased crystallinity of PEB in PETB raw fibers with TPY
content decrement. In thermoplastic elastomers, the crystals
act as the physically cross-linking points, leading to mechanical
property enhancement.52 Interestingly, PETB-20-M2+ samples
roughly show the highest Young’s modulus. This can be
ascribed to the play of supramolecular cross-linking density
together with the crystallinity of PETB. Increasing TPY

Figure 5. Stress relaxation curves for PETB-38 and toughened PETB-38-M(II) fibers at 50% (a) and 100% strain (b).

Figure 6. Schematic illustration of the stress relaxation of toughened fibers at small and large strains.
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content will enhance the supramolecular cross-linking density
that increases Young’s modulus, but will reduce the
crystallinity (physically cross-linking density) of PETB which
decreases Young’s modulus.

In addition, the above results indicate that the enhancement
mechanism for Young’s modulus is different from that for the
strength, strain at break, and toughness. This is reasonable
since the former is estimated at low strain (<10%), while the
latters are measured at the maximum strain (typically >100%
for elastomers).

To gain a deep insight into the dynamic mechanism in
toughened fibers, stress relaxation experiments were carried
out for PETB-38-M(II) samples, with the curves for 50 and
100% strain shown in Figure 5a,b, respectively. At 50% strain,
the toughened fibers present faster relaxation rate compared
with the raw fibers, presumably due to the breaking of
coordination bonds to release inner stress. Among them, Cu2+

shows the fastest relaxation rate while Ni2+ the lowest. At 100%
strain, the order is roughly the same, yet τ1/2 is much smaller,
suggesting the polymer chains relaxed much faster at higher
strains. The relaxation rate can be better represented by the
characteristic stress relaxation time (τ1/2) listed in Table 2. It
shows an order of Ni2+ > Fe2+ > Zn2+ > Co2+ > Cu2+, which is
roughly the same as in the strength order of toughened fibers.

At 50% strain, the PETB raw fiber shows a much slower
relaxation rate compared to PETB-M2+ toughened fibers, while
at 100% strain, it shows a faster relaxation rate with the
smallest τ1/2. Both the breaking of coordination bonds and
physically cross-linking points (crystals) can release the stress.
For the raw polymers without coordination bonds, the
physically cross-linking points retain at small strain but are
destroyed at large strain as shown in Figure 6. By contrast, for
toughened polymers, the coordination bonds break first to
release the inner stress, thereby protecting some of the
physically cross-linking points. At small strains, they relaxed
faster than the raw polymer by the breaking of SBs. At large
strains, due to the existence of the physically cross-linking
points, they show a slower relaxation rate than the raw fibers.
Our toughened system can be regarded as an elastomer with
two kinds of SBs, where the breaking of weak SBs protects the
stronger SBs. The schematic illustration of the mechanism is
presented in Figure 6.

As the coordination bonds are easy to break under stress, the
in situ tensile-FTIR experiments of toughened material were
carried out (Figure S20). At different elongation ratio, the
absorption peak at 1601 cm−1 ascribed to the metal−ligand
coordination bonds does not show a significant change. This
indicates that their dynamic exchanges (bond breaking and
reformation) are quite fast and beyond the resolution of FTIR
during stretching.

■ CONCLUSIONS
In summary, by the coordination of dangling TPY ligands with
various transition metal ions, together with the PEB crystals as
physically cross-linking points, elastomers with a double cross-
linked network structure are constructed with tunable SBs and
enhance mechanical properties. The metal−ligand complex
with stronger coordination bond strength affords a toughened
elastomer with higher Young’s modulus, but when the
coordination bonds are too strong, their sacrificial nature is
weakened, and those property increments measured at high
strain (strength, breaking strain, and toughness) are reduced.
Stress relaxation experiments revealed that the relaxation rate

becomes faster in the system with weaker coordination bonds,
and the breaking of these SBs during stretching protects the
physically cross-linking networks.
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