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makes them interesting candidates for 
potential application in, e.g., aerospace[2] 
or biomedicine.[3,4]

For the general design of a shape-
memory polymer, two different building 
units are required. First, a stable phase 
providing strength and functioning as a 
driving force for the recovery step. Second, 
the so-called switching unit, which can 
be activated by an external trigger.[5,6] 
Both phases can be designed in many dif-
ferent fashions. Typically, chemical (i.e., 
covalent)[7] or physical crosslinking[8] are 
utilized for the formation of the stable 
phase. The switching unit can be based 
on different interactions/transitions, like 
melting point or glass transition tem-

perature (Tm or Tg)[7,9,10] or reversible supramolecular interac-
tions[11–16] as well as dynamic covalent bonds.[17–21]

In this study, we present a new shape-memory polymer, in 
which not just the switching unit but also the stable phase is 
consisting of supramolecular metal complexes. Noteworthy, 
only a single metal salt is required for the dual crosslinking of 
the two different ligands. Such a system has many advantages 
in contrast to utilizing a covalent crosslinker for the forma-
tion of the stable phase like simple preparation processes and 
an easy characterization. In our system, first a linear, nicely 
soluble polymer is synthesized allowing the usage of a wide 
range characterization techniques (like NMR, size exclusion 
chromatography (SEC), etc.). Furthermore, the strength of the 
formed complexes can be tuned by the choice of the metal ion 
providing a handle for the overall shape-switching temperature. 
Last but not least, a slight reversibility of the stable phase pro-
vides an easy way for the rewriting of the permanent shape as 
known for other systems bearing dynamic bonds.[22,23]

The key parameters for the polymer design are the complex 
association constants (Kα) of the metal complexes. On the one 
side a low association constant is required for the switching 
unit, whereas a very high Kα is required for the formation of 
the stable phase. To identify suitable combinations of salts 
and ligands featuring the desired behavior, isothermal titra-
tion calorimetry (ITC) measurements were performed with 
the 2,2′:6′,2′′-terpyridine (Tpy) ligand and the prepared Nα-
acetyl-Nτ-trityl-histidine butyl amide (His). The choice of both 
ligands was based on the fact that terpyridine ligand is known 
to form strong and stable complexes with certain metal ions 
(i.e., the ideal candidate for stable phase),[24] whereas histidine 
reveals often only weak interactions with different metal ions 

A new shape-memory polymer is presented, in which both the stable phase 
as well as the switching unit consist of two different metal complexes. Suit-
able metal ions, which simultaneously form labile complexes with histidine 
and stable ones with terpyridine ligands, are identified via isothermal titration 
calorimetry (ITC) measurements. Different copolymers are synthesized, 
which contain butyl methacrylate as the main monomer and the metal-
binding ligands in the side chains. Zn(TFMS)2 and NiCl2 are utilized for the 
dual crosslinking, resulting in the formation of metallopolymer networks. The 
switching temperature can simply be tuned by changing the composition as 
well as by the choice of the metal ion. Strain fixity rates (about 99%) and very 
high strain recovery rates (up to 95%) are achieved and the mechanism is 
revealed using different techniques such as Raman spectroscopy.

Shape-memory polymers (SMPs) represent a very interesting 
class of stimuli-responsive materials.[1] The triggered change 
from a temporary shape to a preprogrammed permanent one 
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(i.e., very well suited for the reversible (switching) phase).[25] 
The results of the ITC study are summarized in Table S1 
and Figures S3–S10 in the Supporting Information. Both, 
zinc(II) trifluoromethane sulfonate (Zn(TFMS)2) and nickel(II)  
chloride, featured the desired complexation behavior, i.e., 
simultaneous formation of stable terpyridine complexes and 
labile ones with the histidine ligands. Furthermore, it is impor-
tant that at the minimum two ligands bind to one metal ion 
in order to form supramolecular crosslinks. Furthermore, to 
investigate the procedure of the complex formation when both 
ligands are present, like it is in the later desired polymers, a 1:1 
mixture of both ligands was utilized in the ITC measurement 
(ITC titration data in Figures S11 and S12 in the Supporting 
Information). Performing this experiment, it was found that 
the terpyridine is complexed by half an equivalent of the metal 
salt in the presence of the histidine. Thus, all the terpyridine 
ligands are complexed before a complexation of histidine 
ligands starts and, consequently, no mixed complexes can 
form, which was additionally confirmed via 1H NMR measure-
ments (Figure S13, Supporting Information).

In order to fabricate the dual crosslinked metallopolymer 
network, linear copolymers containing both ligands as side 
chains were required. Nα-Methacryloyl-Nτ-tritylhistidine butyl 

amide (His-MA)[24] and 6-(2,2′:6′2′′-terpyridin-4′-yloxy)-hexyl 
methacrylate (Tpy-MA)[26] were deployed as polymerizable 
comonomers (for a detailed reaction scheme and the 1H NMR 
spectra see Schemes S1 and S2 and Figures S1 and  S2 in the 
Supporting Information).

Using these two comonomers and n-butyl methacrylate 
(BMA) as main monomer, four different copolymers (P1 to P4) 
were synthesized applying the reversible addition fragmentation 
chain transfer (RAFT) polymerization process (Figure 1 and see 
Table  S3 (Supporting Information) for experimental details).[27] 
The amount of the two ligand monomers was varied in order 
to obtain copolymers with different contents of histidine as 
switching unit (5% and 10%) and terpyridine (3% and 5%) as 
basis for the stable phase. All resulting copolymers were charac-
terized using SEC, 1H NMR spectroscopy and elemental analysis 
(EA) (see Table 1 and Table S4 and Figures S14–S18 in the Sup-
porting Information). All polymers revealed similar molar masses 
and, thus, are highly comparable regarding this value. The calcu-
lation of the obtained compositions via the 1H NMR spectra indi-
cated that the targeted compositions could nearly be achieved.

Subsequently, the metallopolymer networks were obtained by 
simple addition of the corresponding metal salt to the dissolved 
polymers (see Table S5 in the Supporting Information). Zinc(II) 

Figure 1. Schematic representation of the synthesis of polymers P1 to P4 and the resulting metallopolymer networks P1-Zn/Ni to P4-Zn/Ni.

Table 1. Summary of the determined molar masses and dispersities via size-exclusion chromatography (SEC; CHCl3/NEt3/i-PrOH (94/4/2), PMMA 
standard:), calculated composition via 1H NMR spectroscopy and thermal properties (determined glass transition temperature via differential scan-
ning calorimetry (DSC) and degradation temperature via thermo gravimetric analysis (TGA)).

SEC resultsa) Calc. composition via 1H NMRb) Thermal properties

Mn[g mol−1] Mw[g mol−1] Ð His-Units[%] Tpy-Units[%] Tg[°C] Td
c)[°C] Td

d)[°C]

P1 18 000 22 00 1.19 11.0 4.0 34 199 250

P2 16 700 20 100 1.20 5.4 4.0 28 250 248

P3 18 100 21 400 1.18 12.5 3.0 34 198 252

P4 16 900 20 100 1.18 5.4 3.0 25 184 246

a)Eluent: CHCl3/NEt3/i-PrOH (94/4/2), PMMA standard; b)300 MHz, CD2Cl2; c)heating rate: 5 K min−1; d)heating rate: 20 K min−1.
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trifluoromethane sulfonate was utilized to synthesize the metal-
lopolymer networks P1-Zn to P4-Zn and nickel(II)  chloride hex-
ahydrate for metallopolymer networks P1-Ni to P4-Ni (Figure 1).

To proof the successful formation of the histidine and the 
terpyridine complexes within the polymer networks, Raman 
spectroscopy was applied. Model complexes, containing Tpy 
or His and the respective metal salt ([(His)2Zn]2+,  [(His)3Ni]2+, 
[(Tpy)2Zn]2+, and [(Tpy)2Ni]2+), were synthesized for comparison 
and to allow an assignment of the bands (see Table  S2 and 
Scheme S3 in the Supporting Information).

The results from the model systems could subsequently be 
utilized to analyze the changes in the Raman spectra of the 
metallopolymers (spectra are included in Figures S36–S40 in 
the Supporting Information). Since the spectra of the polymers 
reveal overlapping features of both the His and the Tpy ligand, 
the changes are subtler compared to the respective model sys-
tems: The shift at 996 cm−1 originating from the Tpy moiety is 
only visible by the appearance of a shoulder at 1020 cm−1, since 
it is overlaid by strong vibrations from the His. The same holds 
true for the shift at 1566 cm−1 originating from the His ligand, 
which coincides with the changes in the Tpy ligand. In spite 
of those overlaps, clear indications for a coordination of the 
respective metal ions to both ligand moieties can be found in 
the Raman spectra at 1352 and 1595  cm−1, where no overlap-
ping features complicate the analysis. The Raman-spectroscopic 
measurements were therefore able to confirm a successful 
complexation of both Ni2+ and Zn2+ ions to the His as well as 
the Tpy ligands in the model systems and all metallopolymers.

Furthermore, the thermal properties of all polymers and met-
allopolymer networks were investigated via differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA) 
(Table  S6 and Figures S19–S26, Supporting Information). The 
DSC measurements revealed that all polymers show a glass 
transition temperature (Tg) around 30  °C (see Table  1), which 
was expected for these BMA containing linear copolymers.[28] In 
contrast, the metallopolymer networks showed a much higher 
glass transition temperature. This shift is presumably due to the 
high supramolecular crosslinking density. The presence of both, 
the stable and the labile ligand could be the origin of the broad-
ening. The TGA measurements confirmed the good thermal 
stability of all materials (degradation about 180 to 250 °C).

In order to study the shape-memory effect for all metallopol-
ymer networks (P1-Zn/Ni to P4-Zn/Ni) a permanent shape 
had to be determined first. For this propose, these networks 
were pressed at 140 to 150  °C in a rectangular shape (see (A) 
in Figure 2a) with the help of a manufactured mold and a pres-
sure of about 1.5  tons. Subsequently, the rectangular polymer 
pieces were heated to 120 °C, or in case of P1-Zn/Ni and P3-Zn 
to 130 °C, twisted at this elevated temperature and were subse-
quently cooled immediately to room temperature to fix the tem-
porary shape (see (B) in Figure  2a). Afterwards, the polymers 
were heated again from room temperature to 120 and 130 °C, 
respectively. After ≈15 min the permanent rectangular shape 
was almost completely recovered (see (C) in Figure 2a). For the 
metallopolymer networks, which showed the best performance 
in this shape-memory test, the procedure was repeated twice 
(see (D–G) in Figure 2a). A photo series of this shape-memory 
test is shown in Figure 2a, the photo series of the metallopol-
ymer networks P1-Ni, P3-Zn, and P4-Ni are shown in Figure S41  

in the Supporting Information. A deterioration during the 
cycles could be observed for none of the multiple tested metal-
lopolymer networks. It has to be noted that the temperatures, at 
which this manual shape-memory test was performed, are not 
the real switching temperatures. Due to the heat loss during 
operation (opening the oven, taking out the sample, twisting 
the sample) the temperature had to be chosen slightly higher. 
Nevertheless, these first tests indicated that the metallopolymer 
networks P1-Zn and P1-Ni, which contained the highest propor-
tion of both ligands, revealed a higher switching temperature 
and were stiffer compared to the metallopolymer networks with 
the lowest content of both ligands (P4-Zn and P4-Ni), which 
were at the lower temperature already relative soft and the eas-
iest to deform.

Cyclo mechanic tests were performed to investigate the 
shape memory abilities of the metallopolymer networks in 
more detail. This test can be used to determine the strain fixity 
rate (Rf), which quantifies the ability to fix the temporary shape 
(γu) after mechanical deformation (γm). Furthermore, it is pos-
sible to quantify the ability to restore the mechanical deforma-
tion and with this the recovery of the permanent shape (γp), the 
so-called strain recovery rate (Rr). The test was repeated four 
times (N  = 1–4) for each sample. Equations  (1) and (2) were 
used to calculate the values for the fixity and recovery rates of 
the metallopolymer networks P1-Zn/Ni to P4-Zn/Ni, which 
are summarized in Table  2 (and Table S7 in the Supporting 
Information).
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The ideal switching temperature was found to be the lowest 
temperature, at which it was still possible to deform the sample 
without breaking (tested in ΔT = 5 °C steps). Higher switching 
temperatures resulted in all cases in worse recovery rates, 
which is presumably due to a partial rewriting of the perma-
nent shape caused by the activation of the slightly addressable 
terpyridine complexes. An example of this phenomenon is 
depicted in Figure S35 in the Supporting Information.

During the cyclo-mechanic test at the ideal switching tem-
perature, all metallopolymer networks showed excellent strain 
fixity ratios from 98.2% to 99.8% and also the calculated 
strain recovery ratios revealed high values up to 95.4%. These 
values are comparable to already existing metallopolymer sys-
tems.[14–16,29] It has to be noticed that during nearly all measure-
ments the first cycle revealed a smaller recovery rate compared 
to the following three cycles. Such a phenomenon is already 
known from other shape-memory polymers and it probably 
results from the thermal history as well as potential remaining 
stress in the sample due to the fabrication process.[30]

With this test, we could determine the trend that metal-
lopolymer networks containing zinc(II)-ions showed better 
recovery rates compared to the nickel(II)-ion containing ones, 
both being prepared from the same polymer. Polymer networks 
P2-Zn and P4-Zn revealed the best performance indicating that 
a lower histidine content is beneficial.
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Exemplarily, the 3D-plot of the second cycle for the metal-
lopolymer network P2-Zn is displayed in Figure 2b. The plots 
of all cycles for all metallopolymer networks are depicted in  
Figures S27–S34 in the Supporting Information.

The ideal switching temperatures range from 85 to 115  °C, 
depending on the polymer composition and the corresponding 
metal salt. A comparison for all metallopolymer networks is 

shown in Figure  2c and the following trends could be identi-
fied: First, all nickel(II)-containing metallopolymer networks 
featured a much lower switching temperatures. This behavior 
is probably associated on the one hand with a stronger binding 
behavior of the histidine to the zinc (see ITC-results) and on 
the other hand with the stoichiometries of the formed histi-
dine complex. As a consequence, a strong correlation between 

Figure 2. a) Photo series of the shape-memory test of the metallopolymer networks which revealed the best performance (programming and recovery 
at: 120 °C for P2-Zn/Ni, P3-Ni, and P4-Zn; 130 °C for P1-Zn). (A) Permanent shape 1st cycle; (B) temporary shape 1st cycle; (C) recovered permanent 
shape 1st cycle and new permanent shape 2nd cycle; (D) temporary shape 2nd cycle, (E) recovered permanent shape 2nd cycle and new permanent 
shape 3rd cycle; (F) temporary shape 3rd cycle; (G) recovered permanent shape 3rd cycle. b) Temperature–stress–strain diagram of the metallopolymer 
network P2-Zn (second cycle); (1) deformation at 95 °C; (2) cooling to 25 °C under constant stress; (3) releasing the stress at 25 °C; (4) heating to 
95 °C and recovery of the permanent shape; c) correlation of the switching temperatures of the metallopolymer networks.
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the ITC-results (binding constant and stoichiometry) and the 
shape-memory behavior could be obtained.

Second, the metallopolymer networks featuring an overall 
higher ligand content P1 and P3 showed a higher switching 
temperature compared to the networks with the overall lower 
content P2 and P4. This finding is valid for both metal ions 
used. Third, a higher terpyridine content lead to higher tem-
peratures as can be seen from the comparisons of P1 versus P3 
as well as of P2 versus P4.

Overall, a strong correlation between the structural param-
eters (binding constant, the stoichiometry of the metal–ligand 
interaction and the content of ligand) and the resulting property 
(shape-memory) could be revealed. Thus, a defined molecular 
plan of a polymer would enable a tailor-made design of metal-
lopolymers with a predefined shape-memory temperature.

In summary, we have realized novel shape-memory polymers 
by the combination of two supramolecular interactions—namely 
metal complexes of terpyridine as well as histidine—which show 
excellent strain fixity rates about 99% and strain recovery rates up 
to 95%. Our approach combines the formation of strong terpyri-
dine complexes as the stable phase with the formation of labile 
histidine complexes building up the switching units based on 
the simultaneous complexation of linear copolymers in a single 
step. Consequently, a straight-forward and simple access to these 
materials is possible. By the combination of NMR and Raman 
spectroscopy as well as ITC measurements the complexation with 
zinc(II)- and nickel(II)-ions could be investigated in detail. A sys-
tematic library of metallopolymer networks was synthesized, in 
which the overall ligand content, the content of the stable phase 
and the nature of the metal ion were varied. These parameters 
can be utilized to modulate the switching temperature between 
85 and 115 °C. Hereby, zinc(II)-ions, a higher overall ligand con-
tent and a higher terpyridine content result in higher switching 
temperatures. The stability of these materials makes them usable 
for multiple cycles. These new shape-memory metallopolymers 
will enable the design of tailor-made SMPs.

Within this context, follow-up studies will cover the tuning of 
the metallopolymer system by the variation of the ligands and/
or the used metal salts for the formation of the complexes (e.g., 
the use of different salts for both ligands). Furthermore, the 
observed rewriting of the permanent shape at elevated tempera-
tures will be investigated in detail.

Experimental Section
Detailed information about the synthesis and characterization of the 
monomers, model compounds, polymers, and metallopolymer networks 
are provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Table 2. Ideal switching temperatures and calculated strain fixity as well as recovery rates (for the cycles 1–4) of the metallopolymer networks P1-Zn/Ni  
to P4-Zn/Ni.

Sample Tsw [°C] Rf [%] Rr [%]

Cycle Cycle

1 2 3 4 1 2 3 4

P1-Zn 115 99.7 99.7 99.6 99.6 77.5 85.6 86.1 87.1

P1-Ni 100 99.6 99.0 99.0 99.3 71.3 71.6 65.8 69.1

P2-Zn 100 99.8 99.7 99.7 99.8 86.4 94.4 95.3 95.3

P2-Ni 90 99.5 99.7 99.7 99.7 77.6 84.1 85.8 86.5

P3-Zn 110 99.6 99.5 99.4 99.4 70.0 81.1 80.7 81.4

P3-Ni 95 100 99.6 100 100 63.9 77.3 80.6 81.1

P4-Zn 95 99.0 98.8 98.8 99.2 86.0 90.9 91.3 90.8

P4-Ni 85 98.4 98.2 97.5 97.7 78.0 78.7 76.5 76.6

Adv. Mater. 2021, 33, 2006655



www.advmat.dewww.advancedsciencenews.com

2006655 (6 of 6) © 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH

[1] A. Lendlein, O. E. C. Gould, Nat. Rev. Mater. 2019, 4, 116.
[2] Y. Liu, H. Du, L. Liu, J. Leng, Smart Mater. Struct. 2014, 23, 023001.
[3] Y. Guo, Z. Lv, Y. Huo, L. Sun, S. Chen, Z. Liu, C. He, X. Bi, X. Fan, 

Z. You, J. Mater. Chem. B 2019, 7, 123.
[4] J.  Delaey, P.  Dubruel, S.  Van Vlierberghe, Adv. Funct. Mater. 2020, 

30, 1909047.
[5] M. D.  Hager, S.  Bode, C.  Weber, U. S.  Schubert, Prog. Polym. Sci. 

2015, 49––50, 3.
[6] A. Lendlein, S. Kelch, Angew. Chem., Int. Ed. 2002, 41, 2034.
[7] A. Lendlein, A. M. Schmidt, M. Schroeter, R. Langer, J. Polym. Sci., 

Part A: Polym. Chem. 2005, 43, 1369.
[8] B. K. Kim, S. Y. Lee, M. Xu, Polymer 1996, 37, 5781.
[9] W. Miao, W. Zou, Y. Luo, N. Zheng, Q. Zhao, T. Xie, Polym. Chem. 

2020, 11, 1369.
[10] M. Ahmad, J. Luo, B. Xu, H. Purnawali, P. J. King, P. R. Chalker, Y. Fu, 

W. Huang, M. Miraftab, Macromol. Chem. Phys. 2011, 212, 592.
[11] Q. Song, H. Chen, W. Yu, H. Ni, P. Hu, K. Zhao, Mater. Today 2019, 

16, 1405.
[12] M. Guo, L. M. Pitet, H. M. Wyss, M. Vos, P. Y. Dankers, E. W. Meijer, 

J. Am. Chem. Soc. 2014, 136, 6969.
[13] Y. Zhang, H. Li, C. Li, X. Chen, A. Lesser, Polym. Eng. Sci. 2019, 59, 

E367.
[14] J. R. Kumpfer, S. J. Rowan, J. Am. Chem. Soc. 2011, 133, 12866.
[15] J.  Meurer, J.  Hniopek, S.  Zechel, M.  Enke, J.  Vitz, M.  Schmitt, 

J. Popp, M. D. Hager, U. S. Schubert, Polymers 2019, 11, 1889.
[16] P.  Zhang, M.  Behl, X.  Peng, M.  Balk, A.  Lendlein, Chem. Mater. 

2019, 31, 5402.

[17] A. Lendlein, H. Jiang, O. Jünger, R. Langer, Nature 2005, 434, 879.
[18] F.  Pilate, G.  Stoclet, R.  Mincheva, P.  Dubois, J.-M.  Raquez, Mac-

romol. Chem. Phys. 2018, 219, 1700345.
[19] G. Zhang, W. Peng, J. Wu, Q. Zhao, T. Xie, Nat. Commun. 2018, 9, 

4002.
[20] Z. Ding, L. Yuan, G. Liang, A. Gu, J. Mater. Chem. A 2019, 7, 9736.
[21] G. Rivero, L.-T. T. Nguyen, X. K. D. Hillewaere, F. E. Du Prez, Macro-

molecules 2014, 47, 2010.
[22] C. Ninh, C. J. Bettinger, Biomacromolecules 2013, 14, 2162.
[23] T. Defize, R. Riva, J.-M. Raquez, P. Dubois, C. Jérôme, M. Alexandre, 

Macromol. Rapid Commun. 2011, 32, 1264.
[24] M. Enke, F.  Jehle, S. Bode, J. Vitz, M. J. Harrington, M. D. Hager, 

U. S. Schubert, Macromol. Chem. Phys. 2017, 218, 1600458.
[25] R.  Dobrawa, P.  Ballester, C. R.  Saha-Möller, F.  Würthner, in Metal-

Containing and Metallosupramolecular Polymers and Materials (Eds: 
U. S. Schubert, G. R. Newcome, I. Manners), ACS Symposium 
Series, Vol. 928, American Chemical Society, Washington, D.C., USA 
2006, pp. 43–62.

[26] S. Bode, L. Zedler, F. H. Schacher, B. Dietzek, M. Schmitt, J. Popp, 
M. D. Hager, U. S. Schubert, Adv. Mater. 2013, 25, 1634.

[27] J. Chiefari, Y. K. B. Chong, F. Ercole, J. Krstina, J.  Jeffery, T. P. T. Le, 
R. T. A. Mayadunne, G. F. Meijs, C. L. Moad, G. Moad, E. Rizzardo, 
S. H. Thang, Macromolecules 1998, 31, 5559.

[28] F. Fleischhaker, A. P. Haehnel, A. M. Misske, M. Blanchot, S. Haremza, 
C. Barner-Kowollik, Macromol. Chem. Phys. 2014, 215, 1192.

[29] L. Wang, S. Di, W. Wang, S. Zhou, RSC Adv. 2015, 5, 28896.
[30] R. Dolog, R. A. Weiss, Macromolecules 2013, 46, 7845.

Adv. Mater. 2021, 33, 2006655


