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Abstract

This study is the first to employ the use of the copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) polymerization to form a tough and stiff, porous material from a well-defined network 

possessing a high glass transition temperature. The effect of the network linkages formed as a 

product of the CuAAC reaction, i.e., the triazoles, on the mechanical behavior at high strain was 

evaluated by comparing the CuAAC foam to an epoxy-amine-based foam, which consisted of 

monomers with similar backbone structures and mechanical properties (i.e., Tg of 115 °C and a 

rubbery modulus of 1.0 MPa for the CuAAC foam, Tg of 125 °C and a rubbery modulus of 1.2 

MPa for the epoxy-amine foam). When each foam was compressed uniformly to 80% strain at 

ambient temperature, the epoxy-amine foam was severely damaged after only reaching 70% strain 

in the first compression cycle with a toughness of 300 MJ/m3. In contrast, the CuAAC foam 

exhibited pronounced ductile behavior in the glassy state with three times higher toughness of 850 

MJ/m3 after the first cycle of compression to 80% strain. Additionally, when the CuAAC foam 

was heated above Tg after each of five compression cycles to 80% strain at ambient temperature, 

the foam completely recovered its original shape while exhibiting a gradual decrease in 

mechanical performance over the multiple compression cycles. The foam demonstrated almost 

complete shape fixity and recovery ratios even through five successive cycles, indicative of 

“reversible plasticity”, making it highly desirable as a glassy shape memory foams.
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INTRODUCTION

Shape-memory polymers (SMPs) are a class of smart polymeric materials that have the 

ability to store a temporary shape in a deformed state, and recover to a permanent shape 

upon exposure to a specific stimulus.1–3 SMP foams, in particular, possess several distinctive 

material capabilities that neat SMPs do not possess, such as lighter weight, greater 

volumetric expansion and dramatic permeability change upon actuation,4–6 as well as being 

able to compact to extremely small volumes compared to neat/regular SMPs.7 This enables 

the utilization of SMP foams in various applications such as deployable biomedical devices 

that facilitate minimally invasive vascular treatments8–10 and possesses a potential use for 

spacecraft structures where conservation of volume and weight is an extremely important 

concern including solar sails, solar arrays, and sunshields.11 In addition, SMP foams have 

been explored as self-repairing materials where a compressed secondary shape foam was 

utilized to partially close or fill damaged areas via its large volumetric expansion.6 All of 

these applications rely on large, on-demand shape deformations during programming of the 

shape-memory effect, which necessitates the design of tough foams to avoid failure typically 

associated with high strain loading.

The majority of SMP foams utilize either polyurethane (PU)12–15, or epoxy16–20-based 

materials. Although polyurethane SMP foams possess high-strain failure capability, the often 

low glass transition temperatures (Tg) of urethane-based foams limit their high temperature 

applications and modulus at high temperature. In contrast, thermosetting epoxy SMP foams 

have Tg readily available up to 90 °C, but the brittle nature of the epoxy-based foams at 

temperature below Tg restricts their use.16 Different techniques have been used to enhance 

the toughness of epoxies such as the addition of soft/thermoplastic particles,21 blending of 

copolymers,22 and utilization of composite materials.23,24 However, each one of these 

approaches have its own drawbacks, for example, incorporating soft particles in a glassy 

polymer compromises the mechanical properties of the composites,25 and the increase in 

particle content above an optimum level leads to aggregation and a further decrease in the 

composite strength.26 In addition, the mechanical properties of SMP foams are dictated by 

the nature of their chemical bonding and pore structure, i.e. porosity.27 Therefore, there is a 

significant variation in results depending on the monomer systems being used, making it 

difficult to generalize outcomes.16,28,29 Overall, it is desirable to design a tough, high Tg 

SMP foam that is repeatedly deformable to a highly compacted state and still demonstrates 

full recovery.

Moving away from the traditional chemistry of polyurethanes and epoxies, here, we 

introduce polymer foams fabricated for the first time using copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) polymerization as a potential material for high strain SMP foams. 

CuAAC networks are formed through a step-growth mechanism, which leads to beneficial 

properties including delayed gelation, low polymerization shrinkage stress,30 and inherently 
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uniform network structure31,32 as indicated by a narrow glass transition compared to 

conventional chain growth polymerization. These traits make this a good candidate for shape 

memory applications.33 Moreover, among the various reactions in the click chemistry 

toolbox, the CuAAC reaction is often considered to be the most capable reaction due to its 

ideal nature.34,35 For instance, this reaction proceeds efficiently and predictably under 

relatively facile reaction conditions to quantitative yields at ambient temperature and in an 

orthogonal manner. Therefore, implementing the CuAAC chemistry to design a polymer 

network allows a wide selection of azide and alkyne monomers and other orthogonal 

chemistries to be used to tune the physicochemical properties of the network.36,37

Additionally, the hetero-cyclic triazole ring, which forms in molar quantities during the 

CuAAC polymerization, significantly enhances the mechanical properties of the network 

due to its rigid nature.32,38–41 Hawker and co-workers demonstrated the potential of triazole 

linkages to improve the mechanical strength of a hydrogel using bifunctional alkyne-PEGs 

and tetrafunctional azide-PEGs that has 10 times greater strength than a hydrogel that was 

crosslinked by conventional chain growth polymerization.40 Although the CuAAC reaction 

has been studied extensively in solution,34,42–46 minimal work has been done to use it as a 

bulk polymerization reaction to form crosslinked networks with little done to understand the 

resulting mechanical properties.31,47–50 One of the few studies that evaluated CuAAC 

network was done by Baranek and coworkers who demonstrated that triazoles generated 

during the CuAAC polymerization would increase the Tg drastically, leading to glassy 

materials.32 Moreover, shape memory polymers formed via the CuAAC reaction exhibited 

outstanding attributes with shape fixity and recovery of 99%.31

The purpose of the study is to employ the “click” chemistry of CuAAC polymerizations to 

create glassy SMP foams that will exhibit (1) narrow glass transition temperature (Tg) 

significantly above ambient temperature, (2) enhanced stiffness and toughness of 

thermosetting foams based on these polymers, and (3) consistent shape-memory and 

recovery behavior over multiple compression cycles at high strain. Therefore, thermo-

mechanical properties, shape-memory recovery behavior, and toughness of the CuAAC foam 

were evaluated in comparison with traditional epoxy-amine foams of similar Tg.

EXPERIMENTAL SECTION

Materials

1,1,1-Tris(hydroxymethyl)propane, propargyl bromide solution (80 wt% in toluene), sodium 

hydroxide, sodium chloride, bisphenol A diglycidyl ether, lithium perchlorate, sodium azide, 

copper(II) chloride, N,N,N′,N′,N″-pentamethyldiethylenetriamine (PMDETA), aniline, 1,6-

diaminohexane, dimethyl sulfoxide, and acetonitrile were obtained from Sigma-Aldrich, and 

were used without further purification. All azides were synthesized according to the azide 

safety rules and handled with appropriate precaution when working with monomers, resins, 

and polymers in small quantities.51

Synthesis of 1-(Prop-2-ynyloxy)-2,2-bis(prop-2-ynyloxymethyl)butane—A 

solution of 40% NaOH in water (33.30 g, 50 mL H2O) was added to 250 mL DMSO, and 

stirred for 30 min at ambient temperature. 1,1,1-Tris(hydroxymethyl)propane (9.86g, 0.073 
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mol) was added to the solution and stirred for 20 min. After dropwise addition of propargyl 

bromide (44.5 g, 0.299 mol), the reaction mixture was stirred for two days. The resulting 

brown suspension was diluted with 400 mL of distilled water and extracted with a 1:1 

mixture of diethyl ether:ethyl acetate (600 mL). The organic layer was washed three times 

with distilled water and brine, dried with anhydrous Na2SO4, and concentrated at reduced 

pressure. The concentrate was purified by flash chromatography (9:1 hexane:ethyl acetate) 

with 70% yield. 1H NMR (400 MHz, chloroform-d) δ 4.14 (d, J = 2.4 Hz, 6H), 3.42 (s, 6H), 

2.42 (t, J = 2.4 Hz, 3H), 1.44 (q, J = 7.6 Hz, 2H), 0.90 (t, J = 7.6 Hz, 3H).

Synthesis of Bisphenol A di(3-azido-2-hydroxy propan-1-ol) ether—A solution of 

bisphenol A diglycidyl ether (16.84 g, 49.47 mmol), LiClO4 (16.65 g, 0.157 mol) and NaN3 

(9.99g, 0.154 mol) in acetonitrile (150 mL) was added to a round bottom flask connected 

with a reflux condenser. The solution was heated to 90 °C and refluxed overnight. The 

reaction mixture was cooled to ambient temperature, and the product was then extracted 

with water and ethyl acetate (4 × 150 mL). The organic layer was washed with brine and 

dried over anhydrous Na2SO4, purified by column chromatography and concentrated at 

reduced pressure. After purification, a yellowish viscous liquid was obtained with 99% 

yield. 1H NMR (400 MHz, CDCl3, δ): 7.17 (m, 4H), 6.85 (m, 4H), 4.19 (m, 2H), 3.99 (dd, 

4H, J = 6.0, 1.2 Hz) 3.55 (m, 4H), 2.42 (d, 2H, J = 1.0 Hz), 1.68 (s, 6H).

Preparation of CuCl2/PMDETA—PMDETA (2.66 g, 15.35 mmol) was added to 30 mL 

acetonitrile and the mixture was added dropwise to slurry of CuCl2 (2.1 g, 15.35 mmol) and 

acetonitrile (60 mL) under constant stirring. This formed a turquoise solution. The reaction 

mixture was stirred for 30 min at ambient temperature and dried in vacuo.

Methods

Preparation of poly(dimethylsiloxane) (PDMS) mold—A Teflon cylinder 6 mm in 

diameter and 16 mm in length was glued to the bottom of a paper cup. PDMS mixed with a 

15 wt% curing agent mixture was poured into the cup. After curing at 70 °C for 3 h, the 

mold was removed from the paper cup.

Preparation of CuAAC foam—Foam was made by the salt leaching method using a 

mixture of 20 wt% monomers (a ratio of 1.5:1 monomers : methanol) and 80 wt% sodium 

chloride with respect to monomer. The ratio of 1.5:1 monomers to methanol was chosen to 

lower the resin viscosity, which improves the salt crystal distribution as needed to produce 

the foam. Sodium chloride was sifted through two different sized sieves with 350 μm mesh 

and 212 μm mesh. The average salt size was 290±40 μm. The mold was rinsed with RainX 

to prevent polymer adhesion to the wall of the mold, and then sodium chloride was added 

and compacted in the mold with a Teflon rod. A slit was made in the bottom of the mold to 

allow air to escape when the reaction mixture was added. The reaction mixture was 

consisted of 50:50:1 azide : alkyne : CuCl2/PMDETA ratio based on the moles of functional 

groups. To the reaction mixture, 8 wt% of hexylamine with respect to monomer was added 

drop-wise to reduce Cu(II) to Cu(I). The reaction was allowed to proceed until the polymer 

was hard enough to remove from the mold without physical deformation. The polymer was 

heated overnight at 80 °C to ensure complete curing. Cured foams were soaked in 500 mL of 
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DI water at 50 °C for 5 days with water changed once daily to leach out sodium chloride and 

hexylamine from the polymer. Foams were dried in vacuo at 100 °C for 24 h.

Preparation of epoxy-amine foam—Foam was made by the same salt leaching method 

used to prepare the CuAAC foam using a mixture of 20 wt% monomers (a ratio of 1.5:1 

monomers : acetonitrile) and 80 wt% sodium chloride with respect to monomer. Epoxy-

amine polymer samples were formulated with a 1:0.5:0.5 bisphenol A diglycidyl ether : 1,6-

diaminohexane : aniline ratio based on the moles of functional groups. Bisphenol A 

diglycidyl ether was first dissolved in acetonitrile. 1,6-diaminohexane and aniline were 

measured into a small vial and heated to 40 °C to melt. Sodium chloride was added to a 

mold that was previously treated with Rain-X. The amine mixture was added to the 

bisphenol A diglycidyl ether solution and mixed thoroughly before being added dropwise to 

sodium chloride in the mold. The mixture was allowed to cure overnight at ambient 

temperature. The following day, the polymers were removed from the mold and then left to 

cure at 80 °C for 48 h to ensure proper conversion. Cured foams were left in 500 mL of DI 

water at 50 °C for 5 days with water changed once daily to leach out sodium chloride from 

the polymer. Finally, foams were dried in vacuo at 100 °C for 24 h.

Thermo-mechanical characterization—A DMA (Q800; TA Instruments) in multi-

frequency-strain mode with frequency of 1Hz, a strain of 0.01% and a heating rate of 

3 °C/min from 25 °C to 150 °C was used to measure storage modulus and glass transition 

temperature (Tg), which was taken from the peak of tan δ of the foam (1 mm thick × 6.5 mm 

wide × 10 mm long).

Shape memory recovery characterization—Cyclic free-strain shape memory 

behavior of the foam was characterized under high strain and low deformation-temperature 

conditions. Cylindrical foam samples (6.5 mm in diameter and 10 mm in length) were 

compressed at ambient temperature to 80% strain at a rate of 0.01 mm/s using a uniaxial test 

machine (MTS Eden Prairie, MN, USA). Samples were then unloaded to zero stress, heated 

to 125 °C and held for 10 min to ensure thermal equilibrium. This process was repeated for a 

maximum of N=5 cycles. The shape fixity (Rf) and shape recovery (Rr) ratios were 

calculated after each cycle using the following equations:

(1)

(2)

Where εu, εm and εp are the unloading strain, maximum strain, and permanent strain after 

heating, respectively.

Recovery tests were also performed using mechanical testing (Bose-ElectroForce 3200; 

Eden Prairie, MN) to monitor recovery as a function of temperature. After each cycle of 

deformation to 80% at ambient temperature, as described above, the recovery was measured 
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as the sample was heated from 25 °C to 150 °C at a rate of 3 °C/min under constant preload 

force (0.15 N). Samples were held isothermal at 150 °C for 10 min to ensure equilibrium 

between cycles. The fixity and recovery ratio were calculated as in equations 1 and 2 above.

Toughness characterization—The toughness of the foam was investigated as a function 

of temperature. Cylindrical samples (6.5 mm in diameter and 10 mm length) were 

compressed to 50% strain at a rate of 0.01 mm/s using a uniaxial mechanical tester (MTS 

Eden Prairie, MN, USA). Samples were compressed at seven different temperatures: 20, 40, 

60, 80, 100, 120, and 140 °C, and each sample was held at a constant temperature for 10 min 

at each temperature point to ensure uniform heating. Samples were heated at 150 °C and 

held isothermally for 10 min. The toughness was calculated as the area under the stress-

strain curve.

RESULTS AND DISCUSSION

Fabrication of CuAAC and epoxy-amine foams

Here, we explore the shape-memory behavior, recovery and toughness of rigid CuAAC 

foams. The homogeneous, glassy CuAAC network was formed through copper-catalyzed 

azide-alkyne “click” reaction, see Scheme 1 (a). The CuAAC foam was made via a salt-

leaching technique52 in which the porosity is controlled by selecting the particle size and 

amount of the added salt particles as described in the Methods section. The CuAAC foam 

has 80% porosity and pore sizes range from approximately 200 – 350 μm with an average 

pore size of 290 ± 40 μm, see Figure S1. An epoxy-amine-based foam was used to compare 

with the CuAAC foam as a negative control, where monomers with similar backbone 

structures as in the CuAAC case were used to form the network as shown in Scheme 1 (b). 

Specifically, a mixture of a flexible di-amine and a rigid mono-amine was used to formulate 

the epoxy-amine foam in order to achieve a glass transition temperature similar to the 

CuAAC foam. The epoxy-amine foam was also made by the same fabrication method as the 

CuAAC foam and presented 80% porosity. Additionally, in situ kinetic profiles of both the 

CuAAC and epoxy-amine polymerizations were investigated with respect to time via Fourier 

transform infrared spectroscopy (FT-IR) as presented in Figure S2. The Cu(II) – hexylamine 

system for the CuAAC polymerization proved to be an efficient catalyst to initiate the 

reaction, where over 90% conversion was obtained at ambient temperature in approximately 

20 min.

Thermo-mechanical properties of CuAAC and epoxy-amine foams

The thermo-mechanical properties of this fully reacted CuAAC foam were evaluated by 

dynamic mechanical analysis (DMA) and compared with the epoxy-amine foam. As 

indicated in Figure 1, the glass transition temperature (Tg) of the CuAAC foam was 

observed to be 115 °C with full width at half height of 10 ± 2 °C and a rubbery modulus of 

1.0 MPa. The glass transition temperature (Tg) and the rubbery modulus of the epoxy-amine 

foam are observed to be 125 °C and 1.2 MPa, respectively, which are relatively analogous to 

the CuAAC foam. In addition, the mechanical properties of the CuAAC non-foam polymer 

and epoxy-amine non-foam polymer were evaluated using DMA and presented in Figure S3. 

While the Tg of each polymer was relatively equivalent to that of the foam, the rubbery 
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modulus was significantly higher for both non-foam polymers than foam-based systems, as 

expected. The CuAAC and epoxy-amine non-foam polymers showed rubbery modulus 

values of 9.8 MPa and 32 MPa, respectively. It should be noted that molecular weight 

between crosslinks calculated from the rubbery modulus based on rubber elasticity is 540 g 

mol−1 for the bulk CuAAC polymer and 170 g mol−1 for the bulk epoxy-amine polymer. 

Thus, the crosslink density of the CuAAC polymer is 1.9 mol L−1, which is significantly 

lower than the epoxy-amine crosslink density of 6.1 mol L−1. This difference in crosslink 

density arises in order to achieve similar glass transition temperatures in the two polymers. 

The presence of the stiff triazole unit increases the relative Tg for the CuAAC polymers, 

necessitating a lower CuAAC crosslink density to achieve similar Tg values between the two 

polymers. Despite the equivalent Tg values of the two polymers, the lower crosslink density 

may enhance mobility and ductility of the polymer. However, as evidenced in Figure 1, the 

effect of the different crosslink densities is minimized in the foams where the differences in 

rubbery modulus become minimal.

Compression and shape-memory recovery behavior of CuAAC and epoxy-amine foams

Rigid crosslinked polymers with a Tg much higher than ambient temperature most often 

exhibit brittle behavior when they are subjected to high strain since the immobility of the 

polymer chains limits their ability to dissipate energy through mechanical damping via bond 

rotation or by breaking secondary intermolecular interactions like hydrogen bonding or pi-

stacking.53,54 The triazole linkage in the CuAAC foams affords the opportunity for hydrogen 

bonding and pi-stacking55–57, each of which will lead to enhanced stiffness and toughness of 

the glassy CuAAC networks. Further, it is worth nothing that, while the triazole moieties are 

known to lead to these types of bimolecular, secondary interactions, the concentration of 

triazoles present in the networks here is significantly higher than those under which such 

interactions were identified previously. As such, one would expect a heightened level of such 

interactions. Here, we demonstrate the ductile behavior of the glassy CuAAC foam with 

high strain capability in compression compared to the brittle behavior of the glassy epoxy-

amine foam as shown in Figure 2. The CuAAC and epoxy-amine foams were compressed to 

80% strain at a rate of 0.01 mm/s at ambient temperature (T<<Tg), and the shape-memory 

recovery behavior induced by temperature were evaluated over the multiple cycles of 

compression. It is noted that the epoxy-amine foam failed at 70% strain during the first 

compression cycle while the CuAAC foam was able to compress to 80% strain at ambient 

temperature over five successive cycles without failure, essentially eliminating the porous 

volume of the material in each cycle. The stress-strain response of the CuAAC foam to 

compression in Figure 2 (a) showed a typical behavior that is representative of the 

compression of a porous material. In addition, the homogeneous nature of the CuAAC 

network would help to distribute the stress equally through the network which is essential to 

minimize stress localization that would otherwise result in crack initiation. Over the course 

of each compression cycle, CuAAC foams experienced linear elastic and/or plastic 

deformation as well as densification. A decrease in the mechanical performance of the 

CuAAC foam after each cycle was also seen where the maximum stress decreased slightly 

for the first three cycles - 50, 48, 45 MPa respectively, from the first to the third cycle, while 

it decreased more significantly in the fourth cycle to 31 MPa. Similarly, the energy required 

to compress the CuAAC foam to 80% strain consequently decreased with compression 
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subsequent cycles as presented in Figure 2 (b). This decline in maximum stress as well as 

energy required to compress 80% strain indicates that structural bonds in the foam are 

breaking after each cycle as a result of the applied strain. However, the foam dimensions 

were effectively the same even after a significant crack was initiated at the end of the fifth 

cycle of compression as shown in Figure S4. While the CuAAC foam exhibited toughness of 

850 MJ/m3 when compressed to 80% strain without failure, the epoxy-amine foam presented 

almost three times lower toughness of 300 MJ/m3 and brittle behavior with failure at 70% 

strain during the first compression cycle as shown in Figure 2 (c). The image in Figure 2 (c) 

also illustrates the epoxy-amine foam was severely damaged after the first compression 

cycle.

Despite having similar Tg values between these two glassy foams as demonstrated in Figure 

1, the significant difference in mechanical performance and shape memory-recovery 

behavior between the two foams arises due to the chemical composition differences between 

the networks. Specifically, the high concentration of triazole moieties present in the CuAAC 

foam is capable of inducing non-covalent, intermolecular interactions that lead to the 

observed high ductility achieved over multiple compression cycles as high as 80% strain in 

the glassy state. Previously, it has been demonstrated in triazole-containing small molecules 

that these groups are able to hydrogen bond, pi-pi stack, and undergo ring conformation 

changes.55–57 Furthermore, crosslinked networks made via CuAAC polymerization have 

demonstrated superior ductile behavior in comparison to methacrylate-based high Tg 

networks.37,50 To add to these findings, the comparison between the CuAAC and epoxy-

amine based foams having equivalent Tg on the thermal reversibility and mechanical 

performance suggests that triazoles in the CuAAC foam contribute to the enhanced ductility.

Fixity and recovery ratios of the CuAAC foams upon heating above Tg after each 

compression cycle to 80% strain at ambient temperature were further evaluated and 

presented in Figure 3. The foams maintained between 92 and 94% of the compressive strain 

when unloaded after each cycle. Figure 3 (a) demonstrated the network’s ability to 

efficiently store elastic deformation at temperature well below Tg. The recovery ratios were 

then measured after reheating the samples above 115 °C. The CuAAC foam was able to 

recover fully through five successive cycles of deformation to 80% of its original height 

upon heating, presenting a significant volume change at ambient temperature with great 

resistance to fracture. This unique recovery behavior of the glassy CuAAC foam when 

reheated after such a significant plastic deformation at ambient temperature is known as 

“reversible plasticity”, a form of shape memory in which a material recovers fully when 

reheated after undergoing a significant plastic deformation at ambient temperature.39 The 

material was able to recover both the temporal elastic, linear region, and plastic region of 

deformation. The stress compressed the 10 mm length of SMP CuAAC foam uniformly in 

the axial direction to form a 2 mm tall disc that, when reheated, returns to its original shape 

as shown in Figure 3 (a) and the video in the supplementary information. In addition, the 

tensile shape memory behavior of a CuAAC foam was also investigated and is presented in 

Figure S5. The foam was heated to 140 °C, and deformed to 12% strain followed by fixing 

the shape by cooling down to −10 °C. As a result, the CuAAC foam exhibited a dramatic 

shape change over a narrow range of temperature as dictated by a sharp glass transition 

temperature with repeatable shape memory cycles having both the free strain recovery (Rr) 
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and shape fixity (Rf) around 99%. This was in consistent with the tensile shape memory 

behavior of a non-form CuAAC polymer investigated previously.31

Since the 80% deformation corresponds closely to the maximum possible compression of 

the CuAAC foam of 80% porosity, the energy required for deformation of the CuAAC and 

epoxy-amine foams was also characterized at a relatively low strain (50%) over multiple 

successive cycles of compression at ambient temperature until failure occurs on each foam 

as shown in Figure 4 (a). Again the glassy CuAAC foam demonstrated great toughness and 

ability to recover plastic deformation upon heating above Tg for up to 13 cycles of 

compression while the epoxy-amine survived only for 2 compression cycles. As expected, 

each foam’s mechanical performance declined along with successive cycles of compression, 

which indicates breaking of structural bonds occurred at temperature significantly lower than 

Tg under applied strain.

The energy required for deformation of the CuAAC and epoxy-amine foam was also 

investigated as a function of temperature as shown in Figure 4 (b). Seven foams for each 

system were compressed to 50 % strain at a rate of 0.01 mm/s at seven different 

temperatures: 20, 40, 60, 80, 100, 120, and 140 °C. To ensure uniform heating, each sample 

was held at a constant temperature for 10 min at each temperature point. Energy was 

measured as the area under the stress-strain curve. The energy required for both the CuAAC 

and epoxy-amine is the highest at ambient temperature; however, the CuAAC foam showed 

2.5 times higher energy to 50% strain at ambient temperature than the energy of the epoxy-

amine foam under the same conditions. As the temperature increases, the polymer becomes 

more ductile leading to reduction in the deformation resistance, and the energy declines for 

both the CuAAC and epoxy-amine foam. This behavior is particularly pronounced at 

temperatures close to the Tg in which both systems show a 97% reduction in energy just 

above the Tg regions.

Thermal free-strain recovery behavior of CuAAC foams

The thermal free-strain recovery behavior of compressed CuAAC foams is seen in Figure 5. 

After being programmed to 80% compressive strain at ~22 °C, the samples were allowed to 

freely recover while being heated to Tg+40 °C at a rate of 3 °C/min. The samples were then 

held at 150 °C for 10 min to ensure thermal equilibrium throughout the sample. In each 

cycle, the foams remained relatively stable up until the onset of glass transition (~100 °C), as 

only 10% strain was recovered. After which, the foams rapidly expanded to at least 90% of 

its original length within the glass transition region. Full recovery was eventually achieved 

when the samples reached 150 °C and were held isothermally. While the overall recovery 

ratios after each compression cycle remained constant, the onset of recovery increased with 

each compression cycle. For example, the response of the 4th heating cycle was ~20 °C 

higher compared to the 1st cycle. This delay in recovery is likely caused by the mechanical 

damage accumulated throughout the porous structure from cycle to cycle.

CONCLUSIONS

This work has demonstrated a facile approach to fabricate foams based on CuAAC 

polymerizations with outstanding shape memory attributes that are formed from highly 
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tough networks, particularly as compared to traditional epoxy-amine foams. The unique 

recovery with the capability for recoverable plastic deformation at ambient temperature 

under cyclic deformations as well as the stiffness and toughness of the glassy CuAAC 

network make these materials desirable as high-strain SMP foams. The CuAAC network 

also demonstrated a remarkable, reversible plasticity by presenting complete recovery of its 

original length through five consecutive compression cycles of 80% strain upon heating. The 

ability of the CuAAC foam to compact at ambient temperature to a small volume without 

fracture, having an easily tunable Tg with a wide range of monomer backbone structures 

combined with the unique chemistry of CuAAC such as chemoselectivity and orthogonally 

opens the door for porous CuAAC polymers to be widely employed in various smart 

material applications.
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Figure 1. 
Glass transition temperature (Tg) and storage modulus were measured for (a) the epoxy-

amine foam and (b) the CuAAC foam. The epoxy-amine foam was formed with a mole ratio 

of 1:0.5:0.5 bisphenol A diglycidyl ether, 1,6-diaminohexane, and aniline with 80% porosity 

showing a glass transition peak with a Tg = 125 °C and a rubbery modulus = 1.2 MPa. The 

CuAAC foam was formed via a stoichiometric mole ratio of bisphenoldiazide, trialkyne-

ether, 2 mol% CuCl2/PMDETA, and 8 wt% hexylamine with 80% porosity via click reaction 

showing a glass transition peak with a Tg = 115 °C and a rubbery modulus = 1.0 MPa.
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Figure 2. 
(a) A typical stress-strain response for 5 successive compression cycles performed on a 

single specimen of the CuAAC foams. The cylindrical CuAAC foam was compressed 

consecutively to 80% at ambient temperature with a strain rate of 0.01 mm/s. The toughness 

or energy to 80% strain was calculated after the first cycle to be 850 MJ/m3. (b) Average 

toughness for 4 specimens of the CuAAC foams. Each specimen was compressed to 80% 

strain at ambient temperature (T<<Tg) with a strain rate of 0.01 mm/s, followed by heating 

above Tg for 5 successive cycles. (c) Stress-strain curve obtained by compressing the epoxy-

amine foam with a strain rate of 0.01 mm/s at ambient temperature. The energy to 70% 

strain for the epoxy-amine foam was calculated after the first cycle to be 300 MJ/m3. The 

image in the left corner shows the epoxy-amine foam severely damaged after the first cycle 

of compression.

Alzahrani et al. Page 14

Polym Chem. Author manuscript; available in PMC 2019 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(a) The permanent shape (left) of a CuAAC foam, the 80% compressed foam (middle), and 

heating the foam above its Tg results in complete recovery of its original shape (right). The 

difference in color of the recovered foam is from thermal reduction of copper (II). (b) 

Average fixity and recovery for 4 specimens of foams. Each specimen was compressed to 

80% strain for 5 successive cycles at ambient temperature (T<<Tg) with a strain rate of 0.01 

mm/s, followed by recovery of the compressed sample upon heating above Tg. The recovery 

and fixity were calculated after each cycle of compression.
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Figure 4. 
(a) Energy required to achieve 50 % compression for CuAAC and epoxy-amine foams (n = 

4). Each specimen was compressed repeatedly to 50% strain at ambient temperature 

(T<<Tg) with a strain rate of 0.01 mm/s until failure. The CuAAC foam was able to recover 

an average of 13 successive cycles of compressions upon heating above Tg while the epoxy-

amine foam failed after only 2 cycles of compression. (b) The energy required for 50% 

strain plotted as a function of temperature for CuAAC foam (filled circle) and the epoxy-

amine foam (filled square). Seven different foam samples for each system were compressed 

to 50% at different temperatures: 20, 40, 60, 80, 100, 120, and 140 °C. The energy values of 

CuAAC and epoxy-amine foams were calculated as the area under the stress–strain curve to 

50 % strain.
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Figure 5. 
Four sequential cycles of compression and recovery for a CuAAC foam. The foam was 

compressed to 80% strain at ambient temperature with a strain rate of 0.01 mm/s, followed 

by recovery of the compressed sample upon heating to Tg+ 40 °C with a heating rate of 

3 °C/min under preload (0.15 N). Samples were held isothermal at 150 °C for 10 min 

between cycles. The same sample was compressed four times while monitoring the recovery 

as a function of temperature after each compression cycle. To observe thermal-recovery 

behavior of the foam more precisely, the sample was placed in contact with the compression 

plates used at both ends to monitor strain.
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Scheme 1. 
(a) The chemical structure of the monomers used to synthesize the CuAAC foam. (b) The 

chemical structure of the monomers used to synthesize the epoxy-amine foam. (c) A general 

scheme for the cyclization of an alkyne/azide system for CuAAC polymerization.
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