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Solvent-driven temperature memory and multiple shape mem-

ory effects

Rui Xiao1‡, Jingkai Guo1, David L. Safranski2,Thao D. Nguyen1,3‡

Thermally-activated temperature memory and multiple shape memory effects have been observed in amorphous

polymers with a broad glass transition. In this work, we demonstrate the same shape recovery behaviors can also

be achieved through solvent absorption. We investigate the recovery behaviors of programmed Nafion membranes

in various solvents and compare the solvent-driven and temperature-driven shape recovery response. The results

show that the programming temperature and solvent type have a corresponding strong influence on the shape

recovery behavior. Specifically, lower programming temperatures induce faster initial recovery rates and larger

recovery, which is known as temperature memory effect. The temperature memory effect can be used to achieve

multi-staged and multiple shape recovery of specimens programmed at different temperatures. Different solvents

can also induce different shape recovery, analogous to the temperature memory effect, and can also provide a

mechanism for multi-staged and multiple shape memory recovery.

1 Introduction

Shape memory polymers (SMPs) can memorize single or multiple temporary shapes and have the ability to recover

to their permanent shapes in response to environmental stimulus, such as heat1–7, light8–11, pH12 or solvent13–21.

Among all of the different types of SMPs, temperature-activated amorphous SMPs are the most extensively investi-

gated because of the variety of polymer types, simplicity in synthesis, availability of characterization methods and

constitutive models22–26,28–34. The solvent-driven shape memory effect (SME) provides an alternative athermal

activation method for amorphous polymers. Solvent-driven shape recovery is attractive for biomedical applica-

tions35–37, such as implantable medical devices (stents, heart valves) and drug delivery capsules, because of the

difficulty in heating the device in a surgical procedure. Solvent-driven shape recovery can also be applied to

industrial areas, such as for sand-control screens in petroleum engineering38, where the fluid environment pro-

vides a good medium for driving shape memory recovery. Though the two activation methods appear different,

they share the same physical mechanism for amorphous polymers. The SME is achieved through deploying the

programmed SMPs at the temperature above the transition temperature either by increasing the ambient temper-

ature (temperature-activated mechanism)4,39 or by decreasing the glass transition temperature (solvent-activated

mechanism)13,40–42. Thus, specific recovery behaviors achieved in temperature-driven shape recovery, such as

temperature memory and multiple shape memory, may also be observed in solvent-driven recovery.

Temperature memory effect (TME) refers to the ability of amorphous SMPs to memorize the programming

temperature43–54. Specifically, for specimens programmed at lower temperatures, both the recovery region in the

free recovery tests and the peak stress in the constrained recovery tests shifts to lower temperatures. TME pro-

vides a flexible method to tune the shape recovery behaviors without changing chemical composition of polymers.

For polymers with a broad glass transition, the temperature memory effect can be exploited to achieve multiple

shape memory recovery55–57. Multiple temporary shapes can be programmed at different temperatures. During

deployment, the specimens exhibit stepwise shape recovery when approaching the programming temperature of

each temporary shape. In addition to the programming conditions, the recovery condition also has a significant
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effect on the shape memory performance. For SMP materials programmed with only one temporary shape, the re-

covery behavior can be distributed into several quasi-equilibrium parts by deploying the SMPs at multiple discrete

temperature steps. Both multiple and multi-staged shape memory behaviors have attracted great interest since they

can significantly expand the potential applications of SMPs.

In this paper, we demonstrate the temperature memory and multiple shape memory effects can also be achieved

by solvent-driven shape recovery. We first investigated the influence of deformation temperature and solvent type

on the recovery behaviors of Nafion membranes with a single programmed temporary shape. The results indicate

that the specimens programmed at a lower temperature exhibit a higher recovery rate and shape recovery. It is

also observed different solvents exhibit different shape recovery abilities. We exploited these findings to achieve

the multiple and multi-staged shape memory recovery behaviors. It is found that the programmed Nafion films

showed stepwise shape recovery when programmed with two temporary shape at two different temperatures. The

specimens exhibit staged recovery when immersed in multiple solvents. The residual unrecoverable strain in

solvent can be further activated through heat, indicating solvents do not change the chemical structures of Nafion.

For each set of shape recovery experiments in solvent, the corresponding temperature-activated experiments were

performed to demonstrate the underlying mechanisms of the two activation methods are the same.

2 Experimental procedure

2.1 Materials

The SMP material used in this study was Nafion R© PFSA membrane with equivalent molecular weight 1100

(Dupont, Wilmington,DE,USA) and was purchased from Ion Power (New Castle, DE, USA). The acetone (≥99.8%),

ethanol (≥99.5%) and isopropyl alcohol (≥99.5%) (IPA) were ordered from Sigma Aldrich and used as received.

Prior to all the measurements, the specimens were annealed at 160oC for half a hour to remove the water in the

specimens.

2.2 Swelling tests

Film specimens with dimension 4.0×4.0×0.25 mm3 were used to measure the equilibrium swelling ratio. Each

specimen was weighed before testing. The specimens were immersed in the solvent for one day and weighed

using a digital balance with 10−4 gram resolution. The weight of the specimens with longer immersion time

showed negligible change suggesting an equilibrium swelling ratio was achieved after one day. In order to measure

the swelling rate, the film specimens were also removed periodically and weighed. The following solvents were

chosen: acetone, ethanol, water, IPA, and mixture solutions of IPA and water with different mass ratio. For each

measurement, four specimens were repeated. The swelling ratio Sw is defined as,

Sw =
meq −m0

m0
(1)

where m0 is the initial dry weight and meq is the equilibrium specimen weight.

2.3 Dynamic temperature sweep

The dynamic temperature sweep test was used to characterize the temperature dependent storage modulus and Tan

δ. The test was run under the dynamic mode of DMA at 1 Hz frequency with specimen size 12×5×0.25 mm3. The

specimen was equilibrated at 20oC for 20 minutes and then heated to 180oC at 1oC/minute under 0.4% dynamic

strain.

2.4 Shape recovery experiments
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2.4.1 Programming temperature: Film specimens with size 12×10×0.25 mm3 were used for the tests.

Prior to the tests, a 5 mm × 5 mm square marker was drawn on the specimen in the length and width direction.

The specimens were equilibrated at 160oC, 140oC, 120oC, 100oC or 80oC for 15 minutes to reach heat conduction

equilibrium before stretched to 60% engineering strain in 2 minutes. The specimens were then cooled to 20oC at

10oC /minute with constant strain and held isothermally for 5 minutes before unloading. For recovery in solvent,

the specimens were unmounted from DMA and immersed in solvents (acetone, ethanol, IPA and water mixture

with mass ratio 1:9 and 5:5). For specimens programmed at 160oC or 140oC, pure IPA and IPA and water mixture

with mass ratio 2:8 were also adopted as solvents. A digital camera was used to record the temporary shape every

6 seconds. For specimen recovery in air, the programmed specimens were heated to 130oC at 20oC/minute and

held for 30 minutes.

2.4.2 Dual programming shape recovery: Dual programming shape recovery tests were performed on

cruciform specimens. The specimens were first stretched in one direction to 60% engineering strain at 160oC in 2

minutes and cooled to 20oC. The specimens were then mounted in the perpendicular direction and heated to 80oC

and annealed for 10 minutes to allow the specimens to reach equilibrium length. The specimens were stretched an

additional 60% engineering strain and cooled to 20oC . The specimens were then immersed in acetone or ethanol

to measure the recovery behaviors.

2.4.3 Multi-staged shape recovery: The film specimens with size 12×10×0.25 mm3 were stretched to

100% engineering strain at 160oC or 140oC. The specimens were then cooled to 20oC at 10oC/minute. During

the recovery process, the specimens were subsequently immersed in an IPA and water mixture with mass ratio 1:9,

2:8 and 5:5 for 10 minutes in each solution. For shape recovery in air, the programmed specimens were heated in

discrete steps at 20oC /minute. Three recovery temperatures were chosen: 100, 120 and 140oC. The specimens

were held at each temperature for 30 minutes.

2.4.4 Temperature-driven shape recovery of specimens with or without solvent treatment: The thermally-

activated shape memory tests were also performed on specimens with or without recovery in solvent. The spec-

imens were stretched to 60% engineering strain at 160oC and cooled to 20oC to fix the temporary shape. For

specimens without solvent treatment, the specimens were directly heated to 190oC at 1oC/minute under zero force

mode of DMA. For specimens with solvent treatment, the specimens were immersed in solvent (acetone, ethanol,

IPA and water mixture with mass ratio 1:9 and 5:5) for 30 minutes. The specimens were then placed at 70oC in

an incubator for 30 minutes to fully evaporate the solvents. The specimens were heated from 70oC to 190oC at

1oC/minute under zero force mode of DMA.

3 Results

Nafion material investigated in this study exhibits a broad glass transition region from 40oC to 145oC as shown in

Fig. 1. In our previous work53, we demonstrated the temperature memory effect and multiple shape memory effect

of this material through heat. In this work, we first investigated the recovery behaviors of a single programmed

shape in solvent.

3.1 Single programming shape

The Nafion films were stretched to 60% engineering strain at different programming temperatures on a DMA Q800

and recovered in solvent at room temperature, as described in Section 2.4.1. Since Nafion shows large swelling

abilities in the selected solvents, a square marker was drawn in the center of the specimen. The aspect ratio of the

maker was defined as: a = l(t)/w(t), where l(t) and w(t) are the length and width of the marker at time t. The

stretch at time t caused by the mechanical deformation in the length direction is λm. By assuming the material is

mechanically incompressible, the stretch in the width direction can be calculated as, λ
−1/2
m . We further assume the

swelling behavior is isotropic, producing a stretch λs in each direction. Thus, the aspect ratio can be calculated as:
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Fig. 1 The storage modulus and Tan δ of Nafion measured from the dynamic temperature sweep tests at 1 Hz frequency

a = (λmλs)/
(

λ
−1/2
m λs

)

= λ
3/2
m . In order to quantitatively compared with the thermally-activated shape recovery

response, we then define the equivalent strain εe = a2/3 −1. Due to the influence of the clamp in the programming

step, the strain in the specimens is inhomogeneous. Thus cautions should be taken when compared the equivalent

strain with the strain measured from the DMA.

Fig. 2.a shows the recovery performance of programmed Nafion films in ethanol. The deformation temperature

had a large influence on the recovery behavior. Specimens programmed at 80oC, 100oC and 120oC showed full

recovery after immersing in ethanol for 10 minutes. Specimens programmed at 140oC and 160oC only showed

partial recovery. The lower deformation temperature also resulted in a faster recovery rate. Specimens programmed

at 80oC required only 60 seconds to achieve full recovery while almost 400 seconds was needed to reach full

recovery for specimens programmed at 120oC. During the recovery process, the specimens did not exhibit buckling

or wrinkling as observed in previous works19,21,58–60, mainly because the specimens were thin (0.25 mm), which

allowed for uniform swelling.

To compare the temperature-driven and solvent-driven activation mechanisms, the shape recovery tests were

also performed by heating the specimens to 130oC at 20oC/minute in the DMA under zero force mode (Fig. 2.b).

Both the temperature-driven and solvent-driven recovery responses show a similar increase in the unrecovered

strain with the programming temperature.

In addition to ethanol, we performed shape recovery experiments in acetone, and a mixture of IPA and water.

The temperature memory effect was observed for all the solvents investigated in this work (Fig. 3.a). Different

solvents also produced different shape recovery. The largest shape recovery occurred in the 50%IPA-50%water

solution (50%IPA), while the least occurred in the 10%IPA-90%water solution (10%IPA). The shape recovery

experiments were also performed for other IPA concentrations (Fig. 3.b). The shape recovery first increased

and then decreased with increasing IPA concentration. In order to understand this observation, we measured the

equilibrium swelling ratio of the Nafion film in the different solvents as described in Section 2.2. As shown in

Fig. 4, Nafion experienced minimal swelling in water, which was consistent with the result that the programmed

specimen showed negligible recovery in water after 10 minutes (data not shown). The maximum swelling ratio

was observed in 50%IPA solution. The shape recovery and swelling ratio in different solvents showed a similar

trend.

Fig. 5 plots the normalized swelling ratio of Nafion in acetone, ethanol, 10%IPA and 50%IPA with time. The

Nafion films achieved more than 60% equilibrium swelling ratio within 5 minutes in all cases, which explained
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Fig. 2 Influence of programming temperature on the shape recovery of Nafion: a) in ethanol at room temperature b) in air at

130oC
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Fig. 3 Recovery performance of Nafion in solvents: (a) the unrecovered strain as a function of different programming

temperatures, (b) the recovered strain of specimens programmed at 160oC and 140oC and recovered in different solvents.
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how the programmed specimens were able to attain a quasi-equilibrium recovered state after 5 minutes in solvent.
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Fig. 5 Swelling rate of Nafion in different solvents.

3.2 Multiple and multi-staged shape recovery

The temperature memory effect can be employed to design multiple shape memory recovery in solvents. We first

qualitatively demonstrates a triple shape memory recovery effect. Two temporary shapes were programmed at

160oC and 70oC. The specimen was first stretched to 100% engineering strain at 160oC and then curled at 70oC

(Fig. 6). The specimen was then immersed in 10%IPA at room temperature for 10 minutes and then transferred

into 50%IPA for another 10 minutes. The subsequent shape recovery is shown in Fig. 6. The shape programmed

at 70oC achieved full recovery within 90 seconds in 10%IPA. The shape programmed at 160oC exhibited slight

recovery after 10 minutes in 10%IPA. The shape further recovered in 50%IPA to nearly the original aspect ratio

indicating different solvents exhibited different shape recovery abilities. For comparison, we performed the recov-
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ery experiments by immersion in 50% IPA only. The specimen recovered significantly quicker in 50%IPA. The

shape programed at 70oC recovered fully after 18 seconds and the shape programmed at 160oC recovered almost

fully after 600 seconds.

Programming

Subsequent Recovery in 10%IPA and 50%IPA

S0 S1 S2

160oC 70oC

10%IPA

50%IPA

16 s 90 s 600 s

614 s 900 s 1200 s

Recovery in 50%IPA

50%IPA 6 s 12s 18s

60s 300s 600 s

g

y

Fig. 6 The demonstration of shape recovery of Nafion films programmed with two temporary shapes at 160oC and 70oC,

recovered sequentially in 10%IPA and 50%IPA, and recovered in 50%IPA .

To quantitatively measure the triple shape memory effect in solvent, specimens were stretched to 60% strain in

the length direction at 160oC and an additional 60% strain in the width direction at 80oC, as described in Section

2.4.2. Fig. 7 shows a schematic of the programming process. Fig. 8 plots the equivalent strain of the specimens

during the recovery in acetone or ethanol. As shown, the equivalent strain first increased indicating the recovery of

the second programmed shape and then decreased to a steady state value which was caused by the recovery of the

first programmed shape. The specimens in ethanol showed a larger recovery than in acetone, which is consistent

with the experimental results in Fig. 3.

Multi-staged shape recovery can be achieved by sequential immersion of the programmed specimens in differ-

ent solvents, as described in Section 2.4.3. Fig. 9.a plots the recovery performance for specimens programmed at

160oC or 140oC and recovered subsequently in 10%, 20% and 50%IPA. The specimens exhibited a three-staged

shape recovery performance, one for each solvent solution. For comparison, we applied a series of temperature

steps to deploy the programmed Nafion film. The specimen was heated to 100, 120, 140oC and held at each tem-

perature for 30 minutes. The specimens reached the quasi-equilibrium state within the 10 minutes immersed in

each solvent solution in Fig. 9.a, as well as during the 30 minutes at each temperature, 100, 120 and 140oC in Fig.

9.b.
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Fig. 7 The schematic of specimens programmed with two temporary shapes at 160oC and 80oC.
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Fig. 8 The recovery performance of specimens programmed with two temporary shapes and recovered in acetone or ethanol.
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Fig. 9 Multi-staged shape recovery of specimens programmed at 160oC or 140oC and recovered: (a) in multiple solvents, (b)

at multiple temperatures.

3.3 Combination of the solvent and heat to achieve shape recovery

As shown in Fig. 3, the specimens programmed at 160oC did not achieve full shape recovery in any of the solvents

investigated in this work. We next investigated whether further shape recovery can be activated through heat. As

shown in Fig. 10, the temperature-driven free recovery of specimens treated with different solvents had different

activation temperatures, varying from 100oC for 10%IPA to 140oC for 50%IPA. However, all specimens fully

recovered by 170oC and the recovery curves merged at higher temperatures. The different solvent treatments did

not induce irreversible changes to the chemical and physical structure of the Nafion material. From this result,

we can also see the possibility of tuning the temperature-driven shape recovery region through pretreatment in an

appropriate solvent. The recovery region of the Nafion without solvent treatment shows a broad recovery region

with 80oC-170oC, while the recovery region with 50%IPA treatment is narrowed to 140oC-170oC.
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Fig. 10 The thermally activating the residual strain after recovery in solvent
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4 Discussion and Conclusions

To quantitatively characterize the temperature memory effect, the deformation temperature is often related with the

maximum strain recovery speed in the free recovery tests49,52 or the maximum recovery stress in the fixed-strain

recovery tests61,62. In our work, we employed the isothermal recovery conditions for both temperature-driven

or solvent-driven mechanism. The deformation temperature was related with the unrecovered strain to define

the temperature memory effect. The specimens programmed at higher temperatures showed less recovery and

exhibited a larger unrecovered strain in both solvent-driven and temperature-driven mechamisms. The solvent-

driven mechanism is analogous to the temperature-driven mechanism. The temperature-driven mechanism brings

the temperature of the specimen above the activation temperature while the solvent-driven mechanism lowers the

activation temperature to below the specimen temperature.

To understand the underlying mechanism behind the temperature memory and multiple shape effects, several

models have been developed in recent years48,50,52,53. These models considered Nafion as a viscoelastic material

with a broad distribution of relaxation times. The large relaxation times are related to the rearrangement and ro-

tation of larger segments of the polymer chain, and require high temperatures to activate. When deformed at a

certain temperature, only the relaxation processes with relaxation times comparable or smaller than experimental

time relax to equilibrium, while relaxation processes with a relaxation time significantly larger than the experi-

mental time remain in the nonequilibrium state. The temporary shape deformed at a lower temperature is stored in

relaxation processes with smaller relaxation times (smaller segments) and requires a lower activation temperature

for shape recovery.

The multiple shape memory behavior is the result of programming multiple temporary shapes at different tem-

peratures. The temporary shapes are stored in different relaxation processes with different relaxation times. Shapes

programmed at lower temperatures are fixed by shorter relaxation times, and recover before shapes programmed

at higher temperatures, which are fixed by longer relaxation times. The temperature memory effect can be ob-

served in polymers with a relative narrow glass transition52. However, in order to achieve multiple shape memory

effect, the recovery region of each temporary shape has to separate from each other which requires a broad glass

transition.

The same mechanisms also produce the solvent-driven temperature memory and multiple shape memory ef-

fects. Nafion is composed of a tetrafluoroethylene backbone with perfluorovinyl ether with a terminal sulfonic

acid group. The swelling behavior of Nafion in various solvents has been investigated experimentally and theoret-

ically63–65. Yeo 63 experimented with a number of polar solvents to relate the degree of swelling to the solubility

parameter, the square root of the cohesive energy density. Two solubility parameters were reported for Nafion due

to dual swelling envelopes, and it was suggested that one envelope existed for the backbone and the other for the

ionic group. In contrast, Gebel et al. 65 expanded the range of solvents compared to Yeo 63 , Yeo and Cheng 64 , and

found that the solubility parameter was not a good predictor of swelling behavior due to scattered data. Instead,

the donor number of the solvent was determined to be a more accurate predictor of the swelling behavior, where a

maximum in swelling existed between 25-30 kcal/mol. In this study, the swelling behavior displayed a maximum

for 50%IPA, which is consistent with results in Gebel et al. 65 for mixtures of water and isopropanol.

The structure of the crystalline tetrafluoroethylene backbone and ionic sulfonic acid group of Nafion has been

characterized by small angle neutron scattering with varying alcohols and water. Scattering maxima exist for the

crystalline region and ionic region, and the Bragg spacing of these maxima increases as solvent levels increase.

The alcohols were found to preferentially partition into the regions of the polymer other than the ionic region66.

A series of molecular dynamic simulations support this partition of alcohols to the crystalline tetrafluoroethylene

regions when a water-alcohol mixture is present. This occurs because of the preference for van der Waals inter-

actions between the CH3 group of the alcohol and the tetrafluoroethylene backbone, while both water and alcohol

participate in hydrogen bonding with the ionic group67,68. In addition, the backbone mobility increased as the

solvents mixed, where four conformational transitions were observed for water, seven for methanol, and twelve

for a water-methanol mixture68. This supports the results seen here where the 50%IPA mixture showed greater

recovery than pure water or IPA due to the increased chain mobility of the tetrafluoroethylene backbone.
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The absorption of solvents depresses the Tg of the polymer network by increasing the chain mobility. This

decreases the relaxation time allowing for shape recovery. Previously, we have developed a model41 based on the

Adam-Gibbs configurational entropy theory69–71 to explain the solvent-driven shape memory behaviors. In the

classic theory of Adam-Gibbs69, the relaxation time (viscosity) is inversely dependent on configurational entropy.

When solvent diffuses into the polymer matrix, it increases the configurational entropy due to the mixture of solvent

and polymer segments71. In this work, we found that different solvents produced different shape recovery. The

solvent with the stronger swelling induced more shape recovery. This could be attributed to a larger increase in

configurational entropy with a larger amount of solvents, resulting in a larger decrease in viscosity and relaxation

time. The influence of solvent absorption on viscosity and relaxation time can be measured using the dynamic

frequency sweep tests41 or differential scanning calorimetry tests13 on dry and saturated specimens. However, the

swollen thin Nafion films dried in air after less than 2 minutes, and we would need to design DMA experiments

for specimens fully immersed in solvent. This is a subject of future work.

Though shape memory polymers have been extensively investigated in recent years, they are still not widely

used. One possible reason is the strong restriction of the activation condition which typically requires high tem-

peratures. The solvent-driven mechanism provides an alternative mechanism which can induce shape recovery at

lower temperatures and with energy saving. In this paper, we showed that solvent-driven mechanism exhibits the

same key shape memory phenomena as temperature-driven mechanism. Specially, the solvent-driven mechanism

also exhibits the temperature memory and multiple shape memory effects. We believe the same phenomena, such

as multiple and multi-staged shape memory recovery, can also be observed for biopolymers in the human body.

Thus, this work could potentially advance biomedical applications of shape memory polymers.
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