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Abstract

:

Optically transparent polyimides with excellent thermal stability and shape memory effect have potential applications in optoelectronic devices and aerospace industries. A series of optically transparent shape memory polyimide hybrid films are synthesized from 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and 2,2′-bis-(trifluoromethyl)biphenyl-4,4′-diamine (TFMB) with various polyhedral oligomeric silsesquioxane (POSS) contents and then subjected to thermal imidization. The hybrid films show good optical transparency (>80% at 400 nm and >95% at 500 nm) with cutoff wavelengths ranging from 318 to 336 nm. Following the incorporation of the inorganic POSS structure, the hybrid films exhibit excellent thermal stability with glass transition temperature (Tg) ranging from 351 to 372 °C. The hybrid films possess the highest Tg compared with the previously-reported shape memory polymers. These findings show that POSS is successfully utilized to develop transparent polyimides with excellent thermal stability and shape memory effect.
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1. Introduction


Polyimide (PI) is widely used in the microelectronics and aerospace industries because of its excellent thermal stability, chemical resistance and suitability for advanced manufacturing [1,2,3]. Optically transparent PIs with high thermal resistance have drawn great attention due to their extensive applications as transparent flexible substrates of optoelectronic devices, such as image displays, organic photovoltaics, printing circuit boards, and touch panels [4]. High temperature-resistant transparent PIs with shape memory effect, which involve conversion into a temporary shape and restoration to the original shape under external stimuli, have potential in advanced adaptive optoelectronic and deployable aerospace structural applications [2,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. However, the trade-off between good transparency and thermal stability of PI films remains challenging due to the contradiction between the two properties in many instances [4].



A favorable strategy for achieving colorless and transparent PI is to use weak electron-donating diamines or weak electron-accepting dianhydrides to suppress charge transfer (CT) interactions [19,20,21]. Improving the optical properties of PI has been attempted by introducing highly electronegative fluorine groups [22,23], alicyclic moieties [24,25], asymmetric segments [26,27], and bulky substituents [28,29,30]. Unfortunately, these methods diminish the thermal stability in many cases. For example, replacing aromatic dianhydride PMDA (1,2,4,5-benzenetetracarboxylic anhydride) with fluorinated dianhydride, such as 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA), decreased Tg by up to 50 °C [31]. Methodologies increasing the thermal stability of PI, such as by introducing highly-conjugated substituents and rigid aromatic groups, usually sacrifice optical transparency [1]. Compared with 6FDA, aromatic dianhydride PMDA endowed PI with better thermal stability, while the transmittance decreased by about 50% at 450 nm simultaneously [32]. By contrast, incorporating inorganic materials improved the thermal stability and minimally affected the optical transparency of the PI [33,34]. These inorganic materials mainly include organoclay and polyhedral oligomeric silsesquioxane (POSS).



Owing to the nanosized, rigid and stereo structure of cage-like silsesquioxane, POSS molecules are considered as the smallest nanoreinforcements of organic polymers to improve the polymers’ properties [35,36]. The introduction of POSS to PI makes the resulted hybrid polymers exhibit advantages in low dielectric constants [37,38], flame retardance [39], atomic oxygen resistance [40,41], especially good thermal stability, and thermo-dimensional stability [42,43,44,45]. Improvement of the thermal stability is mainly attributed to the rigidity increasement of the polymer chain due to the presence of POSS molecules [46,47]. Besides, the inclusion of proper POSS molecules in PI possibly does not give rise to deterioration of optical properties [42]. Octafunctional POSS with eight polymerizable sites is an ideal candidate to design a hybrid polyimide network, providing a solution to trade-off between good transparency and thermal stability. The copolymerization of POSS with PI will leads to dramatic improvements of thermal properties, and the molecular level dispersion of POSS in the polymer matrix is very important to maintain the optical properties of resulting nanocomposites. Furthermore, the POSS netpoints also endow the polymer with shape memory effect.



Generally, shape memory PI is divided into thermoplastic and thermoset PI by physical crosslinking and chemical crosslinking respectively [8,9,10,12,17]. Thanks to the covalently crosslinked three-dimensional networks, the property of the thermoset shape memory PI is prior to that of the thermoplastic shape memory PI in many aspects, such as better mechanical properties, good chemical resistance, excellent thermal stability, and better shape memory performances [48]. Hence, thermoset shape memory PI is expected to be a promising high-performance material in the field of deployable space structures, high temperature sensors and actuators [8].



In this study, we obtain a series of thermoset PI-POSS hybrid films with good transparency, excellent thermal stability and shape memory effect by copolymerizing of octa(aminophenyl)-silsesquioxane (OAPS) and fluorinated monomers (6FDA/TFMB). Fluorine-contained diamine and dianhydride are used as monomers to render the PI films good transparency. OAPS is introduced as a co-monomer to improve thermal stability and provide the films with shape memory effect. To the best of our knowledge, the resulted films possess the highest Tg compared with the reported shape memory polymers (SMPs).




2. Experimental


2.1. Materials


2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and 2,2′-bis-(trifluoro-methyl)biphenyl-4,4′-diamine (TFMB) were purchased from CHINATECH (TIANJIN) CHEMICAL CO., LTD (Tianjin, China). Anhydrous grade dimethylacetamide (DMAc) and tetrahydrofuran (THF) were purchased from Adamas (Shanghai, China). OAPS was synthesized following the procedure reported elsewhere [49,50]. Other reagents were used as received. The synthetic route and characterizations of OAPS are shown in Figures S1–S4.




2.2. Preparation of PI-POSS Hybrid Films


PI-POSS hybrids were prepared via a conventional two-step method (Scheme 1) and the compositions of the PI-POSS hybrid films are listed in Table S1. The mole ratio of NH2 in the OAPS to the total NH2 was 0, 1/20, 2/20, 3/20, and 4/20, and the feed weight percent of OAPS was consequently varied to include 0, 1.9, 3.8, 5.7, and 7.6 wt%, corresponding to PI-1, PI-2, PI-3, PI-4 and PI-5 respectively. The solid content in the reaction mixture was kept at 15 wt%. For example, PI-2 was synthesized through the following procedures: a 25-mL three-necked flask equipped with a nitrogen inlet and a magnetic stirrer was charged with TFMB (3.04 g, 9.5 mmol) and 20 mL DMAc under nitrogen atmosphere. An accurate quantity of 6FDA (4.44 g, 10 mmol) in 20 mL DMAc was added after TFMB dissolved completely. The mixture was stirred at room temperature for 6 h, and then a solution of OAPS (0.144 g, 0.125 mmol) in 6 mL THF was added to the system. The mixture was continuously stirred for another 2 h to obtain the PAA (polyamic acid) solution. The PAA solution was then cast on smooth glass substrates by spin-coating technique and thermally imidized at 60, 80, 100, 200 and 300 °C for 1 h respectively. After imidization, the transparent PI-POSS hybrid films were immersed in deionized water to facilitate removal from the glass substrates and dried at 100 °C in a blast oven.




2.3. Characterization


Fourier transform infrared (FT-IR) spectra were recorded with a VERTEX 70v spectrometer (Karlsruhe, Germany) ranging from 4000 to 400 cm−1 at a resolution of 4 cm−1 using transmission mode with KBr pellet. 1H NMR spectra were collected using a Bruker AVANCE III spectrometer (400 MHz, Karlsruhe, Germany) in acetone-d6 or dimethylsulfoxide-d6. 29Si NMR spectra were recorded on a Bruker 400WB AVANCE III spectrometer (Karlsruhe, Germany). Dynamic mechanical analysis (DMA) was carried out with a TA instrument Q800 (New Castle, DE, USA) using tension mode in air at a heating rate of 3 °C/min ranging from 50 to 400 °C with a frequency of 1 Hz and an amplitude of 15 µm, the samples were cut into 30 mm (L) × 3 mm (W) × 15 µm (T). Differential scanning calorimetry (DSC) was carried out with a TA instrument Q2000 at a heating rate of 10 °C/min ranging from 50 to 400 °C in 40 mL/min nitrogen flow with about 2 mg samples, and the second heating cycle was used to determine the glass transition temperature. The coefficient of thermal expansion (CTE) values of PI-POSS hybrid films (20 mm (L) × 5 mm (W) × 15 µm (T)) in the glassy state were measured as an average from 50–200 °C by TMA at a heating rate of 5 °C/min in 40 mL/min nitrogen flow and the second heating cycle was used to determine the CTE values. Thermogravimetric analysis (TGA) was performed on a TA instrument Q500 (New Castle, DE, USA) at a heating rate of 20 °C/min ranging from 50 to 900 °C in 40 mL/min nitrogen flow with about 5 mg samples. The mechanical properties of the PI-POSS films (25 mm (L) × 5 mm (W) × 15 µm (T)) were tested on an Instron universal tester 5567 at ambient temperature at a crosshead speed of 6 mm/min. For each sample, three samples were tested and the average value was used. Ultra violet-visible (UV-vis) spectra of the PI-POSS hybrid films were recorded on a Lambda 650 UV/VIS spectrometer (Waltham, MA, USA) from 200 to 800 nm at a resolution of 2 nm.



The PI-POSS hybrid film was cut into the shape of a flower to show the shape memory effect. The “petals” of the “flower” were bent on the surface of the hot stage (30 °C higher than Tg), and the temporary shape was fixed by removing the “flower” from the hot stage to room temperature. Then the “flower” recovered to its original shape when it was placed back onto the hot stage. The shape recovery process was repeated several cycles and recorded by using a digital camera.



The stretchable shape memory effect of the PI-POSS hybrid film was measured by TMA in 40 mL/min nitrogen flow with a preload of 0.003 N. The procedure includes the following steps: (1) heating the sample to Tg + 30 °C at 20 °C/min, (2) applying a force to elongate the sample, (3) reducing the temperature to Tg − 170 °C at 20 °C/min, (4) force removal and holding the sample for another 5 min, (5) reheating to Tg + 30 °C at 10 °C/min and holding for 30 min to trigger recovery.



Shape recovery (Rr) and shape fixity (Rf) are two important factors in evaluating the shape memory effect. The Rr value represents the ability of the material to recover to its permanent shape, and the Rf value shows the ability of the material to hold the external force to maintain the deformation. These variables are calculated using Equations (1) and (2), respectively.


Rr(N)=εm(N)−εp(N)εm(N)−εp(N−1)×100%



(1)







εm, εp and N represent strain after stretching step (before cooling), strain after recovery and cycle number.


Rf(N)=εu(N)εm(N)×100%



(2)







εu represents strain in the fixed temporary shape.





3. Results and Discussion


3.1. Thermal Behavior


As a very successful colorless aromatic PI, 6FDA/TFMB PI exhibits high transparency in the visible region, whereas the thermal properties are not good enough (Tg ~ 300 °C and CTE ~ 150 ppm/°C) to resist the high processing temperature during the fabrication of flexible display [3]. Based on this case, octafunctional POSS was combined with 6FDA/TFMB to obtain hybrid PI to improve the thermal properties. The thermal stability was investigated for all the obtained PI-POSS and pure PI in an effort to understand the influence of POSS content. The glass transition temperature of the PI-POSS hybrid film with different OAPS concentrations was evaluated by DMA and DSC (Figure 1a,b and Table 1). The DMA test indicated that the hybrid films (PI-2 to PI-5) possessed increased Tg and higher storage modulus (E’) compared with the pure PI film (PI-1). PI-5 showed Tg of 372 °C (50 °C higher) and glassy state storage modulus of 2.45 GPa at 50 °C (40% higher) compared with that of PI-1. All films possessed similar β-transition temperatures due to the movements of the side chain (CF3), whereas the α-transition caused by the segmental motion of the backbone obviously shifted to higher temperature with increasing OAPS content. The storage modulus improved considerably with increasing OAPS content. The Tg of the films obtained from DSC also showed considerable enhancement from 297 to 362 °C as OAPS content increased. Notably, PI-2 exhibited increased Tg (30 °C higher than that of PI-1) with only 1.9 wt% OAPS content, suggesting that Tg was improved obviously even at a very low OAPS concentration. The effective enhancement of Tg was attributed to the rigid cage structure of POSS and the crosslinking network provided by the polymerizable OAPS. The presence of POSS restricted the motion of the polymer chain and improved Tg in agreement with the literature [51].



The thermal dimensional stability of PI films was represented by the coefficient of thermal expansion (CTE). The CTE values showed a sharp decline with the introduction of OAPS (Figure 1c and Table 1). When the OAPS loading reached 5.7 wt%, the CTE value decreased by approximately 70% compared with that of pure PI (141 ppm/°C) and reached 42 ppm/°C. This improvement was also attributed to the crosslinking network provided by the rigid POSS.



The thermogravimetric analysis of the PI-POSS hybrid film is shown in Figure 1d and the results are listed in Table 1. As shown in Table 1, little improvement in both Td and Td5 was observed with increasing OAPS loading. The Td of PI-5 was 546 °C at 7.6 wt% OAPS loading, increasing by 26 °C compared with that of PI-1. The char yield of all films was over 50% at 800 °C. Thermal studies clearly indicated that incorporation of POSS cage in the polymer can drastically modify the thermal properties, allowing for the tailoring of the Tg, CTE and decomposition temperature by changing the POSS content.




3.2. Optical Properties


Figure 2 presents photographs and UV-vis spectra of the PI-POSS hybrid films as well as pure PI film with thickness about 15 µm. All films had good optical transmittance (T400 > 80% and T500 > 95%) in the visible region and a low cutoff wavelength (λ0) ranging from 310 to 336 nm. PI-2 with 1.9 wt% OAPS loading maintained 88% transmittance at 400 nm and remained colorless. As OAPS loading increased from 3.8 to 9.6 wt%, T400 of the hybrid films ranged from 80 to 82%. The slight decrease of transmittance was due to trace colored impurity contained in the OAPS monomer. Besides, the thickness of the film also affected the optical transmittance. For instance, PI-2 with a thickness of about 15 µm in Figure 2 was almost colorless, while it turned into pale yellow in Figure 3a with thickness increasing to 50 µm.



The reasons why the PI-POSS hybrid films possessed good transmittance in the visible region are summarized as follows. First and foremost, the existence of the CF3 groups loosened the PI chain stacking which was advantageous for reducing inter-molecular CT interactions, resulting in a decrease of film coloration and increase of transmittance [4,52]. Second, the introduction of POSS molecules as a rigid component did not bring a large sacrifice around the 400-nm region because no conjugated aromatic or heterocyclic groups were involved. Third, the way to incorporate POSS as crosslinkers by polymerization effectively avoided aggregation of POSS which always takes place in hybrid polymers containing nonfunctional POSS due to the strong POSS–POSS interactions. The molecular level dispersion of nanofiller in the polymer matrix was very important to maintain the optical properties of resulting nanocomposites.



Here, the overall performance of the PI-POSS films, such as Tg, Td5, λ0, and T400, was compared with the available system reported recently. A novel alicyclic dianhydride, 2R,5R,7S,10S-naphthanetetracarboxylic dianhydride (HNTDA), was prepared to fabricate colorless polyimides. Among the resultant polyimides, HNTDA/APB (APB ~ 1,4-bis (4-amino-phenoxy) benzene) possessed a higher Tg (357 °C) and good optical properties (λ0 ~ 325 nm and T400 ~ 80%), while the Td5 was only 482 °C and lower than those of conventional aromatic polyimides [53]. An alkyl chain-bridged amino-polyhedral oligomeric silsesquioxane (ABA-POSS) was obtained and used to fabricate PI-organosilicate composite materials. The transmittance of the PI films was over 90% between 400 nm and 700 nm, while the Tg values were between 250–280 °C [42]. In this work, the PI-POSS films displayed high thermal stability (Tg ~ 351–372 °C and Td5 ~ 552–566 °C) due to the fluorinated aromatic structure and crosslinking network provided by OAPS, good optical properties (λ0 ~ 318–336 nm and T400 ~ 80–88%) attributed to weak CT interactions, and homogeneous dispersion of POSS molecules. The films also possessed good mechanical properties due to the rigid structure of the polyimide backbone and crosslinking network (Table S1).




3.3. Shape Memory Effect


Shape memory polymers (SMPs) with high triggering temperature have wide potential applications in harsh conditions, such as high temperature sensors and actuators, deployable space structures, and shape-morphing structures [54,55,56,57]. Although shape memory PIs with high Tg ranging from 299 to 322 °C can be obtained, the color remained very deep because of the large absorption in the visible region [8]. Recently, a kind of shape memory PI with transmittance higher than 81% at 450–800 nm was also reported by the same research group [9]. In order to endow the film with good transparency, the Tg of the PI was sacrificed and reduced to 171 °C, which is still higher than other transparent SMPs reported.



In the present work, we inferred that the polyimide chain acted as a reversible phase, the chemical crosslinking provided by OAPS acted as a permanent phase, and the existence of a crosslinking network would endow the hybrid films with a shape memory effect. Here we took PI-2 (Tg ~ 351 °C) and PI-4 (Tg ~ 369 °C) as examples to study the shape memory effect. The flower-shaped PI-2 and PI-4 films were bent with a certain angle on a hot stage at 370 and 400 °C respectively, followed by cooling down to room temperature to fix the temporary shape (Videos S1 and S2). To observe the shape recovery process, the “flowers” with the temporary shape were placed back onto the hot stage at 370 and 400 °C (Videos S3 and S4). The typical images of the shape memory process of PI-2 and PI-4 are shown in Figure 3a,b. It took just 6 s and 2 s for the flower-shaped PI-2 and PI-4 films to recover to permanent shape from temporary shape, indicating the hybrid films had a short recovery time. To exhibit good shape recovery ability, the PI-4 film was cut into a stripe and bent to an acute angle at 400 °C and cooled down to room temperature to fix the temporary shape, then it was placed back onto the 400 °C hot stage and recovered to permanent shape in 5 s (Video S5).



It is well known that the triggering temperature of SMPs can be a crystallization temperature, glass transition temperature, or the temperature at which physical crosslinking reverses [58,59,60]. In this work, the triggering temperature was the glass transition temperature. The high Tg of the hybrid films indicated that the materials may have little to no creep at room temperature and long periods of storage without performance deterioration [12]. Moreover, the high Tg of the hybrid films avoided inadvertent triggering for the application in different environments and temperatures. In order to observe the high triggering temperature clearly, the flower-shaped PI-2 and PI-4 films with temporary shape were heated from 270 to 370 °C and 300 to 400 °C at 50 °C/min respectively. We found they could maintain the temporary shape at 270 and 300 °C (Videos S6 and S7) stably. With the increase of temperature, the temporary shape began to recover to permanent shape when the temperature was close to Tg of the two films (Videos S8 and S9).



The shape memory process of PI-4 was repeated many times, and the film appeared to recover to its original shape every time with no observed damage in Video S10. Video S11 demonstrated that PI-1 with no crosslinking did not possess the shape memory effect in contrast with PI-2 and PI-4, which clarified the important role of POSS in the shape memory effect.



Shape recovery (Rr) and shape fixity (Rf) were characterized with consecutive shape memory cycles determined by TMA (Figure 3c). Typically, a rectangular specimen of PI-4 was heated to 400 °C (30 °C higher than Tg). The specimen was stretched at 400 °C and then cooled down to 200 °C (170 °C lower than Tg) to fix the temporary shape. The force was then removed and the specimen was reheated to 400 °C to trigger recovery. Rf values of the first, second, third, and fourth cycles were 80.2, 82.5, 81.9, and 82.8%, whereas Rr values were 66.6, 97.5, 99.1, and 99.5%, respectively. The difference of Rr among the first and the following cycles was attributed to the residual strain in the film processing history and the plastic deformation generated within the first cycle [7]. The hybrid film displayed quite a good reproducible shape memory effect after the first cycle.





4. Conclusions


A series of organic–inorganic polyimides with POSS as crosslinkers were successfully synthesized by the copolymerization of TFMB, 6FDA and OAPS. The electron-withdrawing CF3 groups loosen the chain stacking, reducing the inter-molecular CT interactions, and result in a decrease of film coloration and increased transmittance (T400 > 80% and T500 > 95%). The incorporation of rigid polymerizable OAPS molecules renders the hybrid films with excellent thermal stability and shape memory effect with the highest Tg ranging from 351 to 372 °C and short recovery time (2–6 s) compared with the reported SMPs. The high Tg also provides the hybrid films with resistance to stress relaxation in the temporary shape. In summary, this work has introduced a method to obtain optically transparent polyimide films with excellent thermal stability and shape memory effect, which expands the scope of applications in optoelectronic engineering and aerospace industries.
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Scheme 1. Synthesis of PI-POSS hybrids. 
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Figure 1. (a) DMA, (b) DSC, (c) TMA, and (d) TGA curves of pure PI and PI-POSS hybrid films. 
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Figure 2. Photographs and transmittance of pure PI and PI-POSS hybrid films with thickness about 15 µm. 
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Figure 3. (a) Shape memory of flower-shaped PI-2 with thickness about 50 μm. The permanent shape was placed on a hot stage at 370 °C and bent with a certain angle, followed by cooling down to room temperature to fix the temporary shape. Then it recovered to permanent shape in 6 s when it was placed back onto the 370 °C hot stage. It can keep the temporary shape on the 270 °C hot stage. (b) Shape memory of flower-shaped PI-4 with thickness about 30 μm. The permanent shape was placed on a hot stage at 400 °C and bent with a certain angle, followed by cooling down to room temperature to fix the temporary shape. Then it recovered to permanent shape in 2 s when it was placed back into the 400 °C hot stage. It can keep the temporary shape on the 300 °C hot stage. (c) Shape memory cycle in TMA of PI-4. An external force was applied at 400 °C to deform a specimen to a certain strain. Then the specimen was cooled down (20 °C/min) to 200 °C, the stress released, and the specimen equilibrated for 5 min and then reheated (10 °C/min) to 400 °C to trigger recovery. 
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Table 1. The thermal and optical properties of pure PI and PI-POSS hybrid films.
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	Sample
	OAPS

(wt%) a
	Tg

(°C) b
	Td

(°C) c
	Td5

(°C) d
	CTE

(ppm/K) e
	λ0

(nm) f
	T400

(%) g
	T500

(%) h





	PI-1
	0
	320
	520
	550
	141
	310
	95
	99



	PI-2
	1.9
	351
	528
	552
	57
	326
	88
	98



	PI-3
	3.8
	363
	529
	555
	43
	336
	82
	97



	PI-4
	5.7
	3