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Abstract

:

Photo-thermo-mechanochemical (P-T-MCh) nanocomposites provide a mechanical and/or chemical output (MCh) in response to a photonic (P) input, with the thermal (T) flux being the coupling factor. The nanocomposite combines a photon absorbing nanomaterial with a thermosensitive hydrogel matrix. Conjugated (absorbing in the near infrared (NIR, 750–850 nm) wavelength range) polymer (polyaniline, PANI) nanostructures are dispersed in cross-linked thermosensitive (poly(N-isopropylacrylamide), PNIPAM) hydrogel matrices, giving the nanocomposite P-T-MCh properties. Since PANI is a conductive polymer, electromagnetic radiation (ER) such as radiofrequency (30 kHz) and microwaves (2.4 GHz) could also be used as an input. The alternating electromagnetic field creates eddy currents in the PANI, which produces heat through the Joule effect. A new kind of “product” nanocomposite is then produced, where ER drives the mechanochemical properties of the material through thermal coupling (electromagnetic radiation thermomechanochemical, ER-T-MCh). Both optical absorption and conductivity of PANI depend on its oxidation and protonation state. Therefore, the ER-T-MCh materials are able to react to the surroundings properties (pH, redox potential) becoming a smart (electromagnetic radiation thermomechanochemical) (sER-T-MCh) material. The volume changes of the sER-T-MCh materials are reversible since the size and shape is recovered by cooling. No noticeable damage was observed after several cycles. The mechanical properties of the composite materials can be set by changing the hydrogel matrix. Four methods of material fabrication are described.
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1. Introduction


Composite materials are made of two materials, one dispersed in the other (called the matrix), which are present as two different phases [1]. In the case of nanocomposites, the dispersed component has at least one dimension in the nanometric range [2]. Usually, the properties of the dispersed material and that of the matrix combine to produce improved properties, which are the “sum” of the component properties. The properties of a composite material are determined by the properties of the constituents, their volumetric participation, and the interaction among themselves and with the applied fields. Composites enhance one or more properties that are already available in both constituents, approximately according to the sum of the contributions from the constituents weighed by their volume fraction. In addition to the conventional fiber reinforced composites with better mechanical properties than fiber or matrix, other properties can be added (e.g., electronic conductivity, electromagnetic field isolation, optical absorption, hardness, erosion resistance, vibration damping, etc.) [3]. In the case of nanocomposites (e.g., nanoclays dispersed in a thermoplastic matrix), the combination of hard but fragile clay nanoplates and elastic thermoplastic matrix produces a material which is both flexible and tenacious [4].



However, there is a new type of composite that is able to generate a physical response that is completely absent from any of its constituents. For example, a non-conducting material can produce electricity when excited by a magnetic field, which is a peculiar response that neither of the two constituents (a piezoelectric and a magnetorestrictive phase) could produce alone. This new class of composites, termed “product” composites, opens up new possibilities for previously unimagined material responses [3]. In “sum”composites, if one component material loses its characteristic property, the composite material still retains the properties of the other component. On the other hand, in “product” composites, losing the property of one material implies the loss of the property for the whole nanocomposite. Such behavior makes it easy to modulate, or switch off/on, the nanocomposite property affecting the properties of only one component in a defined way. Moreover, in this way, the material reacts actively to external stimuli becoming a smart material. Van Suchtelen [5] described in detail the theory behind this kind of composite, differentiating the composites with “product” properties from the “sum” properties of conventional composites (e.g., fiber-reinforced composites). One known way to make a “product” nanocomposite is to disperse a photon-absorbing material in a thermosensitive matrix. In a general sense, electromagnetic radiation (ER) is the physical input, producing heat in the nanomaterial (ER-T-MCh). The heat is transferred by thermal conduction (T) to the hydrogel and induces the phase transition at a given temperature. The phase transition causes a volume change, which can be used as mechanical actuation (M). The gel also expels the inner solution [6], and the porous surface of the gel increases it hydrophobicity [7], producing a chemical output (Ch). Therefore, the phase transitions of the gel are fully reversible, and the initial volume will be restored upon cooling. The inner solution will be taken in as far as it remains in contact with the material. Under these conditions, the cycle can be performed several times without damage. Both effects represent chemical (Ch) effects. The resulting nanocomposite is an ER driven thermo-mechanical/chemical (ER-T-MCh) or photothermomechanochemical (P-T-MCh) if only light is used as input. The thermosensitive matrix is usually a polymer cross-linked by covalent bonds (e.g., poly(N-isopropylacrylamide)) showing a lower critical solution temperature (LCST) [8]. The free chains, between crosslinks, are solvated in water in a coil state below the LCST. When the hydrogel is heated and the temperature reaches the LCST, a coil-to-globule transition occurs with hydrogel shrinking. The volume change (mechanical output) is accompanied by a hydrophilic to hydrophobic change of the gel surface (chemical output). Additionally, the swelling solution is expelled from the gel, allowing the release of molecules (e.g., a medicinal drug). The other kind of hydrogels used are those having non-covalent crosslinks (e.g., hydrogen bonding) that show a gel to sol transition at a given temperature. Among these are proteins (e.g., gelatin) and polysaccharides (e.g., agar) [9]. In this case, the gel dissolves upon heating allowing liberation of active principles or similar action. Direct far infrared radiation allows for remote heating, but cannot be used in the body because it is strongly absorbed by the tissue. On the other hand, near infrared (700–1200 nm) light is weakly absorbed in normal tissue but it is not absorbed in thermosensitive polymers. If a species (material or molecule) with strong near infrared absorption could be incorporated into the material, the absorbed radiation will be dissipated as heat triggering the coil to globule transition of the thermosensitive polymer, effectively giving the P-T-MCh property to the new material.



Several photon-absorbing materials have been used as NIR absorbers. The most widely used involve gold nano-objects. Gold nanorods have a longitudinal mode of the localized surface plasmon resonance (LSPR) with strong absorption in the NIR (700–900 nm) range [10]. Therefore, it has been extensively used to produce materials with P-T-MCh properties [11]. Another metal nanostructure with strong plasmonic absorption in the near infrared region is gold nanoshells [12]. It has also been used to produce P-T-MCh nanocomposites. On the other hand, gold nanospheres show LSPR bands in the visible range (400–600 nm) [13], not in the near infrared range. Therefore, it has been used to produce P-T-MCh materials which are driven by light in the visible range [14]. However, Wu et al. used NIR radiation to heat gels loaded with aggregated gold nanoparticles, showing an almost constant absorbance up to 820 nm [15]. Since both the gold nanostructures and the hydrogel could be made by soft chemistry methods, the nanocomposite could be made by in situ formation of either component, together with the other preformed material. Magnetite (Fe3O4) has been extensively heated up by alternating magnetic fields due to magnetorestrictive effects [16]. However, magnetite also shows light absorption in the NIR range and several P-T-MCh nanocomposites have been built using this nanomaterial [17]. Several inorganic solids (e.g., CuS) show semiconducting properties that is to present a small band gap between the valence and conduction bands. The electrons in the valence band can be excited by light to the conduction band. The energy of the band gap usually falls in the visible-NIR range. Therefore, nanoparticles of several semiconducting inorganic materials have been used to build P-T-MCh nanocomposites [18]. Other materials used to absorb NIR in P-T-MCh materials are carbon nanomaterials. Since they have extended conjugation (e.g., carbon nanotubes (MWNT)), show multiple absorption bands covering the UV-visible-NIR range [19]. MWNT were incorporated into thermosensitive hydrogels and irradiated with NIR [20]. Graphene oxide nanoplates are also used as absorbing component in P-T-MCh nanocomposites [21]. Additionally, P-T-MCh materials could be made using other 2D materials, like MoS2 [22], MoSe2 [23], WN [24], and exfoliated black phosphor [25]. Highly conjugated molecules present a small gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Therefore, the cromophores are absorbed in the NIR (700–1100 nm) region [26]. Surprisingly, few cases have reported the use of low molecular weight dyes to build P-T-MCh materials [27]. More common is the use of conjugated polymers, especially those of biological origin [28]. Conducting polymers have been used to act as light absorbers in P-T-MCh materials, either as absorber only [29] or combined with NIR dyes [30].



In the present article, a new kind of product material is described: smart electromagnetic radiation-driven thermo-mechanochemical (sER-T-MCh) nanocomposites. sER-T-MCh materials are made by combining a conducting polymer (polyaniline, PANI) nanostructures with a thermosensitive hydrogel (poly(N-isopropylacrylamide), PNIPAM). Since PANI absorbs light in the NIR region and is electrically conductive, the electromagnetic radiation input can be varied from NIR I light (750–850 nm) to microwaves (2.4 GHz) and oscillating electromagnetic fields (radiofrequency (RF), 30 kHz). Therefore, the P-T-MCh materials are a special case of ER-T-MCh materials. Smart, or stimuli-responsive, materials are able to dramatically change their volume and other properties (opacity, hydrophobicity, mechanical properties, etc.) in response to environmental stimuli [31]. The PANI component in ER-T-MCh materials changes optical absorption and conductivity with pH or redox potential of the solution, effectively modulating the ER absorption and heat release. Due to the “product” nature of the composite, the mechanochemical (MCh) output will then be modulated by the external stimuli (pH, redox potential). Therefore, the material will not act passively, like other P-T-MCh materials (e.g., gold nanorods), but react to changes in the media. Such “smartness” of PANI nanoparticles has been used to perform the selective ablation of tumor cells in the presence of normal cells based on the lower cytoplasmic pH of tumor cells compared with normal ones [32].



Four methods of fabrication are described: (i) INH infiltration of preformed conducting polymer nanoparticles inside porous hydrogels; (ii) GAN: gelation of the smart hydrogel matrix around the conductive polymer nanoparticles dispersed in the polymerization solution; (iii) PIH: in situ formation (by oxidative polymerization of a monomer) of the conductive polymer inside the hydrogel matrix; and (iv) AMH: absorption of free conducting macromolecules inside the smart hydrogel matrix from their true solutions.



It is noteworthy that some of the P-T-MCh nanocomposites could be also driven by other electromagnetic radiation (making them ER-T-MCh). Both gold and carbon nanostructures present large electronic conductivities. However, to the best of our knowledge, no ER-T-MCh materials based on Au or C nanomaterials and driven by electromagnetic radiation (microwaves, radiofrequency) have been described.




2. Materials and Methods


Polyvinylpyrrolidone with Mw of 30.000 g/mol (PVP-30K) was obtained from Anedra (Buenos Aires, Argentina). Aniline (ANI, 99%), aniline hydrochloride (ANI-HCl, 98%) and ammonium persulfate (APS) were obtained from Sigma-Aldrich (St. Louis, MO, USA). N-isopropylacrylamide (NIPAM), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and N,N′ methylenebis(acrylamide) (BIS) were obtained from Scientific Polymer Products (Ontario, NY, USA). Pyrrole (Py) was obtained from Fluka (Buchs, Switzerland). All reactions were carried out in bidistilled water.



2.1. Polyaniline Solutions


Polyaniline (PANI) was synthesized by oxidative polymerization from a solution of ANI-HCl (0.2 M) in water, using APS (0.2 M) as the oxidant. Polymerization was carried out at room temperature for 60 min. The polymer was purified by filtering under vacuum and washing with 1 M HCl. The base form was prepared by stirring in NH4OH (0.1 M) solution during 24 h. Then, the solid is filtered and dried under vacuum for 24 h, to produce PANI (emeraldine base form, PANI-EB).



PANI- EB solution in N-methylpyrrolidone (NMP) (1% p/v) was prepared by stirring the PANI-EB solid in NMP for 4 h. PANI (emeraldine salt form, PANI-ES) solution in CHCl3 (0.5% p/v) was prepared by stirring the PANI-EB solid in a 1 M solution of champhorsulfonic acid and filtering out the insoluble particles.




2.2. Polyaniline Copolymer: Polyaniline-b-poly(N-isopropylacrylamide) (PANI-b-PNIPAM)


The block copolymer of PNIPAM and PANI was synthesized in two steps. First, a PNIPAM telechelic chain terminated in aniline unit is obtained by free radical polymerization of NIPAM monomer, using an azo initiator, in the presence of a chain transfer agent (4-aminothiophenol, 4-ATF) to yield PNIPAM-ATF [33]. Then, the oxidative polymerization of aniline monomer was carried out with APS as oxidant. The PANI chains grow from the PNIPAM–S-C6H4-NH2 extreme to produce a linear block copolymer (PNIPAM-b-PANI) [34].




2.3. Synthesis of Crosslinked Thermosensitive Hydrogels of Poly(N-isopropyacrylamide) (cPNIPAM)


2.3.1. Nanoporous Hydrogel (NPHG)


Crosslinked thermosensitive hydrogels of poly(n-isopropyacrylamide) (cPNIPAM) nanoporous hydrogels were prepared by free radical polymerization of NIPAM (0.5 M) and 10 mM BIS as crosslinker agent, using APS (0.001 g/mL) and TEMED (10 μL/mL) as redox initiator and activator, respectively. The wet gel pieces were washed with running distilled water to remove any unreacted monomers and initiator.




2.3.2. Macroporous Hydrogel (MPHG)


cPNIPAM macroporous cryogels were produced via free radical copolymerization of NIPAM (0.5 M) with AMPS (feed ratio 0.98:0.2). BIS was used as a crosslinker (2% in moles) and APS (1 mg/mL) was uses as initiator. After addition of the initiators at 5 °C, the solutions were transferred into a glass syringe (1 mL) and sealed. Then, the syringe was placed into a polystyrene box and frozen at −18 °C, with the box open at the bottom. The reaction time was 24 h. After the polymerization finished, the syringe was unfrozen at ambient 25 °C. The wet gel pieces were washed with running distilled water to remove any unreacted monomers and initiator.





2.4. Synthesis of Conducting Polymer (Polyaniline and Polypyrrole) Nanoparticles


2.4.1. Polyaniline Nanospheres (PANI-NS)


Polyaniline nanospheres (PANI-NS) were synthesized by precipitation polymerization from a solution of ANI-HCl (0.2 M) in water, using APS (0.25 M) as the oxidant in presence of a 2% w/w stabilizer (PVP) in water, as previously reported [35]. Polymerization was carried out at room temperature for 30 min and finally, a green dispersion of nanoparticles was obtained. The nanoparticles were purified by several centrifugation/redispersion cycles in water.




2.4.2. Polyaniline Nanofibers (PANI-NF)


Polyaniline nanofibers (PANI-NF) were produced using the method reported before [36]. Briefly, the monomer (ANI, 24 mmol) was dissolved in 25 mL of an organic solvent (CHCl3) and APS (6 mmol) was dissolved 25 mL of HCl (1 M)/water. A liquid-liquid interface was generated, and polymerization of the monomer to obtain nanofibers occurred during 24 h in the dark. Finally, the aqueous phase containing the nano-objects was collected, and the nanofibers washed by several centrifugation/redispersion cycles in water.




2.4.3. Polypyrrole Nanospheres (PPy-NS)


Polypyrrole spherical nanoparticles (PPy-NS) were obtained by a modification of the method described before [37]. The synthesis was carried out using APS (0.08 M) as an oxidant of the aqueous solution (0.043 M) of the monomer (Py). To stabilize the obtained nanoparticles, an aqueous solution of PVP (1% w/w) was used. The synthetic process was made in 30 min at 25 °C. The nanoparticles were purified by several centrifugation/redispersion cycles in water.





2.5. Synthetic Methods of Composite Materials


The composite materials were made as 10 mm diameter discs, of 3 mm thickness. All measurements were made with the disks wet (no water excess) in air placed in a enclosed box (no air flux).



2.5.1. In Situ Polymerization of Aniline or Pyrrole Inside a Nanoporous Hydrogel (PH)


Pieces of dry hydrogels were immersed into a solution with 0.1 M monomer (ANI or Py) in 1 M HCl, until all the solution was absorbed. A known amount of APS (equimolar to the monomer) was then added as oxidant to produce the conducting polymer inside the gel. The polymerization was carried out for 2 h at 25 °C. After the polymerization was finished, the nanocomposites were washed in stirring distilled water for 24 h.




2.5.2. In Situ Formation of cPNIPAM around Conducting Polymer Nanoparticles (GAN)


Nanocomposites were synthesized by free radical polymerization of NIPAM with AMPS in a ratio 98:2 (molar), and BIS (2% molar ratio with the monomers) as crosslinker agent. Both monomers were dissolved in diluted dispersions (0.1 mg/mL) of each kind of nanoparticles. Then, polymerization initiators (APS and TEMED) were added (0.001 g/mL and 10 μL/mL, respectively) to obtain the nanocomposites after 30 min of reaction at 20 °C. After the polymerization process, nanocomposites were immersed in distilled water at room temperature for 48 h, renewing the water several times for remove unreacted chemicals.




2.5.3. Absorption of Conducting Polymers Nanoparticles into Macroporous Hydrogels (INH)


The macroporous hydrogels were dried in air and then swelled in dispersions of the conducting nanoparticles (1% p/v). The nanocomposites were washed with running distilled water.




2.5.4. Loading of Polyanilines from Solution into Nanoporous Hydrogels (AMH)


Dry cPNIPAM hydrogels were immersed in the different PANI solutions (PANI-EB in NMP (1% p/v)), PANI-ES (0.5% p/v) in CHCl3 and PANI-b-PNIPAM (0.1% p/v) in water. The original solvent was removed by heating under vacuum and then re-swollen in water with the appropriate pH.





2.6. Modulating the Doping State of the Conducting Polymer


2.6.1. By Protonation/Deprotonation


To set the protonation state, dry pieces of each nanocomposite samples were impregnated with acid or basic solution until they swelled to equilibrium, and left by 12 h in the solution. Then, the samples were wiped out with filter paper to remove the solution excess.




2.6.2. By Oxidation/Reduction


To reduce the conducting polymer inside the nanocomposite, dry pieces of each material (in the oxidized state) were impregnated with 0.1 M solution of phenylhydrazine/0.1 M NH4OH, until they swelled to equilibrium, and left by 12 h in the solution. Then, the samples were wiped out with filter paper to remove the solution excess.





2.7. Electromagnetic Radiation Form Used as Input


2.7.1. Microwave Irradiation


The microwave irradiation of the nanocomposites was carried out with nanocomposite pieces placed in glass Petri dishes with lid. A beaker with 50 mL of distilled water was placed inside the oven to maintain 100% humidity. Optical photographs were taken with an electronic camera before and after exposition of the gels to microwaves, by extracting the samples from the oven and rapidly taking the photographs. The experiments were performed in a commercial multimode microwave oven (2.4 GHz, 700 W nominal power). The power setting can be 10, 20, 50, 80 and 100% of the nominal value. Such levels describe the number of pulses per second. The temperature system was measured with a thermographic camera (TESTO 868, Testo, Lenzkich, Germany).




2.7.2. Near Infrared (NIR I) Light Irradiation


NIR I light irradiation was made using a homemade irradiator, using a 3 W, 850 nm light emitting diode (LED). The LED irradiates from below the nanocomposite pieces placed on glass slides. The temperature was measured using a thermographic camera (TESTO 868) or an infrared thermometer (DeWALT®, DCT414S1, Baltimore, MD, USA).




2.7.3. Radiofrequency Irradiation


Small pieces of composite hydrogels (ca. 1.5 g) were placed into glass Petri dishes and irradiated using a RF generator (YNB Xiamen induction sealing device, Xiamen, China, 30 kHz, 1200 W). Experiments were conducted for 420 s, taking photographs at initial and final states. The temperature of each material was measured with an infrared thermometer (DeWALT®, DCT414S1).




2.7.4. Characterization


The size and distribution of nanoparticles was studied using Dynamic Light Scattering (DLS) in a commercial Malvern 4700 spectrometer (Malvern Instruments, Malvern, UK) equipped with a 488 nm laser (OBIS). The topography of the hydrogel were determined in a Scanning Electron Microscope (SEM) Carl Zeiss EVO MA10 (Carl Zeiss, Oberkochen, Germany).






3. Results


3.1. Product Property of the Nanocomposites


The goal of producing nanocomposites made of a dispersed conducting polymer phase inside a smart (thermosensitive) hydrogel matrix is to build materials with product properties (electromagnetic absorption X thermosensitive phase transition). The mechanism of coupling between both properties is described in Scheme 1.



As can be seen, while all are electromagnetic radiation (ER), the NIR light and other ER induce heating in different ways. NIR light is absorbed in electronic transitions of conjugated polymers. The excited electron decays non radiatively releasing the energy to molecular vibrations that come out as heat. On the other hand, microwaves and radiofrequency are alternating magnetic fields which induce Eddy currents in the conducting polymer. The Eddy currents passing through the conducting polymer generates heat by Joule effect. While any conjugated polymer will produce heat when absorbs NIR light, only conducting polymers produce heat when ER (RF or microwaves) is applied.



The goal property of the nanocomposite is the ER driven thermomechanochemical (ER-T-MCh) effect which arises as the product of: electromagnetic radiation absorption (ERA) and heat induced phase transition (HIPT). Therefore:


ER-T-MCh = ERA X HIPT



(1)




where X is the product operator. If ERA or HIPT are changed, ER-T-MCh is affected. If ERA or HIPT are either absent, ER-T-MCh is absent.



3.1.1. Electromagnetic Radiation Absorption (ERA)


The electromagnetic absorption is linked to the extended conjugation in the conducting polymer chains. However, it depends on the radiation used. The NIR photons cause electron transitions between molecular states or band structures in the polymer (Scheme 1A). Most conducting polymers, in the oxidized/doped states show absorption bands in NIR I wavelength range (700–850 nm). Therefore, light is absorbed, and the energy is converted into heat. The absorption in the NIR I is particularly useful, since biological tissue is relatively transparent in the NIR I [38]. NIR I light (e.g., 808 nm) can heat also PANI chains which are in the undoped and non-conductive state (emeraldine base) since the material has a finite absorption at that wavelength. However, if PANI redox state is changed, reducing emeraldine (doped and conductive) to leucoemeraldine (undoped and not conductive) only the UV absorption remains, and the polymer cannot be heated up by NIR I light. In this way, the HIPT of the nanocomposite can be modulated by the redox state. Such behavior is intrinsic to all conductive polymers. On the other hand, radiofrequency (30 kHz) and microwave (2.4 GHz) radiation heat up conducting PANI but should not heat the non-conducting PANI (emeraldine base). The heating mechanism (Scheme 1B) involves the generation of Eddy currents in the conductor [39], and the heating up by Joule effect [40]. Such mechanism only works for conductors and it can be switched off changing the conductivity of the polymer. This can be done by deprotonation (decrease by 3–4 orders of magnitude) or oxidation/reduction of PANI. In the case of other conductive polymers (e.g., PPy) the switching could be made only by oxidation/reduction since deprotonation only reduces the conductivity by an order of magnitude [41].




3.1.2. Heat-Induced Phase Transition (HIPT)


This is a well-known property of smart hydrogels (e.g., PNIPAM). The free polymer chains (between crosslinks) are extended in solution by interaction with the solvent. When the gel is heated, some groups increase its mobility, and the interactions with the solvent (e.g., hydrogen bonding) are broken. At the lower critical solution temperature (LCST), the polymer chains suffer a coil to globule transition where the chains lose interactions with the solvent and interactions are stronger between chain segments [42]. The solvent is expelled from the gel and the volume of the gel decreases because the size of the globules is smaller than the extended chains [43]. The fact that both the ER absorbing nanomaterial and the hydrogel are polymers that can be produced by soft chemistry allows different ways to produce the nanocomposites.





3.2. INH: Loading Preformed Conducting Polymer Nanoparticles inside Macroporous Hydrogels


The simplest way to fabricate the nanocomposite, quite similar to the process of fabrication of fiber reinforced composite materials, involves the loading of nanoparticles by diffusion into the hydrogel. This can be done by swelling the dry hydrogel in a dispersion of the nanoparticles. (Scheme S1). The thermosensitive hydrogel is made by polymerization of an appropriate monomer (e.g., N-isopropylacrylamide, NIPAM) in a 3D matrix, using a divinylic reactant as crosslinker. The amount of crosslinker is low (<5%). Therefore, the mean chain length between crosslinks is large and the gel is mainly made of linear chains. The material (e.g., crosslinked NIPAM or cPNIPAM) show strong swelling in water and related solvents. The nanoparticles size should be much smaller than the size of the pores to allow diffusion inside the hydrogel. Since PANI nanoparticles have a size as large as 200 nm [44], they cannot enter the pores of nanoporous hydrogels (pore diameter smaller than 50 nm). To overcome that, the gels should contain large macropores. To do that, ice crystals were used as the template by performing the polymerization at −20 °C, in the frozen state [45]. Cryogelation has the advantage of producing pores with large aspect ratio, which can be used to transport nanoparticles inside the gel. In that way, not only nearly spherical nanoparticles but also PANI nanofibers (ca. 50 nm diameter and up to 10 μm length) can be absorbed (Figure 1).



The nanoparticles enter the pores, but are not released upon gel collapse. It seems that the nanoparticles are strongly adsorbed on the pore surface [46]. Accordingly, when gels without macropores (produced without cryogelation) are immersed in the dispersion, the nanoparticles do not enter the mass of the gel but are adsorbed irreversibly in the outer gel surface (Figure 1). Upon irradiation with microwaves, the nanocomposite collapse releasing the inner solution (Figure 1, right), while the hydrogel (Figure 1, left) remains unchanged. The microwave radiation (700 W, 2.4 GHz) interacts with the conducting nanofibers producing Eddy currents which circulate in the conducting nanofibers and produces heat by Joule effect (Scheme 1). The heat is transferred to the PNIPAM matrix, inducing the phase transition which is shown as volume collapse, with expulsion of the inner solution (Scheme 1). A similar effect is observed when radiofrequency (RF, 1000 W, 30 kHz) is used (Scheme 1). Additionally, irradiation with NIR I laser light (808 nm, 100 mW) also induces volume transition but due to optical absorption of NIR I photons (Scheme 1). Therefore, the nanocomposite produced by this method is an effective ER-T-MCh material. Since the macroporous hydrogel and the PANI nanoparticles can be characterized before combining, this is the most reproducible method to produce nanocomposites. On the other hand, since the macropores are millimeter long, only macroscopic pieces of gel can be built. The macroporous hydrogels are mechanically weak due to the large void volume but such properties can be improved by filling the macropores with more hydrogel after the nanoparticles are loaded.




3.3. GAN: In Situ Polymerization of the Smart Hydrogel Matrix around the Dispersion of Conductive Polymer Nanoparticles


Another method involves the formation of the smart hydrogel matrix around conducting polymer nanoparticles, which should be evenly dispersed in the polymerization solution (Scheme S2). Stable dispersions of conducting polymer nanoparticles can be made by different methods. The nanoparticles are thoroughly characterized using scanning electron microscopy, transmission electron microscopy and dynamic light scattering. The full characterization of the nanoparticles is an advantage of this method compared to the others presented in this work. The gel is made by the usual radical polymerization with a crosslinker. It was found that using the same amount of cross-linker than in the absence of nanoparticles, mechanically weak films or even a viscous solution are obtained. It seems that the growing radical chains react with the conjugated polymer surface of the nanoparticles, inhibiting the growth of the polymer chains. Therefore, the concentration of hydrogel reactants was doubled to obtain mechanically stable hydrogels. Another problem with this approach is that the gelification process could induce the aggregation of the nanoparticles due to excluded volume effects. It seems that some aggregation occurs in the case of cPNIPAM formation around PVP stabilized PANI particles. Applying radiofrequency to this kind of nanocomposite, the temperature increased (Figure 2) more than the underlying aqueous solutions.



Similar materials are made by gelation of cPNIPAM around PANI nanofibers or polypyrrole (PPy) nanospheres. The ER-T-MCh behavior of those materials is quite similar to the one described above [47]. The nanocomposites formed in this way show ER-T-MCh behavior to be induced by RF and microwaves, but not by NIR light [47]. It seems that the aggregates scatter the NIR light not allowing light to reach PANI nanoparticles and heat the composite. The method seems to be the less useful for producing ER-T-MCh nanocomposites using PANI or PPy nanoparticles.




3.4. PIH: In Situ Polymerization of the Conductive Polymer inside The Smart Hydrogel Matrix


3.4.1. Semi-Interpenetrated Network or Nanocomposite?


The most widely used way to produce the nanocomposite involves swelling the hydrogel in a solution of a conducting polymer monomer (e.g., aniline) followed by the diffusion of the oxidant (e.g., APS), allowing synthesizing the conducting polymer inside the hydrogel matrix [48], (Scheme S3). The order of incorporation of the reactants is relevant, as large ratios of oxidant/monomer lead to polymer degradation. Since a linear conducting polymer is produced inside a crosslinked network, the resulting material was considered [49], to be a semi-interpenetrated network (sIPN of PANI in cPNIPAM), that is a polymer blend. However, we have shown data suggesting that nanodomains of PANI are present filling of the pores of the hydrogel [50]. This is reasonable since the conducting polymer is insoluble in water and the polymerization in solution occurs with precipitation. The presence of the conducting polymer does not affect the LCST of the hydrogel chains as expected if a strong interaction exists. Such effect is observed when NIPAM is copolymerized with other co-monomers [51], but not when other acrylamides are synthesized inside cPNIPAM [52], suggesting that phase segregation is a general behavior. On the other hand, it has been reported that polymerization of aniline or pyrrole inside cPNIPAM in the presence of phytic acid produces interpenetrated networks [53]. Since it is known that polymerization of aniline in the presence of phytic acid produces a conductive polymer gel [54], an interpenetrated network (IPN) could be formed between PANI gel (crosslinked by phytic acid) and cPNIPAM gel. No LCST measurement was reported [54], but it has been shown that the gel is thermally switched at 50 °C (higher than the LCST of PNIPAM of 32–33 °C), suggesting interaction between both networks as shown above.




3.4.2. “Smart” Behavior: Effect of Electromagnetic Irradiation (microwaves) on the Conductive Nanocomposites


Having produced a nanocomposite by in situ polymerization inside the hydrogel (IPH), we studied the effect of microwaves compared to the hydrogel matrix under the same conditions. In Figure 3, a comparison of the effect of microwaves on the hydrogel (left piece in each panel) and the nanocomposite (right piece in each panel) is shown. It can be seen that both materials show a temperature (22 °C), slightly below the background, likely due to water evaporation from the wet materials. After applying 5 s of microwave irradiation (2.4 GHz, 70 W), the whole wet substrate, and the hydrogel piece heat up slightly (ca. 29 °C) due to microwave absorption by water. On the other hand, the nanocomposite heats up to 37 °C, which is likely due to the generation of Eddy currents in the conductor and the rise of the Joule effect. Since the nanocomposite temperature become higher than the LCST, the hydrogel matrix suffer a phase transition (coil to globule) of the free chains between crosslinks and the volume of the piece collapses, expulsing the inner solution (Figure 3d). Gravimetric measurements of the hydrogel and nanocomposite pieces, before and after irradiation, confirm that the inner solution is expulsed upon microwave irradiation of the nanocomposite while the hydrogel remains unaffected. The volume collapse is reversible (Figure S1). The size changes and the inner solution is expulsed upon ER input (microwaves). After cooling, the size of the sample recovers its original value and no change in shape is observed.




3.4.3. Effect of Electromagnetic Irradiation (Microwaves) on the Non-Conductive (Deprotonated) Nanocomposite


In Figure 4 a comparison of the effect of microwave irradiation on the hydrogel (left piece in each panel) and the non-conductive (deprotonated) nanocomposite (right piece in each panel) is shown. Both materials were immersed in 0.1 M NH4OH (2 h) to deprotonate the PANI nanodomains. As can be seen, the gels change from green (Figure 3) to blue. This is the expected spectral change between the emeraldine salt form (green) and emeraldine base form (blue) of PANI. The conductance of the piece was reduced by ca. 3 orders of magnitude. It can be seen that both materials show a temperature (23 °C), slightly below the background, likely due to water evaporation. After 5 s of microwave irradiation (2.4 GHz, 70 W), no effect was observed. However, after 10 s of microwave irradiation, the whole wet substrate, and the hydrogel piece heat up slightly (ca. 29 °C) due to absorption in water. The nanocomposite (blue disks) is not heated up, nor collapses. Since the deprotonated (undoped) PANI is non-conductive, no Eddy currents are generated, and there is no additional heat generated by Joule effect. Since the nanocomposite temperature remains lower than the LCST, the nanocomposite volume stays unaltered (Figure 4d).



The observed effect allows producing smart materials (sER-T-MCh) since the observed response depends on the surrounding media. As it is, the material could be used in diagnostics as the pH of an inner tissue could be sensed by applying microwaves to a nanocomposite probe and reading out the probe size using an imaging technique. The smart property of reacting to pH is exclusive of PANI since tests with nanocomposites with polypyrrole (made by IPH) does not show effect of pH. This is related to the fact that polypyrrole conductivity changes by deprotonation but only by a factor of 5 [41]. Lower sensitivity to the surroundings (e.g., biological media) could be an advantage if only the ER-T-MCh property is of interest. This can be done easily choosing the conducting polymer to load in the nanocomposite. On the other hand, the nanocomposite containing deprotonated heats up and suffer phase transition upon illumination with NIR light. Since deprotonated PANI is not conductive, it is inactive upon irradiation with microwaves or RF. However, deprotonated PANI still absorbs NIR light because it has extended conjugation.




3.4.4. Effect of Electromagnetic Irradiation (Microwaves) on the Non-Conductive (Reduced) Nanocomposite


Another way to change the conductivity of PANI implies the reduction of the emeraldine chains. In Figure 5, a comparison of the hydrogel (left piece in each panel) and the reduced nanocomposite (right piece in each panel) is shown. The hydrogel and the nanocomposite piece were immersed in phenylhydrazine solution (0.1 M, 12 h) and the green color changes to yellow-brown. The conductance of the piece decreases by two orders of magnitude. The quinonimine rings in the PANI chains are transformed from the emeraldine form (50% oxidation) to leucoemeraldine forms (0% oxidation). Since the species is unstable in air due to oxygen oxidation, a small concentration of the reductant is maintained in both samples.



It can be seen that both materials show a temperature (23 °C) that is slightly below the background, likely due to water evaporation. After 5 s of microwave irradiation (2.4 GHz, 70 W), no effect was observed. After 10 s, the whole wet substrate, and the hydrogel piece heat up slightly (ca. 29 °C) due to absorption of microwaves in water. The nanocomposite (brown disks) is not heated up; therefore, the phase transition does not occur and the volume does not decrease. It seems that reduced (undoped) PANI nanodomains are non-conductive and no Eddy currents are generated upon microwave irradiation. Therefore, no heat is produced by Joule effect. Since the nanocomposite temperature remains lower than the LCST, the volume of both pieces (hydrogel and nanocomposite) remains the same (Figure 5d). In the case of the reduced nanocomposite, illumination with NIR light does not lead to volume collapse. This is reasonable since the leucoemeraldine form of PANI does not have absorption in the NIR range; unlike the emeraldine salt or base forms [55], because it contains aniline moieties but no extended conjugation. This effect of the media on the ER-T-MCh property is not exclusive of PANI as the conductivity of any conducting polymer decreases sharply by reduction. Indeed, nanocomposite made by IPH of pyrrole showed the same effect. While obviously the reduction potential of the media used here is quite high, biological media also contain redox active biomolecules (e.g., ascorbic acid) which are able to reduce PANI.



The mechanism of “smart” changes in the sensitivity of PANI in NIPAM nanocomposite to different forms of electromagnetic radiation, upon deprotonation or reduction of the PANI component, is described in Scheme 2.





3.5. AMH: Loading Conducting Macromolecules inside the Smart Hydrogel Matrix


cPNIPAM strongly swell in water. Therefore, a soluble conducting polymer (CP) in water could be loaded inside the gel by swelling it in a solution of the CP. Accordingly; sulfonated polyaniline was loaded into polyacrylamide [56]. However, it was found that the soluble CP is released from the gel in basic solution. Doped PANI is only soluble in a few solvents, such as formic and sulfuric acid, while undoped PANI is soluble in N-methylpyrrolidone (NMP). It was found that cPNIPAM can be swelled in different common solvents (including NMP) [57]. Therefore, swelling a cPNIPAM piece in a PANI solution in NMP enables loading the linear PANI chains inside the hydrogel (Scheme S4). The phase transition temperature (LCST) of the hydrogel can be tuned by random copolymerization of the thermosensitive unit (e.g., NIPAM) with vinyl monomers (e.g., acrylic acid) bearing hydrophilic or hydrophobic groups. The incorporation of a hydrophilic group increases the LCST, while a hydrophobic group decreases the LCST [58]. Since conductive polymer chains are hydrophilic polyelectrolytes, the fixed charges and/or the counterions should increase the LCST of the hydrogel if present in the same phase. Accordingly, the LCST of the sIPN of PANI in cPNIPAM is of ca. 42 °C (while that of cPNIPAM is 32–34 °C) [59]. Therefore, the material is not a nanocomposite with two separate phases, but an intimate polymer blend with only one phase. Since the material contains a conducting polymer, it can be heated up by illumination with NIR I light, irradiation with microwaves or radiofrequency (Figure 6). Additionally, it can be seen that the gel collapses when a temperature is reached that is higher than the LCST of the nanocomposite (insert in Figure 6).



The change of LCST due to the interaction between the conducting polymer and the thermosensitive polymer chains is a disadvantage of this fabrication method, since it makes it difficult to predict the phase transition temperature of the final material. To use this method, it is necessary to have the conducting polymer soluble in a solvent able to swell the hydrogel. It is known that PANI can be solubilized in common solvents (e.g., CHCl3), which swell cPNIPAM [57], by doping with amphiphilic counterions [60]. Therefore, cPNIPAM gels were swollen in solutions of PANI (emeraldine salt with camphorsulfonate as amphiphilic counterion) in CHCl3 [61,62]. The nanocomposite is then dried by evaporation of the solvent, and swollen in water. Upon application of microwave radiation, the gel heats up and collapse suggesting that the P-T-MCh property is present. Recently, we showed that it was possible to synthesize a block copolymer of NIPAM and aniline (PNIPAM-b-PANI) by telechelic polymerization using 4-aminothiophenol as coupling agent [34]. The copolymer is soluble in water and can be loaded inside cPNIPAM by swelling the gel in a PNIPAM-b-PANI solution. Preliminary results suggest that it is possible to collapse the gel by irradiation with microwaves or NIR I light. Moreover, the LCST also increases due to interaction of the PNIPAM chains with the PANI chains, suggesting that a semi-interpenetrated PANI in cPNIPAM was formed. The increase of LCST due to the interaction between the ER absorbing (PANI) and thermosensitive (PNIPAM) chains is a disadvantage since could depend on the amount of PANI and/or the chemical nature of the conductive polymer. It could be interesting to use the method with polypyrrole (PPy), which is more hydrophobic than PANI (LCST should decrease) but no solvent is known for unmodified PPy. Since the LCST of sIPN PANI in PNIPAM is higher, (42 °C) that of PNIPAM or the nanocomposites (32–33 °C), more energy has to be applied to reach the LCST. Therefore, a quantitative difference exists for samples of the same size and PANI content.




3.6. Comparison between Composite Materials Made Using Different Synthetic Methods


The result of the application of different forms of electromagnetic radiation on the composite materials made by different synthetic methods is summarized in Table 1.



In Table 1, ON indicates that a visible volume collapse (and temperatures reaching above LCST) is achieved by a given time (see text), where the same radiation applied in the hydrogel matrix does not show an effect. OFF indicates that no noticeable difference is observed with the hydrogel matrix. In all cases, the material was tested with the PANI component in the protonated state (emeraldine salt (ES) = conductive and conjugated). Additionally, in the case of the nanocomposite made by PIH, the materials were also tested with PANI in the deprotonated (emeraldine base (EB) = non-conductive but conjugated) and reduced (leucoemeraldine (LE) = non-conductive and non-conjugated) (see Scheme 2). As can be seen, using any of the four synthetic methods produces materials active as ER-T-MCh, except for the nanocomposite made by GAN when NIR light is used. It is likely that nanoparticle aggregation produces a large amount of light scattering, which does not allow the light to reach the PANI nanoparticles.



On the other hand, in the case of the material made by PIH, the nanocomposite is active in the protonated (ES) and deprotonated (EB) state when NIR is used as input but only the ES state is active when microwaves or RF are used as input. Moreover, the nanocomposite is inactive for any form of electromagnetic radiation when the PANI is reduced (LE). This data agrees with the mechanism described in Scheme 1 and Scheme 2. Conductive materials (PANI ES) heat up by application of microwaves or RF due to the generation of Eddy currents which gives rise to Joule effect. On the other hand, NIR light is absorbed in conjugated materials (PANI ES and EB) and heats up the nanocomposite. Reduced PANI (LE) is neither conductive nor conjugated, and could not be heated up by any of the electromagnetic radiation applied. It should be mentioned that all the forms of radiation used has a background absorption in the hydrogel matrix. Therefore, we detect a differential effect between the composite and its matrix.





4. Discussion


The results described allow the establishment of thermomechanochemical nanocomposites driven by electromagnetic radiation (ER-T-MCh) materials as a new class of nanocomposites with product properties. Specifically, conducting polymers dispersed in thermosensitive hydrogels show clear ER-T-MCh activity. Moreover, the material reacts to external stimuli (pH, redox potential) with modulated ER-T-MCh effect. In this way, the material becomes a smart ER-T-MCh nanocomposite.



Three methods for producing nanocomposites are described: INH: absorption of conducting polymer nanoparticles inside porous thermosensitive hydrogels; GAN: trapping of conducting nanoparticles inside an in situ formed thermosensitive hydrogel matrix; and PIH: in situ polymerization of a conducting polymer inside the pores of a thermosensitive hydrogel matrix. Finally, a method (AMH) for the formation of macromolecular blends (semi-interpenetrated network) by absorbing conducting polymer molecules inside a nanoporous thermosensitive hydrogel is shown to produce an ER-T-MCh material. The advantages and disadvantages of the different methods are described in Table 2.



The different materials show mechanochemical changes (volume/density, solution release, hydrophobicity, mechanical properties, opacity, etc.) upon input of electromagnetic radiation (NIR I light, microwaves, and radiofrequency). The synthetic method has almost (with NIR I input with GAN being the exception) no effect on the ER-T-MCh property of the nanocomposite. On the other hand, it has a clear effect on the possibility of building different sized structures. Fabrication of nanostructures with INH is impossible and with GAN involves a redesign of the method while ER-T-MCh of nanometric size is easily made by PIH [63], or AMH. The INH method involves the physical mixing of two well characterized materials: conducting polymer nanoparticles and a macroporous thermosensitive hydrogel. Besides the photothermal effect, the interaction between the materials is minimal. Therefore, the mechanical properties depend mainly on those of the hydrogel matrix which can be set in advance.



If the component material (dispersed nanomaterial or hydrogel matrix) could be pre-formed in its final form and then physically integrated with the other component, it could be fully characterized before compositing. Therefore, in the case of INH, both the nanoparticle and the hydrogel could be characterized before compositing making it the best characterized material. The materials produced by GAN are similar but the strong effect of the NPs on the gelation and the aggregation of the NP during synthesis makes this method the less reproducible and less useful. In situ formation either of the nanomaterial (PIH) or the hydrogel (GAN) leaves one component poorly characterized. It should be noted that both components are carbon-based. Therefore, electronic techniques (SEM, TEM) show little contrast between the phases unlikely when an inorganic (e.g., gold nanoparticles) material is dispersed in a polymeric hydrogel. The deswelling process is reversible and can be repeated several times without noticeable damage. The mechanical properties of the hydrogels used as matrices and the nanocomposites have been studied previously [46,47,50,57,59,61,64], in the swollen (uncollapsed state). In general, the gels are soft materials with elastic modulus below 10 kPa [64]. The incorporation of the nanomaterial somewhat increase the modulus due to a decrease in the plasticity by the dispersed phase. However, other strategies, like double networking [65] or crosslinking with nanoparticles [31], should give better mechanical properties. In an actual application (e.g., triggered drug release), several parameters have to be taken into account like background absorption/scattering, heat dissipation, sample size, etc., to design real devices. On the other hand, this is the main method of nanocomposite synthesis when the formation of the nanomaterial (e.g., carbon nanotubes) is not compatible with the presence of the gel.
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Scheme 1. Mechanism of action underlying the effect of different forms of electromagnetic radiation on the termomechanochemical materials: (A) near infrared (NIR) light input; and (B) Microwaves/RF (radiofrequency) input in electromagnetic radiation driven thermomechanochemical (ER-T-MCh) materials. 
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Figure 1. Photographs of poly(N-isopropylacrylamide) (PNIPAM) (with 2% 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS)) hydrogels after immersion in a dispersion of polyaniline (PANI) nanofibers. The nanoporous hydrogel (left) was made by polymerization at ambient temperature, where the macroporous hydrogel (right) was made by polymerization using cryogelation (−20 °C). Then, both were exposed to a dispersion (1% p/v) of PANI nanofibers in water. Both gels were exposed to 700 W of microwave radiation by 30 s. 
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Figure 2. Effect of RF (30 kHz, 1000 W) irradiation on the hydrogel matrix (HG, black bars) and the nanocomposite (red bars) produced by formation of Crosslinked thermosensitive hydrogels of poly(n-isopropyacrylamide) (cPNIPAM) around PANI nanoparticles (stabilized with polyvinylpyrrolidone (PVP)). The temperature was measured with a thermographic camera. 
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Figure 3. Effect of microwaves on the hydrogel and doped (protonated) nanocomposite. Above: thermographic images taken before (a) and after (b) application of 5 s of microwave irradiation. The scales at the left of each panel link color with temperatures. Below: optical images taken before (c) and after (d) application of 5 s of microwave irradiation. The transparent sample (left in (c,d)) correspond to the hydrogel matrix while the green sample (right in (c,d)) corresponds to the nanocomposite made by IPH. 
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Figure 4. Effect of microwaves on the hydrogel (transparent) and the deprotonated (undoped) nanocomposite (blue) made by IPH. The upper panels (a,b) show the thermographic images before (a) and after (b) irradiation with microwaves by 10 s. The scales at the left of each panel link color with temperatures. The lower panels (c,d) show the optical photographs of the hydrogel (transparent, left) and nanocomposite (blue, right) before (c) and after (d) microwave (2.4 GHz, 70 W) irradiation for 10 s. 
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Figure 5. Comparative images of the hydrogel (transparent, left) and reduced (non-conductive) electromagnetic radiation thermomechanochemical (ER-T-MCh) nanocomposite (brown, right) made by in situ polymerization of aniline loaded inside a cPNIPAM hydrogel (IPH). Before measurement, both samples were treated with a reductant (phenylhydrazine). The thermographic images are shown in the upper panels (a,b). The scales at the left of each panel link color with temperatures. The optical photographs are shown in the lower panels (c,d). The images in (a,c) show the samples before irradiation, while the images in (b,d) depict the materials after microwave irradiation (2.4 GHz, 70 W, 10 s). 
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Scheme 2. Mechanism of the “smart” effect of deprotonation/reduction on the activity toward electromagnetic radiation of the nanocomposite made of PANI in cPNIPAM (IPH). 
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Figure 6. Measurements of temperature (red spheres) of a material (sIPN of PANI in PNIPAM-co-2% AMPS made by AMH) subjected to RF (1000 W, 30 kHz) irradiation. For comparison, the temperature of the hydrogel matrix (black spheres) during irradiation is shown. The temperature was measured using a thermographic camera. In the insert, the optical photographs of the ER-T-MCh material before (20 °C) and after 400 s of irradiation (47 °C) are shown. 
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Table 1. Comparative effect of different forms of electromagnetic radiation (ER) on the composite materials produced by different synthetic methods.
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Synthetic Method

	
State of Polyaniline (PANI)

	
Electromagnetic Radiation




	
Near Infrared Light (NIR I) (3 W, 850 nm)

	
Microwaves (70 W, 2.4 GHz)

	
Radiofrequency (RF) (1000 W, 30 kHz)






	
INH *

	
Protonated

	
ON

	
ON

	
ON




	
GAN #

	
Protonated

	
OFF

	
ON

	
ON




	
PIH *

	
Protonated

	
ON

	
ON

	
ON




	
PIH *

	
Deprotonated

	
ON

	
OFF

	
OFF




	
PIH *

	
Reduced

	
OFF

	
OFF

	
OFF




	
AMH *

	
Protonated

	
ON

	
ON

	
ON








* Lower critical solution temperature (LCST) = 33 °C, # LCST = 42 °C.
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