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Polymeric multilayer films were prepared using a layer-by-layer (LBL) technique on glass surfaces, by repeated and sequential dipping into dilute aqueous solutions of various combinations of water-soluble polyanions (polyacrylic acid (PAA)), polycations (polyallylamine hydrochloride (PAH) or chitosan (CS)), with bi-functional water-soluble cationic azo dyes bismark brown R bismarck brown red or bismark brown Y (BBY), or anionic azo dyes allura red (ALR) or amaranth (AMA), as ionic cross-linkers. The electrostatically-assembled ionically-paired films showed good long-term stability to dissolution, with no re-solubility in water. However, upon exposure to low power visible light under running water, the films photo-disassembled back to their water-soluble constituent components, via structural photo-isomerization of the azo ionic crosslinkers. The relative rate of the disassembly (RRD) of the films was established using UV-Vis spectroscopy, demonstrating that these assemblies can in principle represent fully recyclable, environmentally structurally degradable materials triggered by exposure to sunlight, with full recovery of starting components. A density functional theory treatment of the allura red azo dye rationalizes the geometrical isomerization mechanism of the photo-disassembly and provides insight into the energetics of the optically-induced structural changes that trigger the disassembly and recovery.
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INTRODUCTION
Society’s use of traditional disposable plastics has now clearly become a grave global environmental concern due to their overuse, non-degradability, poor processibility, and toxicity. In addition, plastic pollution creates enormous ecological, economic, and political problems (Shellenberger, 2020; Winch, 2020). However, encouraging efforts are being made in such fields as sustainable materials science and bioengineering towards providing low- or non-impact plastic alternatives using naturally derived polymers. From a chemical and engineering perspective, the design of plastics has two contrary goals: firstly to create materials that are durable, tough, and can be used for a long time, often requiring specific stability of use properties such as hydrophobicity, yet in contrast, an ideal material should also be able to be recycled into new and fresh materials for re-use after disposal. In reality, the first goal of stability and longevity is achieved with oil-based materials held together with strong carbon-carbon covalent bonds, which precludes much ability to disassemble later, so the real efficiency of plastics recycling is currently still very low. Generally, less than 10% of plastic is recycled (Chamas et al., 2020) and the number of truly recyclable polymers is quite limited (Wunsch, 2000). Even for ‘recyclable plastics’, the process usually can be applied only one or two times, after which the plastic loses its integrity and/or depolymerizes. A promising solution is the use of environmentally biodegradable plastic in place of petroleum-based materials, however, the production of such bioplastics so far has been generally too expensive to be cost-competitive with oil-derived plastics. Environmental degradation of bioplastics can also still be quite slow to complete effectively after use (Zrimec et al., 2021), and the decay process can also begin while the material is still desired to be used, quite unfortunately. (Chinaglia et al., 2018).
An alternative approach is a plastic that can be reversibly assembled from non-toxic and/or highly recyclable parts into durable stable materials, and then under certain conditions (stimuli), reversible breaking of the bonds that hold the components together is triggered, leading to rapid and controlled disassembly of the plastic only on demand after use, back into their starting components without chemical degradation and ready for re-use. An example of such reversible assembly is to use ‘soft’ ionic bonds to hold the material together electrostatically, before triggering the process of disassembly, where the covalent bonds of each component remain intact and only soft bonds holding the constitutional parts together are released reversibly, with no harmful or useless by-products. After disassembly, the constitutional parts can then be re-incorporated completely into freshly-made re-assembled bioplastics, representing in principle a fully 100% recyclable, repeatable, and recoverable process with no environmentally harmful by-products. This provides the advantage of a material simultaneously being both biodegradable and reversibly-soluble. Previously described disassembled polymer systems utilized external stimuli such as change in temperature (Carl et al., 2019), change of pH (Cao and Wang, 2016), use of metal ions with chelating agents (Balkenende et al., 2014), mechanical force (Ayer et al., 2016), or UV-light (Ma et al., 2015; Ayer et al., 2016; Ji et al., 2021; Jung et al., 2021). Temperature, mechanical force, or UV light can however potentially lead to the decomposition of constitutional parts, and thus the effectiveness of recycling is diminished. The pH-responsive systems and systems utilizing metal ions and chelating agents also require a significant amount of aqueous solution of a strong acid or a base. This can also complicate the process of the disassembly as well as recovery of the constitutional parts and increase the cost prohibitively. Moreover, such approaches require complex synthesis, and the materials often exist only in the form of hydrogels, making it impossible to apply them as everyday-use materials to replace oil-based plastics, for example, as packaging materials.
In the work presented here, we propose using visible light as a clean, facile stimulus to trigger disassembly of water-insoluble materials made from water-soluble polyions and oppositely-charged water-soluble azobenzene dye ionic cross-linkers. Azobenzenes are a common class of inexpensive fabric dyes and food colourings which are well-known to isomerize upon visible light irradiation, changing their geometry and dipole moment significantly (Bandara and Burdette, 2012), (Figure 1). When bi-functional azo dyes are incorporated into ionic assemblies with polyelectrolytes as cross-linkers, this geometric photo-isomerization can be engineered to disrupt the ionic interaction between the polymer and azo dye significantly enough to photo-disassemble the material with low power visible light. The water-solubility of each component can then be recovered, completely unharmed and un-degraded in the process, for complete re-use. Previously, work using azo dye trans-to-cis photo-isomerization was shown to change the solubility of some compounds, for example, to enhance the aqueous solubility of an anti-cancer candidate drug in an aqueous environment (Ishikawa et al., 2017) and to release a drug from an azobenzene-polyethylene glycol-nanoparticle micelle system (Li et al., 2018). In other previous work (Borchers et al., 2021), co-crystallized halogen-bonding azo dyes with volatile components to yield materials that could be precisely cut, carved, or engraved with low-power visible laser light, releasing only the soft bonds holding the materials together, and returning the co-former components intact.
[image: Figure 1]FIGURE 1 | Reversible isomerization of azobenzene between stable trans and metastable cis isomers induced with light or heat.
Applying visible light for disassembly materials was demonstrated previously (Xue et al., 2017; Tong et al., 2019) for some hydrogels or nanoparticles (Yang et al., 2013; Wang and Liao, 2016). An end-goal is to produce a free-standing plastic material, and to begin and better characterize our ionically assembled materials, we started with well-organized layer-by-layer (LbL) thin films on a transparent support surface, self-assembled as alternating layers of water-soluble polyions (such as polyacrylic acid (PAA), polyallylamine hydrochloride (PAH), and chitosan (CS)) and a variety of oppositely-charged bi-functional water-soluble azo dyes (bismarck brown Y (BBY), bismarck brown red (BBR), amaranth (AMA), and the most common food dye allura red (ALR)) held together via ion-ion interactions as cross-linkers. The chemical structures of these polymers and dye molecules are shown in Figures 2A, B, respectively. LbL assembly involves the sequential building of alternating layers of charged polymers/molecules from aqueous solution on a substrate via a spraying (Krogman et al., 2013) or dipping process of two water-soluble components, which after many layers results in a water-resistant thin film. Components are linked to each other in the films through soft, weak attractive forces such as electrostatic interactions, hydrogen bonding, or hydrophobic effects. Charged soft bonding interactions of polyanions and polycations, such as electrostatic interactions and hydrogen bonding, are of particular interest because both effects are easily reversible under gentle stimuli. This allows more complex systems to easily assemble and later reversibly disassemble when exposed to a particular stimulus such as pH, temperature, or salt, without breaking the covalent bonds of the individual component polymers. ‘Green’ aqueous-based LbL assembly offers many advantages compared to other traditional forms of film production, such as solvent casting, drop casting, and spin-coating; including ease of assembly with increased reproducibility, and a homogenous distribution of the components resulting in uniform films. LbL films and polyelectrolyte multilayer (PEM) films can be designed to be photo-responsive by: (i) covalently attaching a photo-switch to one of the polymers, or (ii) utilizing electrostatic interactions to crosslink the polymer using a photo-switchable cross-linker molecule. For example, polyelectrolytes which have been covalently modified in this way include PAA, and silk fibroin modified with azo dyes, to be used as tunable extracellular matrix materials (Landry et al., 2017).
[image: Figure 2]FIGURE 2 | (A) Structures of polyelectrolytes used to assemble multilayer films, and (B) structures of azobenzene dyes used as ionic cross-linkers.
Light can be a preferred stimulus in comparison to non-optical stimuli since it can be applied precisely and remotely delivered with minimal undesired chemical change to the host materials. One of the most effective and well-studied photo-switches is azobenzene, which can photo-isomerize between trans and cis (E and Z) geometric isomers reversibly upon irradiation at their wide characteristic absorption band in their UV-Vis absorption spectra which originates from the π-π* transition of the chromophore. The azobenzene molecule can be easily functionalized to prepare a range of azobenzene-based (azo) dyes possessing various charged groups (Benkhaya et al., 2020). For example, many azo dyes FDA-approved as edible food colourings such as allura red and amaranth are negatively charged, and the water-soluble bismarck brown dyes, commonly used as histological stains, are positively charged. In a previous study, the kinetics of photo-switching of the bismarck brown Y (BBY) azo dye when crosslinked in layer-by-layer cellulose-based films was studied for the first time (Edwards et al., 2023), showing that the isomerization of these small molecules is still possible even when sandwiched between the polymer layers. The isomerization of azo dyes can result in large structural disruption, changing from a planar, nonpolar structure (trans) to a polar, twisted confirmation (cis). These changes on the molecular scale can result in large macroscopic changes in the entire material, and azobenzene-containing materials have been developed for a wide variety of shape-changing applications, such as drug delivery via photo-driven assembly/disassembly, to fabricate surface relief holographic optical gratings, as sunlight-driven photo-actuators, and for photo-alignment of liquid crystal phases.
Generally, these materials are fabricated out of synthetic polymers. However, in response to the negative impact of synthetic polymers on the environment, a shift towards biodegradable and bio-based polymers has received much recent attention, and we have prepared electrostatically crosslinked LbL films for controlled photo-disassembly (Edwards et al., 2022), based on cellulose acetate (CA) and bismarck brown bi-functional azo dyes. Another non-toxic, cheap, and readily available biopolymer that can potentially replace petrol-based polymers such as PAA and PAH in these photo-reversible LbL materials is chitosan (CS), which is a positively charged, water-soluble, bio-based, and biodegradable polymer, and included in this report. CS is a linear polysaccharide constituted of repeating units of glucosamine and acetyl-glucosamine connected via a beta-1-4 linkage (Roberts, 1992) and is the deacetylated form of chitin, which is a biopolymer that can be ready extracted from the plentifully-available shells of crustaceans such as shrimp and lobster. Treatment of chitin with concentrated sodium hydroxide and mineral acid results in the production of biodegradable chitosan, commonly used in cosmetics, medicine (Yu et al., 2020), agriculture, and the food industry (Kean and Thanou, 2010; Siti Mohd Binti Isa and Mohamed, 2015). Previously, it was demonstrated that chitosan can be used in more advanced materials applications as multilayered films with copper ion detection properties (Borato et al., 2006), materials with optical storage capabilities (Dos Santos et al., 2003), hosting spontaneous birefringence (Sotero dos Santos et al., 2002), and as a controlled adsorption material (Tay et al., 2020).
In our current work, we extend from previous photo-degradable systems based on cellulose and bismarck brown azo dyes, now into readily-available and relatively harmless bifunctional azo-based food dyes (Silva et al., 2022) as the photo-addressable cross-linkers, paired with PAH and chitosan (Zhu et al., 2021) to produce a low-toxicity (in principle, even edible) light-responsive fully-recyclable material, with components whose environmental impact is greatly lessened. We report here the characterization of water-resistant self-assembled/disassembled multilayer polymer-azo dye materials, using a range of polyions for comparison (PAA, PAH, and bio-based CS) crosslinked using water-soluble azo dyes (BBR, BBY, and food dyes ALR, AMA) using the layer-by-layer technique. The multilayer thin films assembled were held together by electrostatic interactions between the oppositely charged polymer and photo-switch (azo dye) and provide a robust and stable material that was completely water resistant. Disassembly of these structured materials was triggered however by irradiation of visible light at sunlight intensities (∼100 mW/cm2) under a gentle flow of running water, disassembling the structure in reverse layer by layer, re-dissolving the materials back into their benign and non-toxic starting materials in a complete and controlled recycling process with, in principle, 100% recovery and re-use. A notable advantage is that this dis-assembly process can be accomplished with sunlight in environmental conditions, and thus represents a fully net-zero process energetically.
MATERIALS AND METHODS
LbL assembly of thin films
The chemical structures of the azo dyes and polymers used to prepare the multi-layered films are shown in Figures 2A, B. An automated slide stainer dipping robot Varistain 24–4 (Shandon Scientific Limited) was used to sequentially assemble multi-layered films consisting of the polymer crosslinked with the azo dyes (Figure 3A). For the substrate, 1″ × 3″microscope glass or quartz slides were cleaned by immersing in a ‘piranha solution’ (mixture of sulfuric acid/30% hydrogen peroxide) at room temperature for 24 h. For the systems involving anionic polymers and cationic azo dyes (e.g.,: PAA-BBR, PAA-BBY, CA-BBR, and CA-BBY) the multilayer deposition process was as follows: the negatively charged treated substrates were immersed in 0.01 M solutions of the positively charged cationic azo dye for 10 min, followed by three rounds of dipping in rinsing baths with deionized (DI) water (pH = 7) for 1 min each. The substrates were then immersed in the negatively charged polymer solutions (0.01 M of mers) for 10 min, followed by 3 similar rounds of 1 min rinsing with DI water. This dipping process was repeated to form a film with 50–90 bilayers (BL) in total. For the systems involving cationic polymers and anionic azo dyes (e.g.,: CS-AMA, CS-ALR, PAH-AMA and PAH-ALR), the multilayer deposition was analogous to the aforementioned process, however starting with dipping the negatively charged substrates into the positively charged polymer solution first, followed by washing and then immersion into the negatively charged azo dye solution. A schematic of the process of LbL assembly is shown in Figure 3A.
[image: Figure 3]FIGURE 3 | (A) Scheme of layer-by-layer (LbL) assembly for polymer-azo dye cross-linker multilayer films. (B) The experimental setup for light-disassembly of multilayered films under water flow in ‘simulated sunlight and rainfall’ environmental degradation conditions.
Light disassembly experiments
To mimic natural environmental degradation in the laboratory, ‘sunlight and rainfall’ conditions were simulated to examine the disassembly of the films by visible light, as depicted schematically in Figure 3B. The films deposited on glass and quartz substrates were clamped under a slow stream of DI water (pH = 7) with flow rate of 1–2 L/min maintained and recycled using an electric pump, at room temperature of approximately 20oC. The slides were mounted so that half the coated surface was shielded from light behind a black mask, but exposed to the same water flow, ‘upstream’ of the irradiated half of each slide. The black mask allowed for two zones of exposure, with the upper part of the slide being fully masked to prevent any exposure to light (control dark region), while the lower part of the slide was fully exposed to light irradiation. The films were irradiated using LEDs simulating sunlight spectra peaking in wavelengths either 380 nm, 460 nm, or 520 nm to match the azo absorption band, with light powers ranging from 10 mW to 5 W, placed 15 cm from the surface of the sample (Figure 3B). Such a distance provided irradiation for the experiment at intensities in the visible similar to sunlight, of up to 100 mW/cm2, without heating the sample. For each series of experiments a thermometer was placed close to the sample under water flow to monitor the temperature change during the irradiation, and to confirm that the change in temperature in all experiments did not exceed ±0.5oC. For the negative control experiments, samples were left in running water under ambient light for 2 days and no disassembly was observed either in the irradiated nor in the dark (mask-covered) regions. The UV-Vis absorption spectra of the coatings were recorded from 200 to 700 nm for quartz slides and 300–700 nm for glass slides. Photographs and UV-Vis measurements were taken at various time intervals, as shown in Figure 4, Supplementary Figure S2). The films were dried under a stream of air for 20 s before each measurement. These ‘simulated sunlight and rainfall’ experiments were performed in triplicate, and the disassembly rate was calculated from plots of absorbance vs. time. The loss of absorbance in the film was calibrated to diminishing film thickness using profilometry measurements in an atomic force microscope (AFM), as depicted in Figure 6.
[image: Figure 4]FIGURE 4 | (A) Stages of light disassembly of a PAH-AMA multilayer film on a glass substrate, 90 BL, with 523 nm light irradiation, water flow rate 1.2 L/min, 25°C. (B) Change in the absorbance in the irradiated region during the disassembly process.
Spectroscopies and analyses
UV-vis spectroscopy
UV−Vis spectroscopy of films was performed in transmittance mode using a Varian Cary 300 Bio spectrometer from Agilent Technologies, with a clean glass or quartz slide measured initially as background and also used during the measurements as the reference. UV-Vis absorption spectra of the coatings were recorded from 200 to 700 nm for quartz slides and 300–700 nm for glass slides in 2 nm increments. Prior to solution measurements, the UV-vis spectrum of a distilled water or a 1% water solution of acetic acid was measured as a background, and also used during the measurements as the reference.
To investigate the photo-bleaching behaviour of the azo dyes in different pH conditions upon irradiation by visible and UV light, 50 mL 0.1 M solution of each dye was prepared using distilled water, with the pH adjusted to pH = 4 using 0.1 M hydrochloric acid, or to pH = 12 using 0.1 M NaOH. 3 mL of each solution was placed in 3.5 mL 1 cm path length quartz cuvettes, closed and sealed with parafilm. The initial spectra of the solutions were collected and the cuvettes were placed in a gentle shaker 15 cm from the visible LED light source at either 460 nm (for ALR), or 523 nm (for AMA). For UV light, a mercury-vapor lamp was used, peaking near 360 nm. All measurements were conducted at ambient temperature of 20–22oC, and for each experiment a thermometer was placed inside another cuvette with the same solution and to confirm minimal temperature change during the shaking and irradiation, not exceeding 0.5oC.
FTIR, thermogravimetric (TGA), and differential scanning calorimetry (DSC) analysis
LbL films were carefully scraped from the surface of the substrate and ground to powder using an agate mortar. TGA of powder samples was performed before performing DSC experiments to determine temperature of destruction, on a Waters TA instruments Discovery 5,500 instrument in a nitrogen atmosphere. Average mass of the sample was 50 mg and the rate of heating was 10oC/min. DSC analysis was performed on Waters TA instruments Discovery 2,500 in a nitrogen atmosphere, heating from 0oC to 230oC, at a rate of 10oC/min, followed by cooling back down to 0oC from 230oC. The infrared (IR) spectra of the powder were acquired on a Perkin Elmer Spectrum II over the total range 4,000 cm-1 to 400 cm-1 at the best resolution 0.5 cm-1, with a single bounce diamond attenuated total reflectance (ATR) accessory employed. The IR spectra were recorded in transmittance mode, averaged over 10 scans.
Atomic force microscopy (AFM)
AFM was used to determine the thickness of the films, measured as the change in height at the boundary of the masked region of the films, performed on a MFP3D AFM equipped with a molecular force probe controller (Asylum Research, Oxford Instruments) in AC mode in air using ACTA (AppNano) probes.
Computational chemistry
As the most common azo food dye and model system, optimized structures of ALR were calculated in silico using density functional theory (DFT) with the B3LYP functional (Lee et al., 1988; Becke, 1993) and ma-def2-TZVP basis set (Weigend and Ahlrichs, 2005; Zheng et al., 2011). To treat attractive Van der Waals interactions, Grimme’s D3BJ dispersion correction was included in calculations (Grimme et al., 2010; Grimme et al., 2011). All calculations were performed in the Orca 5.0.3 software (Neese, 2012; Neese, 2017; Neese et al., 2020) with default settings, including the Resolution of Identity approximation (Weigend, 2002) with chain-of-spheres (RIJCOSX) (Neese et al., 2009; Izsák and Neese, 2011) and the def2/J auxiliary basis set (Weigend, 2006). Ground-state structures were verified by vibrational analysis (Bykov et al., 2015) and the absence of imaginary frequencies. Thermal cis-to-trans isomerization was investigated by a transition state search through the rotation pathway. This search was conducted by full geometry optimization under constraint of the CNNC dihedral angle, which was incremented in steps of 10°, with finer steps of 2.5° or less near the transition state. To reduce computation time, constrained optimizations were performed with the smaller basis set ma-def2-SVP (Weigend and Ahlrichs, 2005; Zheng et al., 2011), and then the energy of each structure along the reaction coordinate was evaluated as single points with ma-def2-TZVP. The identified transition state was further optimized with ma-def2-TZVP to estimate the activation barrier. Vibrational analysis of the transition state structure returned a single imaginary frequency corresponding to rotation about the azo-group.
Data processing and visualization
For data processing and visualization, MATLAB Version: 23.2.0.2391609 (R2023b) Update 2 was used. UV-vis and FTIR spectra were processed using ‘Spectragryph’ optical spectroscopy software. Molecular structures and vibrational modes from DFT were visualized with ‘ChemCraft’.
RESULTS AND DISCUSSION
Multilayer films comprised of water-soluble polymers, both biodegradable cationic CS and synthetic polyelectrolytes (PAA and PAH) for comparison, were assembled using the LbL protocols described, with bi-functional photo-responsive crosslinker azo food-grade dyes ALR and AMA, and also with previously studied (non-food-grade) azo dyes BBY, BBR, again for comparison (Edwards et al., 2022). All combinations of these polymers and dyes produced robust and water-resistant materials that did not re-dissolve in water, over immersion periods of many months at ambient interior light intensity levels. In particular, this demonstrated that naturally-sourced CS biopolymer can form stable multilayer films similarly successful to their synthetic and non-bio-degradable counterparts PAH and PAA, two of the most common polyelectrolytes used in multilayer formation, and that non-toxic food dyes ALR and AMA can also be used as successfully stable cross-linker bi-anions, similar to BBY and BBR employed previously (Edwards et al., 2022). Under visible light irradiation at levels similar to strong exterior sunlight however, and the simulated environmental degradation conditions described, all multilayer films were observed to undergo gradual photo-driven disassembly while being gently washed with water under illumination. The systems PAH-ALR and PAH-AMA are described in this section in detail as best examples, and the analogous data and analysis are provided in the Supplementary Information SI for systems CS-ALR, CS-AMA, PAA-BBY, and PAA-BBR, to demonstrate that this photo-degradation can be a general phenomenon across a range of azo dyes and counter-polyelectrolytes. A full study of free-standing bioplastic materials of fully biodegradable food-grade CS-ALR and CS-AMA systems and their mechanical properties and similar photo-disassembly has been undertaken in parallel, and will be the subject of a forthcoming follow-up report.
The multilayer assemblies prepared were generally optically clear, with a deep red, pink, orange, or yellow appearance due to the characteristic colours of the green-, blue-, and violet-absorbing azo dyes used. For example, PAH-AMA coatings exhibited a deep pink colour (Figure 4B) while CS-ALR films exhibited a deep orange colour (Supplementary Figure S3A), similar to the spectra of the dyes employed in their assembly. UV-Vis absorption spectroscopy confirmed that the dye-polymer multilayers display a strong absorption band in the visible region (λmax = 450–530 nm) ascribed to the π-π* azo transition (Figure 4B, S2A, S3A, S4A). As depicted in Figure 4B, UV-Vis absorption spectroscopy also displayed a broad peak in the UV region ascribed to the n-π* transition of the azo dye and the characteristic peak associated with the polymers containing C–C bonds. The presence of electrostatic ionic interaction between the polymer and azo dye within the multilayered films was illustrated by FTIR spectroscopy, via the shifting peaks of sulpho-groups of the azo dyes from 1,010 to 1,020 cm-1 to 1,000 cm-1 and from 1,190 cm-1 to 1,170 cm-1 as shown in Supplementary Figure S5.
UV-vis spectroscopy
An advantage of using azo dyes as crosslinkers in these multilayered films is that their concentration within these materials can be readily tracked spectroscopically in real time, and therefore serve as a proxy for disassembly of the films layer-by-layer as the dye and polymer are released, according to Beer’s Law. Complete recovery of the dye released from the assemblies into solution via the closed-loop washing cycle confirmed the non-degradation of the chromophores during the photo-disassembly process, which proves that this is a reversible physical disassembly only, and not a chemical degradation or bleaching of the dye. This is expected when using visible light at sunlight wavelengths and intensities only, as these dyes have been developed and long-used as stable, fast colourants for fabrics and food products. Using UV-Vis spectroscopy, the disassembly of the multilayered films was tracked over time as the films were exposed to various wavelengths and intensities of visible light, while being gently and constantly washed with water, to quantify the rate of photo-disassembly driven by the geometric trans-to-cis photo-isomerization of azo dyes BBY, BBR, AMA, and ALR.
It is proposed that during irradiation, the isomerization of the azo dyes within the multilayered films sufficiently disrupts the ionic interactions between polymer and the dye holding the material together, pairing the charges and thus keeping it water-resistant, and results in dissembling the multilayer structures back into their water-soluble starting components. Visually, a decrease of optical colour intensity in the irradiated part of the films was observed, as shown, for example, in Figure 4A. To quantify this disassembly process, UV-Vis spectroscopy was used to monitor the decrease in the absorbance (and thus dye concentration) of the large absorption peaks in the visible region corresponding to π-π* electronic transition of the–N=N–bonds, by recording absorbance change with time, as shown in Figure 4B.
To demonstrate that the disassembly of the materials was due to both removal of the azo dye and the polymer from the substrate over time, the multilayered films were also prepared on quartz substrates in addition to glass. Glass absorbs in the UV-B and UV-C region and precludes monitoring of the absorbance bands characteristic of all the polymers used for assembly (such as near λ = 200–220 nm), yet quartz substrates however do not absorb in this UV region and thus permit spectral peaks of just the polymers to be collected. Time-dependent UV-Vis spectra of the multilayer films on quartz substrate for system PAH-ALR showed the decrease in absorption peak of the polymer (λ ∼ 210 nm) during disassembly experiments, concomitant with the decrease of the dye observed in the visible region. This confirmed that the polymer disassembles at similar rates to the dye disassembling, yet the multilayer films prepared on the quartz substrates were not as uniform or reproducibly good quality as those prepared on glass, possibly due to the quartz surfaces possessing fewer charged groups on the surface compared to glass, and/or less roughness, so glass was chosen as the preferred substrate for all experiments except for the UV absorbance of the polymer components.
In order to prove that the disassembly under light was not due to the photobleaching of the azo dye (decomposing of the organic compound due to high light energy), we compared UV-Vis spectra of acidic and basic water solutions at two extreme conditions of disassembly of AMA after exposure to both high-power UV light and to low-power green light (Figure 5). After 5W exposure of UV light to solutions at pH = 4.0, the spectra of the azo dye did not change significantly even after 68 h of irradiation (Figure 5A) confirming no chemical destruction of the dye. However, at a basic pH = 12.0 the main peak at 520 nm decreased dramatically after 68 h of exposure indicating degradation of the azo dye, in agreement with a previous stability assessment (Si et al., 2021). Hence, the spectra of the induced photo-degradation process by UV light in basic solution was used as a positive control for photo-bleaching. For the azo dyes used in this study, the wavelength of light required to initiate trans-to-cis photo-isomerization was in the visible range of blue-green light (460–532 nm), so low powered (8 mW) green LED lights were used. Spectra of the azo dyes in both acidic and basic solutions (Figure 5B) even after 231 h of exposure to low-power green light did not change significantly, confirming that any decrease in their absorbance over time and/or disassembly of the multilayer films, was not due to the chemical destruction of the azo dye. As a further control, multilayer films comprised of CS-PAA, and PAH-PAA did not show any degradation of disassembly under similar irradiation, confirming that the presence of the azo dye as cross-linker is essential to disassembly.
[image: Figure 5]FIGURE 5 | UV-Vis spectra of amaranth water solutions at pH = 4.0 and pH = 12.0 after exposure to: (A) UV light 300–390 nm, and (B) Green light (523 nm).
Physical properties of the LbL films (AFM, TGA, DSC)
The thermo-mechanical characteristics of the multilayer films were determined by TGA and DSC, where it was observed that the systems containing the azo dyes had a higher thermal decomposition temperature and glass transition temperature than their components (Supplementary Figure S6). The Tg of both the PAH-AMA and CS-AMA systems was observed to be between 180°C and 185°C, in comparison to Tg values of ∼10°C and ∼85°C for PAH and CS respectively. To confirm that the decrease in optical absorbance corresponded to a decrease in the thickness of the films, the thickness of the 4 multilayer systems was measured directly by profiling with AFM, at the region of height transition from the masked to the un-masked regions. Two examples of this thickness-loss confirmation are shown in Figure 6, for a PAH-AMA 80 bilayer film 84 nm thick, and a PAA-BBY 70 bilayer film 204 nm thick, both reduced to bare substrate (thickness = 0) in the irradiated regions.
[image: Figure 6]FIGURE 6 | Determination by AFM of the thickness of (A) PAH-AMA multilayer film (80BL) deposited on a glass substrate, thin film (yellow) on a glass substrate (red), thickness 84 nm. (B) PAA-BBY multilayer (70BL) deposited on glass substrate, thin film (yellow) onto on glass substrate (red), thickness 204 nm. Data processed using Mountains SPIP v. 9.1.9837 (digital Surf). Scan specs: resolution (512 × 512), Scan rate (0.5 Hz and 1.0 Hz), scan size 5–50 μm.
DSC has confirmed that the Tg of PAA is of the order of 103°C and increases with increasing anhydride content, reaching a value (extrapolated) of 140°C for the pure linear anhydride (Eisenberg et al., 1969). The Tg of cellulose powder was reported to be in range 200–250oC, close to the temperature of initial decomposition of 266oC (Karing et al., 1960). In Szcześniak et al. (2007) it was shown that the Tg of cellulose depends on the degree of crystallinity and water content inside the polymer and can vary from −40–230oC. A similar biopolymer, gelatin, has a Tg around 60oC which can be increased with increased degree of inter- and intramolecular cross-linking (Perkasa et al., 2013). The Tg of chitosan can vary from 150 to 160oC, depending mostly on the water content inside the polymer and less so on the degree of acetylation (Dong et al., 2004). Observed increases of Tg of polymer-azo dye systems can be rationalized by considering the increased number of inter- and intramolecular cross-links between the polymers by azo dyes. In case of chitosan, the interaction between the biopolymer and azo dye can also lead to change in the degree of crystallinity, resulting in the higher Tg than for the pure polymer.
Assessing disassembly of multilayer films
Complete dye recovery with no chemical damage was confirmed by collection and analysis of the coloured rinse bath water. With confirmation by AFM and quartz UV-Vis analysis that the optical absorbance decreases are accompanied by a removal of the polymer and a decrease in the multilayer thickness, UV-Vis spectrophotometry could thus be employed to readily monitor the disassembly of the films and with confidence, in real time, under irradiation. Figure 4A shows qualitative photographs of a PAH-AMA film which was initially a deep pink color, which fully diminishes after 233 h of continuous irradiation with green light in the un-masked region, while being gently washed with water. The associated set of time-dependent UV-Vis spectra presented in Figure 4B quantifies that with this decrease in the colour of the film, the absorbance decreased from 0.6 to 0.1, at the ∼520 nm peak corresponding to the AMA azo dye π-π* transition, as the concentration of the azo dye on the substrate decreased towards zero. Similarly, Supplementary Figure S1 shows corresponding photographs of the multilayer films of (A) PAA-ALR, (B) CS-ALR, and (C) PAA-BBY over time with irradiation of light, while being gently washed with water, to 367 h, 141 h, and 50 h respectively. Supplementary Figure S2 quantifies the time dependent UV-Vis spectra band decreases for the PAH-ALR films, which similar to the PAH-AMA films, shows that during irradiation there was a decrease in the absorbance at ∼ 490 nm (the π-π* transition for ALR) from absorbance 0.8 to 0.1, as the concentration of the azo dye in the remaining multilayer decreased towards zero.
To calculate a relative rate of disassembly (RRD), the absorbance at the azo dyes λmax was plotted over time, as shown in Figure 7 for PAH-AMA, and in Supplementary Figure S2–4 (parts B) for the systems PAH-ALR, CS-ALR, and PAA-BBY. For the PAH-AMA system it was observed that the initial absorbance varied somewhat on x-y position, due to a slightly uneven distribution of the thickness of films, as in general such LbL films assembled vertically by robots tend to be thicker near the bottom due to adsorption-gravity gradients. In both the irradiated and un-irradiated (‘light’, red points; and ‘dark’, blue points) regions of the film, an initial steep decrease of the absorbance is generally observed. For both light and dark areas, this initial decrease is attributed to the leaching out of the films of excess dye that was not fully ionically adhered and remained un-washed away during fabrication in the relatively brief rinsing cycles.
[image: Figure 7]FIGURE 7 | (A) Change in the absorbance maxima of PAH-amaranth multilayer films over time of disassembly (90 BL, 523 nm light). (B) Linearized data of change in the 1/absorbance maxima of the amaranth in multilayer film PAH-AMA for determination of the rate of the disassembly.
To quantify a rate of disassembly the, absorbance (A) was plotted against time in the following coordinates: 1/A vs. time and lnA vs. time, with the R-squared values of 1/A vs. time fitting the highest, suggesting that the disassembly of the multilayer films follows as a pseudo-second order process. From the plots of 1/A vs. time, the slopes were calculated that correspond to a rate of disassembly for each zone (light vs. dark), and these rates of disassembly of each zone were normalized to each other, for a ‘relative rate’ ratio of disassembly (RRD). Figure 7B shows the 1/A vs. time plot of PAH-AMA for light/irradiated region (blue points) vs. dark/non-irradiated (red points), which shows a linear slope for the irradiated region. The rate of disassembly of the light region was calculated to be 0.04 A units h-1, compared to the dark region rate of 0.0007 A units h-1, which in this case can be considered to be essentially zero, similar to the small loss of azo from the films by washing for so long in a constant flow of water. This analysis returned a RRD ratio of 57:1for the PAH-AMA films, and results for other polymer-azo dye systems are presented in the SI (Supplementary Figure S2–4A). For the PAH-ALR system the RRD was calculated to be 14:1, and 6:1 for the PAA-BBY system. Several factors that could be influencing the RRD were investigated, as discussed in the following paragraphs.
To investigate the role of molecular weight of the polymer used, we compared the disassembly rates of multilayer films made from bismarck brown dyes and monodisperse PAA of molecular weights 2k and 5k. The results (Figure 8, green and blue bars) showed that the 2.5-fold decrease molecular weight of PAA resulted in a 2-fold increase in RRD. Also shown in Figure 8 (orange and the blue bars) is that multilayer films with higher number of layers disassemble more slowly.
[image: Figure 8]FIGURE 8 | Comparison of RRD of multilayer films PAA of different molecular weights with BBR and BBY.
To investigate the effect of the structure of the azo dye, two cationic azos were used in our study of PAA: BBY and BBR, which differ structurally only in the addition of three methyl groups in ortho- and para-positions relative to the azo-group in the case of BBR (Figure 2B). A higher RRD was observed for BBR than BBY (Figure 8, blue and red bars). This might be explained by increased electrostatic repulsion between additional methyl groups in the case of BBR leading to less adhesion within multilayer films which gives a greater effect from trans-to-cis isomerization.
Computational investigation of ALR isomerization
Transitioning from using fabric azo dyes such as BBY and BBR, to low-toxicity azo food dyes such as ALR and AMA has the advantage of creating systems with lower environmental impact, yet this introduces a problem for experimental spectroscopic confirmation of the trans-to-cis isomerization. A hallmark of most of these low-toxicity azo food dyes is that they generally contain a hydroxy-group in ortho ring position with respect to the azo-group, and this leads to exceedingly fast thermal cis-to-trans isomerization times in the millisecond to sub-millisecond timescale (Gabor and Fischer, 1962; Ball and Nicholls, 1985; García-Amorós et al., 2010). Unlike BBY and BBR, for example, where the half-life of the cis form is on the order of seconds and so is easily confirmed and characterized with accessible laboratory spectroscopic equipment (Edwards et al., 2023), such measurements are precluded for ALR and AMA with recourse only from cold temperatures or ultra-fast flash photolysis techniques. It is speculated that the ortho-hydroxy group enables an azo-hydrazone tautomeric equilibrium, wherein transfer of a proton from the hydroxy group to the azo-group results in reduction of double-bond character, leading to a facile and rapid low-energy rotational transition back to the trans form (García-Amorós et al., 2010; García-Amorós and Velasco, 2012; Bandara and Burdette, 2012; Poutanen et al., 2018). Such azo-hydrazone tautomerism has been reported in phenylazonaphthol derivatives similar to ALR and AMA (Özen et al., 2007; Rauf et al., 2015; Vannucci et al., 2021). Indeed, this is likely the very reason that food dyes include this ortho-hydroxy cis-eliminator group, as with no significant cis concentration for any appreciable duration, FDA approval for use and sale could be sought and obtained for the stable and testable trans form only (Gudelj et al., 2011). The cis form still does get created on isomerization, even if short-lived, exhibiting rapid thermal isomerization rates due to this azo-hydrazone equilibrium, so applications of azo as a geometric trigger such as what is being described here still work even if spectroscopic confirmation and characterization is too fast to observe.
In lieu of experimental spectroscopy, theoretical analysis of such food dyes can be undertaken. Very few computational studies on azobenzene food dyes have been published, and among these publications, theoretical investigations of the isomerization mechanism still remain unexplored. To support the results presented herein for the isomerization-induced disassembly of LbL films, a theoretical investigation of the isomerization of ALR was carried out using DFT approaches, as a representative system for the large class of ortho-hydroxy azobenzene food dyes. In a recent experimental and DFT study, the acid-base characteristics of ALR were investigated. This study revealed five acid-base forms for ALR, where the form deprotonated at the azo-group and sulphonate groups (Figure 2B) was predicted to be the predominant species at neutral pH (Bevziuk et al., 2017), the pH range relevant to ALR in the context of LbL films presented here. Accordingly, this acid-base form was the focus of all DFT computations discussed next.
All possible conformers of the enol and keto tautomers of trans- and cis-ALR were investigated. Salient conformers are shown in Figure 9, where the labels a and b signify the enol and keto forms, respectively. As a note on nomenclature, hydrazone-type molecules can adopt a naming convention different from that of azobenzene, where ‘cis’ and ‘trans’ no longer refer to configuration about the azo bond. For simplicity and consistency here however, ‘trans’ and ‘cis’ are used to refer to the ring arrangement about the azo bond only, for all structures considered. Conformer 2b of both the trans and cis isomers was identified as the global minimum structure. This finding was expected for the trans isomer since a favourable hydrogen bond exists between the tautomeric oxygen and the nearby azo lone pair, as well as additional stabilization through the electrostatic interaction between the methoxy group and tautomeric azo hydrogen. All other possible conformers not shown in Figure 9 were excluded from further analysis since they presented electronic energy barriers of 40–80 kJ/mol relative to conformer 2b. Table 1 lists ΔG values predicted at 298.15 K for conformers shown in Figure 9, relative to the lowest energy conformer 2b. Assuming a Boltzmann distribution of these conformers and noting that each cis conformer has a 2-fold degeneracy, the calculated isomerization energy ΔGiso at 298.15 K for ALR was 85.9 kJ/mol.
[image: Figure 9]FIGURE 9 | Conformational structures of trans ALR in the enol (A) and keto (B) tautomeric form investigated by the DFT method at the B3LYP-D3BJ/ma-def2-TZVP level. The corresponding cis isomer of each structure was obtained by rotating the geometry about the azo bond, and then reoptimizing the resultant structure.
TABLE 1 | Relative Gibbs free energy, ΔG, at 298.15 K of significant cis-ALR and trans-ALR conformers with respect to the lowest-energy conformer for both isomers, 2b.
[image: Table 1]Calculated lowest-energy structures for the keto trans and cis isomers were stabilized by ketone resonance, which not only tends to eliminate charge separation of the zwitterionic keto form, but also reduces the double-bond character of the azo-group. As a result, the thermal isomerization process likely obeys a rotation mechanism similarly to azo dyes exhibiting azo-hydrazone tautomerism discussed previously, as well as push-pull azo dyes (García-Amorós et al., 2010; Bandara and Burdette, 2012). The structure of the rotational transition state is shown in Figures 10C, D alongside structures of global minimum cis and trans geometries in Figures 10A, B. Interestingly, the geometry scan along the CNNC dihedral yielded different transition state structures degenerate in energy depending on whether the initial stationary point was the cis isomer (Figure 10C) or the trans isomer (Figure 10D). These structures differed by the location of the lone pair on the azo nitrogen adjacent the phenyl ring, as well as the rotation of the phenyl ring with respect to the plane of the azo bond. Animation of the imaginary vibrational modes for both structures revealed an umbrella inversion of the tautomeric azo nitrogen alongside the expected rotation (Supplementary Movies S1, S2). The energy for the transition state was taken as the crossover point in the rotation energy profile shown in Figure 11, which occurred at a dihedral angle of approximately 88°. The cusp appearing in Figure 11 represents a deficiency in the single-reference formulation of Kohn-Sham DFT, which is ill-suited for the description of systems where non-dynamical correlation becomes significant, such as bond breaking. The cusp can be corrected in the spin-flip approach of time-dependent DFT (Shao et al., 2003) which has been recently benchmarked for several azo compounds (Axelrod et al., 2023; Singer et al., 2023). A more thorough investigation will be the subject of a forthcoming separate report for ALR and other similar azobenzene food dyes. Herein, a likely overestimate for the activation free energy barrier [image: image] of ALR thermal isomerization at 298.15 K was found to be 24 kJ/mol, still far lower than the barriers of experimentally observable systems previously reported (Gabor and Fischer, 1962; Ball and Nicholls, 1985; García-Amorós et al., 2010), which suggests a rapid thermal isomerization rate for ALR on the order of microseconds or less. This low barrier may be explained by facile rotation of the hydrazonic cis isomer as discussed previously, as well as hydrogen-bonding which tends to stabilize the transition state (Figure 10D) and trans isomer (Figure 10B), while being absent in the cis isomer. Moreover, Ball and Nicholls found that the isomerization of a related phenylazonaphthol, 4-phenylazo-1-naphthol, incorporated in cellulose triacetate films was accelerated upon introduction of water (Ball and Nicholls, 1985). Wet LbL films in combination with a rapidly isomerizing azo dye such as ALR, likely explains the difficulty for verifying the isomerization process spectroscopically, unless ultrafast flash photolysis techniques are employed.
[image: Figure 10]FIGURE 10 | Optimized geometries of conformer 2b of (A) cis-ALR and (B) trans-ALR, as well as the rotational transition state for an initial stationary point of (C) cis-ALR or (D) trans-ALR. Dotted lines signify hydrogen-bonding.
[image: Figure 11]FIGURE 11 | Energy profile for cis-trans thermal isomerization of ALR through the rotation pathway plotted as a function of the normalized reaction coordinate. Data points in blue and red signify cis or trans isomers as initial stationary points in the geometry scan, respectively. Overlaid structures are the transition states starting from each stationary point.
CONCLUSION
Multilayer films were assembled by ionic interaction between a series of water-soluble polyions and water-soluble azo dyes, leading to water-insoluble thin films stable to re-dissolution. Upon irradiation with visible light at sunlight wavelengths and intensities however, the films photo-disassembled back to their water-soluble constituent components, via structural photo-isomerization of the azo ionic crosslinkers, with complete recovery of the starting components re-solubilized, unharmed. The relative rate of the disassembly of the films was measured using UV-Vis-spectroscopy, demonstrating that these assemblies can in principle represent fully recyclable (physically, not chemically) degradable materials triggered by exposure to sunlight, with full recovery of starting components. A density functional theory treatment of the allura red azo dye rationalizes the geometrical isomerization mechanism of the photo-disassembly and provides insight into the energetics of the optically-induced structural changes that trigger the disassembly and recovery, as well as why experimental spectroscopic confirmation of the cis isomer is prohibitive. We have used the term disassembly as opposed to the terms depolymerization or degradation that are usually used in the literature describing recyclable polymer materials. The term highlights an important property of the multilayer systems developed and reported here, where the constituent components used to make the films are freed by gentle photo-disassembly, allowing recovery and separation from each other, and used again to make new multilayer films, offering a new model system for designing materials with photo-reversible solubility that can be used as fully recyclable and recoverable materials.
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