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Abstract

:

HCN-derived polymers are a heterogeneous group of complex substances synthesized from pure HCN; from its salts; from its oligomers, specifically its trimer and tetramer, amino-nalono-nitrile (AMN) and diamino-maleo-nitrile (DAMN), respectively; or from its hydrolysis products, such as formamide, under a wide range of experimental conditions. The characteristics and properties of HCN-derived polymers depend directly on the synthetic conditions used for their production and, by extension, their potential applications. These puzzling systems have been known mainly in the fields of prebiotic chemistry and in studies on the origins of life and astrobiology since the first prebiotic production of adenine by Oró in the early years of the 1960s. However, the first reference regarding their possible role in prebiotic chemistry was mentioned in the 19th century by Pflüger. Currently, HCN-derived polymers are considered keys in the formation of the first and primeval protometabolic and informational systems, and they may be among the most readily formed organic macromolecules in the solar system. In addition, HCN-derived polymers have attracted a growing interest in materials science due to their potential biomedical applications as coatings and adhesives; they have also been proposed as valuable models for multifunctional materials with emergent properties such as semi-conductivity, ferroelectricity, catalysis and photocatalysis, and heterogeneous organo-synthesis. However, the real structures and the formation pathways of these fascinating substances have not yet been fully elucidated; several models based on either computational approaches or spectroscopic and analytical techniques have endeavored to shed light on their complete nature. In this review, a comprehensive perspective of HCN-derived polymers is presented, taking into account all the aspects indicated above.
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1. Introduction


HCN-derived polymers, commonly simply called HCN polymers, comprise a heterogeneous family of complex organic substances synthesized from pure HCN or soluble cyanide salts (e.g., NaCN, KCN or NH4CN); from the oligomers, trimers and tetramers of HCN, including amino-nalono-nitrile (AMN) and diamino-maleo-nitrile (DAMN); or from the hydrolysis products of HCN such as formamide, under a wide range of experimental conditions. They are heterogeneous solids ranging in color from yellow or orange to brown or black depending on the degree of polymerization and/or cross-linking. A brief summary of their syntheses is shown in Scheme 1.



The HCN is a ubiquitous molecule in the Universe [1,2]. It has been detected in interstellar clouds, star-forming regions, planetary nebulae, interplanetary dust, comets [3], meteorites and atmospheres of satellites and planets such as Titan and Pluto [4,5,6]. In a terrestrial context, HCN can be identified in volcanic eruptions [7] and hydrothermal vents [8,9] and may have been relatively abundant in the atmosphere of the early Earth [10,11]. In addition, HCN polymers are considered the oldest organic substances of the solar system [12,13]. On the other hand, the synthetic story of HCN polymers began long ago. In the lab, HCN was prepared for the first time by Scheele in the second part of the 18th century by heating blood with KOH and charcoal. He obtained a mixture that he called “Blutlage”, which he distilled with sulfuric acid [14]. A few years later, Proust observed the oligomerization of HCN in the early 19th century [15]. In the last part of that century, Wipperman reported his research on the conversion of aqueous HCN into its trimer (amino-malonic acid dinitrile), which was subsequently hydrolyzed and decarboxylated to produce glycine [16], and Pflüger published one of the earliest chemical speculations concerning the origin of “living proteins” from cyano compounds [17].



However, the aqueous chemistry of HCN only achieved its current importance in studies about the origin of life from the first prebiotic synthesis of adenine by Oró [18]. Since then, the reaction of HCN polymerization has generally been considered the preferential prebiotic route for the synthesis of purines and pyrimidine derivatives. Thus, it has been suggested that HCN polymers may be important substances in the first stages of the chemical evolution of life. Indeed, currently, HCN chemistry is considered key in new proposals regarding scenarios and hypotheses related to the first stages of increasing molecular complexity that led to the rise of life. In addition, beyond the interest in HCN polymers in the fields of astrochemistry, prebiotic chemistry and astrobiology, these fascinating substances are inspiring new materials and present interesting properties that can lead to promising applications. Despite their being of great interest in various fields of knowledge, the relationships between the structures and properties of HCN-derived polymers are not sufficiently clear due to a lack of full characterization and because their properties are highly sensitive to experimental synthesis conditions. By extension, their corresponding pathways of formation are also unclear, although several structural models and hypothetical pathways have been proposed that consider both experimental data and computational analyses. All the above-mentioned aspects of these puzzling systems will be discussed within the next pages.




2. HCN in Prebiotic Chemistry and Astrobiology


Currently, HCN chemistry enjoys growing attention in studies about the origin of life (Figure 1), likely due to the experimental proposals made by Sutherland’s group in 2015 regarding the common origin of RNA, protein and lipid precursors in cyano-sulfidic proto-metabolism [19]. This paper, together with the conceptual approach proposed by Eschenmoser, commonly known as the “glyoxilate scenario” [20,21], suggests that the reaction networks that describe plausible protometabolic systems are based on HCN homologation, i.e., that all the carbon and nitrogen atoms contained in the compounds that are components of the reaction networks come from this unique source. In addition, Eschenmoser encouraged revisiting HCN chemistry by focusing on its non-robust parts to demonstrate its full potential as one of the possible roots of prebiotic self-organizing chemical processes. Moreover, very recently, aqueous HCN chemistry has again reached prominence due to computational analyses, which strongly suggest that simply HCN and water may be the precursors of RNA and proteins [22].



As indicated above, the oligomerization/polymerization of cyanide has thus far been considered the preferential prebiotic route for the production of nucleobases, including both purines and pyrimidines (see, e.g., [23,24]). In this sense, nucleobases are especially relevant to the experimental works by Ferris et al. in the 1960s and 1970s [25,26,27,28,29,30,31], the reports by Schwartz et al. in the following decade [32,33,34,35,36,37] and, more recently, the research of Miller’s group [38,39]. Additionally, several computational works have focused on the possible prebiotic production of nucleobases from HCN while taking into account several scenarios (atmospheric, interstellar or aqueous) [40,41,42]. In addition, it is well known that the oligomerization/polymerization of HCN leads to the production of amino acids and hydantoins after hydrolysis [39,43,44,45,46,47,48,49]. In this sense, the constructive and high-level scientific replicates between Ferris and Matthews about the peptide nature of HCN polymers in the last years of the 1970s and 1980s are notable and will be discussed below. Moreover, the aqueous oligomerization of HCN generates precursors of co-factors such as pteridines [50] and carboxylic acids (some of which are implicated in the reductive tricarboxylic acid cycle or inverse Krebs cycle) [51], fatty acids [45], and other compounds such as triazines, which are considered non-canonical nucleobases in the informational polymers of a plausible “pre-RNA world” [51,52]. On the other hand, the radiolysis of aqueous HCN solutions also gives the formation of several polar organic compounds of biological interest [53,54,55]. In addition, recently, the synthesis of RNA precursors such as glyco-aldehyde, cyanamide, 2-aminooxazole and 2-aminoimidazole has been demonstrated from HCN by combining radiolysis and dry-down techniques [56]. Additionally, it is possible to produce simple sugars from an excess of HCN in the presence of e−aq [57,58,59]. Thus, the HCN molecule is considered a main compound in the chemical evolution processes that lead to the generation of protometabolic and informational systems in the development of primitive biochemistry [60] (Figure 2).



At this point, it should be pointed out that HCN only efficiently oligomerizes/polymerizes in aqueous environments at alkaline pH values, preferably between pH = 8 and pH = 10 [61]. Therefore, from a prebiotic point of view, aqueous HCN polymerization can be reduced to cyanide polymerization because the pKa of HCN is 9.2, and most of the prebiotic syntheses indicated above were carried out at pH values higher than or equal to 9.2. In any case, concentrations greater than 0.01 M are required for HCN to oligomerize/polymerize in aqueous solutions, whereas in more dilute solutions hydrolysis is the dominant process [26]. Therefore, taking into consideration the issue of the possible HCN concentrations in aqueous natural environments, the following question arises: was the oligomerization/polymerization of HCN possible on primitive Earth? Some recent studies have proposed possible formation mechanisms and concentration ranges for HCN in the early Earth’s atmosphere, both at the planetary level and in local environments [10,11,62,63,64,65].



On the other hand, the presence of HCN in hydrothermal systems has been suggested in both submarine [8,9] and, more recently, aerial [66,67] hydrothermal vents. Although the solubility of HCN in water is high, its rates of formation on the early Earth, in any possible scenario, would not achieve the concentration necessary for efficient oligomerization/polymerization. Therefore, if the aqueous chemistry of HCN was truly important for the production of the first organic molecules essential for the later development of primitive biochemistry, there must have been effective mechanisms for the concentration of the cyanide ion. Because HCN is more volatile than water (i.e., boiling point of 25.6 °C), it cannot be concentrated by evaporation if the pH is lower than the pKa of HCN. Considering the synthetic restrictions imposed by prebiotic chemistry on the early Earth, the following possible mechanisms for the concentration of cyanide are postulated: (i) cooling at the eutectic point; (ii) evaporation in local environments with high pH values; (iii) precipitation and/or concentration in the form of ferrocyanides; (iv) concentration in microenvironments such as mineral surfaces; and v) floating patches at the water surface.



The eutectic phase of an aqueous HCN solution, which occurs at −23.4 °C, contains 74.5% HCN (25 M) [26]. In the context of the early Earth, glaciers can be proposed as more favourable sites for HCN oligomerization/polymerization because eutectic formation requires complete freezing. In the solar system, ice moons such as Europa and Enceladus are also relevant in this regard considering their frozen aqueous layers as concentrators of HCN likely to have been produced in their liquid subsurface oceans, which have hydrothermal activity. Thus, the polymerization of HCN under frozen conditions has been explored, and several organics, mainly N-heterocycles, have been detected after hydrolysis of the HCN oligomers/polymers obtained using these kinds of synthesis [32,38,39,68].



The discovery of alkaline lakes on modern Earth, with pH values between 9 and 12 (see, e.g., [69,70,71]), presents a new possibility for the concentration of cyanide by evaporation [72]. Especially interesting is the recently reported oligomerization/polymerization of HCN under thermolysis conditions in alkaline environments, leading to an increase in the molecular complexity of HCN [73,74].



It has been recently proposed that high concentrations of ferrocyanide would have been possible on the early Earth over wide ranges of temperatures and partial pressures of CO2 and HCN. Ferrocyanide salts may have formed in endorheic basin lakes rich in NaHCO3, which may have been common on the early Earth due to the high concentration of atmospheric CO2 and active volcanism [72]. Previously, a geological scenario was proposed in evaporitic basins wherein the concentrations of ferrocyanides and other salts would be possible; in this scenario, ferrocyanides could act as a means to obtain concentrated cyanide solutions [19]. The production of ferrocyanides under plausible prebiotic conditions has been demonstrated experimentally [75], and their presence has also been reported in volcanic hydrothermal environments in the Kuril Islands [76,77]. The production of amino acids has been tested successfully using several ferrocyanides as cyanide sources under plausible prebiotic Strecker syntheses [78,79], and thermal decomposition under the alkaline conditions of Prussian Blue, FeIII4 (FeII(CN)6)3 15 H2O, leads to the generation of hematite, α-FeIII2O3, the complex soluble salt (NH4)4(FeII(CN6))·1.5 H2O and several organic compounds, such as urea, lactic acid, 5,5-dimethylhydantoin, a set of amino and carboxylic acids, and free HCN, cyanogen and formamide [80]. Studies on the absorption of ribonucleotides over Prussian Blue nanoparticles have been carried out [81]. Indeed, it has recently been proven that cyanide and some of its derivatives (Prussian Blue, urea, ammonium formiate and formamide) are keys in the phosphorylation of nucleosides [82].



It has been demonstrated that double-layered hydroxides catalyze the self-addition of cyanide even down to 0.01 M cyanide concentrations to yield DAMN [83] and that specific sites on the surface of sodium montmorillonite increase the concentration of HCN molecules dependent on the pH values [84]. However, other studies have focused on the role of this mineral in the oligomerization/polymerization of cyanide, finding that the formation of HCN oligomers is strongly inhibited by montmorillonite clays [85], likely to be due to the oxidation process undergone by DAMN to form di-imino-succino-nitrile (DISN) in the presence of these minerals [86]. In this line of work, it was also shown that the radiolysis of HCN in the presence of Na-montmorillonite led to the formation of carboxylic acids, though to a lesser extent than that determined in a control experiment without minerals [55].



Finally, it has been proposed that aqueous interfaces could play an important role in chemical evolution processes [87,88]. Thus, regarding HCN chemistry, the HCN molecule can undergo strong interfacial adsorption at the surfaces of aqueous solutions, forming floating HCN patches that can provide excellent spots for polymerization, especially at small concentrations [89]. Beyond this result, it is necessary to mention the role of the aqueous interfaces, the air–liquid water and ice–liquid water interfaces, in the production of glyoxylic acid, the main reactant in the abovementioned “glyoxilate scenario”. The presence of aqueous aerosols and freeze-thaw cycles significantly favors the formation of glyoxylic acid from cyanide [51,68]. Additionally, water–air interfaces assist in the hydrocyanic production of co-factors such as pteridines [50].



In any case, considering the available mechanisms of HCN concentration in the early Earth, HCN chemistry and the extension of HCN polymers in the first steps of chemical evolution towards increasing organic molecular complexity seem sufficiently important.



However, what happens in an extra-terrestrial context? Is it possible to develop rich organic chemistry from HCN? The response seems to be positive. HCN polymers have been proposed to be the major components of the dark matter observed on many bodies of the solar system and beyond, including asteroids, moons, planets and, especially, comets [90,91], linking cosmochemistry with primitive terrestrial biochemistry [92]. It has been proposed that the main source of the CN observed in comets may be HCN polymers [93]. Thus, HCN polymers could have been important exogenous sources of organic material in the early Earth during the late heavy bombardment in the Hadean eon. Experimentally, possible analogies between cometary nitrogen-rich refractory organics and the thermal degradation products of HCN polymers have been identified in research [94]. In addition, some calculations estimate that comet impacts on the early Earth could have provided prebiotically interesting HCN levels for thousands to millions of years [95], and the presence of iron cyano-carbonyl, (Fe(CN)5(CO))−3 and (Fe(CN)4(CO)2), in some meteorites such as Lewis Cliff 85,311 has been reported; these complexes may deliver significant quantities of cyanide after the appropriate geochemical processes have occurred [96]. Additionally, activation by an impact plasma simulated in high-velocity impacts on the early Earth, including a reducing atmosphere (CO, CH4 and N2), leads to the production of all RNA nucleobases and the protein amino acid glycine, with HCN being the first precursor generated in this one-pot synthesis [97]. Therefore, HCN, or HCN polymers, are not only endogenous sources for primitive biochemistry but are also plausible exogenous extra-terrestrial sources.



On the other hand, measurements from the Cassini-Huygens mission of the atmosphere and the surface of Saturn’s moon Titan suggest that HCN-based polymers may have formed on the surface of Titan from products of atmospheric chemistry. Indeed, the observations from Cassini/VIMS confirm a seasonal variation in the HCN volume mixing ratio in the upper atmosphere of Titan [98]. This makes Titan a valuable “natural laboratory” for exploring potential non-terrestrial forms of prebiotic chemistry. Thus, the chemical transitions from simple molecules such as HCN into aerosol particles have been investigated using a one-dimensional photochemical model of Titan’s atmosphere [99] together with the optical properties of the molecules [100], the presence of free radicals [101], mass spectra [102], polymorphism and the electronic structure [103] of different HCN polymers synthesized under several conditions and compared with simulated tholins on Titan or with observational data. Moreover, the theoretical properties of a ternary benzene/acetylene/hydrogen cyanide co-crystal have been predicted due to its likely implications for the solid-state formation of complex organics in Titan’s atmosphere [104]. On another of Saturn’s moons, such as Iapetus, the organic matter detected in its leading hemisphere might be partially composed of HCN polymers [105]. Phoebe, which could be a primitive Kuiper belt object, contains significant amounts of HCN-like polymers [106]. Taking in mind an extra-terrestrial origin of life and the discovery of cyano-methanimine and AMN, the dimer and the trimer of HCN, respectively, in star-forming regions, a theoretical investigation of proton collisions with these species was performed to determine their stability against UV radiation and ion collisions via the modelling of several astrophysical environments [1]. The formation of RNA and DNA nucleobases was also found to be possible from HCN through a free radical pathway either under a meteoritic impact scenario on the early Earth or in the gas phases of interstellar regions [107]. The production of HCN may also be possible in rocky exoplanets with nitrogen-rich atmospheres, expanding the possibilities of finding complex organic chemistry beyond the solar system [108]. In addition, the photolysis and irradiation of astrophysical ice analogues containing HCN have been studied, showing that pure HCN seems to be polymerized by incident radiation, which would indicate rich HCN chemistry in icy mixtures of interstellar medium (ISM) or in comets where HCN is available [109].



Although beyond the scope of this review, studies on the roles of formamide and urea, derivatives of HCN, in the first steps of the origins of life are also of high interest. Formamide condenses at high temperatures in the presence of several inorganic catalysts, donating a notable amount of key bioorganic molecules [110], even in thermolysis experiments lacking these catalysts. [111]. Concentrated solutions of urea under the constraints of prebiotic chemistry also led to the production of a notable number of N-heterocycles, such as triazines and pyrimidines [112,113].




3. Promising Applications in Materials Science


As discussed above, there is a well-established research line driving the role of HCN in chemical evolution processes from inorganic chemistry to primitive biology. Beyond this prebiotic approach to HCN chemistry, HCN polymers have recently received growing attention in the fields of materials and surface science towards the development of multifunctional systems [114] (Figure 3).



During the aqueous polymerization of HCN, cyanide, AMN or DAMN can often be observed in three phases from the reaction medium: (i) a colored solution from yellow to dark brown; (ii) an insoluble black residue that can be collected by filtration or centrifugation; and (iii) a film deposited on the reaction vessel wall. Traditionally, in the field of prebiotic chemistry, the main focus has been the study of solutions for the identification of bio-monomers and related compounds by chromatography and spectroscopy techniques. The insoluble black residues have been analysed under this point of view due to the likely similar nature of the HCN polymers and Titan’s tholins. In this line, as briefly discussed above, the polymorphism and electronic structure of poly-imines have been investigated for their potential impacts on the understanding of the prebiotic chemistry of Titan [103] since He et al. showed that 75% of an HCN-based polymer formed in laboratory experiments consisted of a poly-imine [115]. Due to the characteristics found for this poly-imine, consisting formally of hydrogen isocyanide units, it was proposed as a valuable model for functional material design, such as for ferroelectric materials, nanowires, semiconductors and catalysts [103]. Moreover, nano-fibers of poly-hydrogen cyanide synthesized from the heating of formamide present photocatalytic activities [116], and some DAMN polymers might be used as capacitators [117]. On the other hand, NH4CN and the DAMN polymers described recently present structural features very similar to those of extensively studied carbon nitrides [52,117,118], which are known to be used as materials with applications in multiple areas [119].



Finally, the films were properly studied for their potential biomedical applications. The most extensively investigated films are the AMN-based film coatings [120]. AMN spontaneously polymerizes yielding coatings similar to polydopamine coatings, providing biocompatible surfaces [121]. Recent studies have demonstrated that water solutions of AMN produce adhesive coatings that can be deposited on a wide range of substrates and provide excellent cell attachment as well as the ability to bind metals for the generation of antibacterial surfaces [122,123]. The copolymerization of AMN with 3,4-di- and 3,4,5-trihydroxybenzaldehyde leads to the production of bone-contacting medical devices with excellent bioactivity at the bio-interfaces [124]. The copolymerization of AMN with sulfo-betaine methacrylate and 2-aminoethyl methacrylate via free radicals forms zwitterionic coatings, which reduce biofouling and foreign body responses [125] and also have antibacterial properties [126]. In this line of antimicrobial activity, zeolite substrates were coated with copolymers based on AMN and 3,4,5-trihydroxybenzaldehyde for the passive ultrafiltration of stormwater/greywater, providing new water purification media [127]. Moreover, the antioxidant activities of films obtained based on AMN polymers have been recently reported [128].




4. Characterization and Kinetic Analyses of HCN-Derived Polymers: Dependence of the Properties on Synthetic Conditions


The potential applications of a new material depend directly on their properties, which are generally derived from synthetic parameters. Considering that polymer properties are controlled by molecular features, such as the molecular weight (MW), molecular distribution, chemical composition, stereochemical distribution of the copolymer chain, and degree of cross-linking, summaries of these features and others will be shown in this section. The chemistry of HCN offers significant relevant opportunities for practical exploitation because of the ease of its production and the scope of the tuning materials and properties that can be obtained through the reaction conditions used and the choice of monomers, as will be discussed below.



4.1. Molecular Weight


HCN polymers may contain structures with broad molecular weight distributions (MWDs) [129]. However, few examples have been reported regarding this topic, i.e., studies of the MWDs of HCN polymers are limited. In pioneering works, Ferris et al. studied soluble fractions from water solutions of HCN (0.1 M) at pH = 9.2 (adjusted with NH4OH) maintained at room temperature for one to six months using paper electrophoresis and gel filtration experiments (Sephadex G-25 and Bio-gel P2 columns). They concluded that no polymers formed, and only oligomeric materials with a maximum MW of 700 uma were achieved [130]. Mizutani and co-workers carried out the photochemical decomposition of net HCN using a vacuum lamp of mercury (the UV light that was emitted was mostly composed of two resonance lines at 184.9 and 253.7 nm). The final product of the reaction was a mixture of various fractions with estimated MWs ranging from 100 to 2000 uma obtained using a gel column of polystyrene [131]. More recently, oxygen-free aqueous solutions of NH4CN (0.1 M, pH = 9) were exposed to gamma rays from a 60Co source; the mixture of non-volatile products was fractionated, the fractions were analysed by gel filtration using Sephadex G-25, G-15, and G-15-HC1 columns, and the MWs were estimated to be between 1600 and 5000 uma [132]. The irradiation of the water solution of HCN (0.1 M at pH = 6) with a radiative source of cobalt at 17 °C using several radiation doses led to the identification of different soluble fractions with MWs between 1500 and 20,000 uma, as determined by gel filtration and dialysis [133]. In addition, a polymer with a molecular mass of 16,000 uma was found when HCN (pH = 6) and NH4CN (pH = 9.2) water solutions were irradiated. The abundance of these polymers increased with the initial cyanide concentration (in a range from 0.001 M to 0.1 M) and absorbed dose and were found to be up to 31% of the total amount of radiolytic products. Chromatographic data, using a micro-Pak TSK G-2000 SW column, also indicated the presence of two more products at 22,000 uma and 1000 uma that were less abundant by one order of magnitude [134].



In contrast, a more recent paper showed the formation of fractions with electrophoretic mobility with apparent MWs in a range from 16,000 to 140,000 uma obtained from the polymerization reaction of cyanide (1 M) in water at room temperature (pH = 9.2–9.5). These MWs were determined by bidimensional electrophoresis, and in this case, the use of ultrafiltration techniques revealed the identification of soluble fractions with MWs above 30,000 uma in all the samples studied. The statistical analyses of the electrophoresis and ultrafiltration data from all samples synthetized under different conditions in this particular study indicated that the presence of air and ammonium has a significant influence on the polymerization processes [135]. In addition, the cyanide polymers obtained in the experiments conducted in the absence of oxygen were fractionated by native gel electrophoresis, and no substantial differences were observed from the tricine-SDS electrophoresis fractionation. Therefore, macromolecular fractions with electrophoretic mobility may be highly charged and unfolded. This result is consistent with the failures of previously reported attempts as well as our own attempt to record the mass spectra of HCN polymers. Due to their very high MWs and the likely presence of high numbers of charges in their structures, the heterogeneous nature of these complex substances hinders the recording of their mass spectra. However, some studies have sought to characterize HCN polymers by high-resolution mass spectrometry [102,136]; in these studies, HCN polymers were synthesized in the absence of water, and the mass range studied was m/z = 50–1000.




4.2. Chemical Composition


Table 1 shows significant examples of molar relationships obtained from several insoluble HCN polymers synthesized under different conditions. Note that these relationships are directly dependent on the polymerization parameters. However, no direct correspondence is observed between the reaction conditions and the empirical formulas. For example, for polymers with a minor oxygen content based on their C/O ratio, entry 15, the empirical formula is C4H4N3O, indicating a highly conjugated structure, while for HCN-derived polymers with a minor C/O ratio, entry 29, a less conjugated empirical formula, C3H4NO5, can be achieved. In the first case, the reaction was carried out using a long reaction time and a relatively high temperature in the presence of air; in the second case, the temperature was high, but the reaction time was minor, and no oxygen was present in the reaction vessel. Based on the C/H ratio, the polymer corresponding to entry 21 may be the most conjugated system; in this case, the empirical formula would be C7H9N6O, in contrast to the minor C/H ratio, again shown by entry 29.



To conclude, the polymer from entry 15 presents a high N/O ratio, which can be related to the denitrogenation/dehydrocyanation and hydrolysis processes that occur during the polymerization processes, as will be discussed later; the polymer from entry 29 presents a minor N/O ratio, as expected, since it is the most oxidized polymer ever described. In any case, the percentages of oxygen determined in these samples are independent of the presence of oxygen or air during the polymerizations. The presence of oxygen in the polymers comes from water, although air has a significant influence on the kinetics of the polymerization, as will be discussed later. Taking into consideration the data collected in this table, it seems sufficiently difficult to design synthetic conditions to obtain HCN-derived polymers with a desired composition. In this way, systematic studies have been carried out recently to determine the relationship between the compositions of final HCN-derived polymers and the reaction time, temperature and reactants, not only for insoluble polymers [52,117,128,137], but also for the compositions of coatings [138]. In addition, the last entries of Table 1, entries 31 and 32, illustrate two of the scarce examples of polymerization in the absence of water.




4.3. Morphology


The morphology and textural properties of HCN-derived polymers appear to be notably influenced by the chosen synthetic conditions and the selected starting reactant [52,117,122,138]. For example, Figure 4 shows representative SEM images of precipitated powder samples of NH4CN and DAMN polymers synthesized using conventional heating or using a microwave reactor. For the NH4CN polymers synthesized at 80 °C (Figure 4a), at least three types of particles with different morphologies can be described: spherical particles, flat oval particles and particles with irregular shapes and non-uniform sizes, which seemed to be aggregates of other smaller particles. However, the shapes of the DAMN polymer particles obtained under similar conditions present a well-defined stacked sheet structure (Figure 4b).



In contrast, the polymerization assisted by microwave irradiation yields long nano-fibers and a set of nanoparticle rice shapes (Figure 4c), which are very different in contour and size with respect to the analogous NH4CN polymers synthesized using classical heating (Figure 4a). In addition, other types of nano-fibers have been identified among the HCN-derived polymers from the heating of formamide at 200 °C, but these are no longer found [116]. The generation of HCN-derived nano-fibers is interesting due their potential applications in several areas, such as tissue engineering, drug delivery, cancer diagnosis, lithium-air batteries, optical sensors, air filtration and sportswear textiles. The NH4CN polymeric nanoparticles identified here may be incorporated as novel fillers to develop composite materials [117]. However, not only insoluble HCN-derived polymers but also HCN-based coatings present morphological differences. Thus, the spontaneous aqueous polymerization of AMN leads to the formation of HCN-based coating films whose final morphologies depend on the coated material and deposition time [122,138]. Under these conditions, the shape of the coatings can change from spheres to net nano-fibers.




4.4. Thermal Stability and Fourier Transform Infrared (FT-IR) Spectroscopy


All the HCN-derived polymers reported in the bibliography present three thermal degradation stages during heating under an inert atmosphere (Figure 5a) [74,117,139,140,141,142]. (i) A drying state occurs at <150 °C that can correspond to the vaporization of moisture, to the desorption of water and to the emission of volatile organic compounds, such as urea. This first step of weight loss at low temperature is related to the hydrophilicity of these polymers, and the loss of water is estimated to range from 2–10%. (ii) A main pyrolysis stage occurs at 150–500 °C. At this second stage, two zones can be differentiated. The first zone, from 150 to 300 °C, is assigned to the “primary scissions” in the thermal decomposition of more thermally labile structures. In this region, the desorption of strongly retained compounds can also take place. The second zone, which occurs from 300 to 550 °C, is related to “secondary scissions” in the thermal decomposition of relatively high-stability structures. Weight losses from 25–50% are suffered in this stage. (iii) The final carbonization stage, occurring from 550–1000 °C, is related to the breaking of the main chains. In this zone, char-forming reactions are dominant, yielding a char percentage from 12–27%, with the exception of an HCONH2 polymer that presents a higher percentage of char, at 36% [142]. This percentage is associated with extremely thermally stable components or components that have been generated by heating to finally yield char combustion products. In addition, it has been proposed that thermal stability is directly dependent on a higher oxygen content in the HCN-derived polymer macrostructure. For example, samples 1 and 4 shown in Figure 5a (black line and blue line, respectively) are the samples with the highest O% ever reported, presenting well-defined decomposition peaks at approximately 900 °C [74,140]. These high oxygen contents may come from hydrolysis reactions that occur during the polymerization processes that may lead to the generation of extensive cross-linking structures by the formation of intermolecular and intramolecular amide bonds [140].



On the other hand, the possibility of extending N-heterocyclic structures cannot be ruled out to explain this stability. Moreover, the differential thermogravimetry (DTG) curves (and their respective deconvolutions, which show quite complex thermal degradation processes) provide excellent fingerprints for the differentiation of HCN-derived polymers with very similar FT-IR spectra (Figure 5b). In general, a HCN-derived polymer spectrum can be divided into three main regions, region I (3700–2500 cm−1), region II (2275–2000 cm−1), and region III (1900–1000 cm−1), and into a not-well-defined region IV centered at ~600 cm−1. These regions are also observed in AMN-based coatings [124]. In HCONH2, thermally derived polymers are also observed with the exception of the band centered at approximately 2200 cm−1 [116,142]. Region I contains spectral features due to the symmetric and antisymmetric vibrational stretching modes of primary and secondary amine functional groups wherein the hydroxyl groups and C-H stretching in aromatic and unsaturated hydrocarbons may overlap. In region II, the absorption band at ~2200 cm−1 is associated with cyanide functional groups. The position, multiplicity and strength of this feature can vary from one sample to another sample prepared under different conditions [100]. For example, it has been observed that the diminution of the intensity of the CN band may occur when a HCN polymer has been in contact with water vapor in moist air [143], as this condition causes oxygen to be incorporated into the polymer [144]. Spectral region III exhibits spectral features that may be related to C=N groups, such as imines (~1650 cm−1), as well as to C=O groups from urea or amides. The spectrum of sample 2 (red line, Figure 5b) is very similar to the spectra of the other samples obtained under analogous conditions at lower temperatures [117,135,145] but is also similar to HCN-derived polymers synthetized from net HCN and pure NH3 [146], from liquid HCN and NEt3 in acetonitrile [147], or from gaseous HCN and aqueous NH3 [148]. In addition, laboratory simulations of Jupiter’s and Titan’s tholins [149,150,151] showed IR reflectance spectra that were similar to the spectra of HCN polymers [143,152]. Coll et al. [153] indicated that the IR spectrum of poly-HCN prepared under anhydrous conditions [144] had a similar appearance to Titan’s tholins synthesized at low temperatures; thus, poly-HCN could be the base of the tholins. However, McDonald et al. [151] concluded that the resemblances between the IR spectra of Jupiter’s tholins and HCN polymers were only the result of similar functional group distributions rather than of a detailed structural identity.



Recently, it has been shown with certainty that the characteristics and properties of tholins are dependent on the simulated planetary conditions used in their production. Moreover, the same effect is observed with HCN-derived polymers, as shown above. Thus, it is not possible to determine a direct relationship between the nature of tholins and that of HCN polymers [94,102,154,155]. Finally, the differential scanning calorimetry (DSC)-grams and their corresponding deconvolutions can also provide complementary tracks to corresponding DTG curves between samples that will seem highly similar using other analytical and spectroscopic techniques. In general, the deconvolution of the thermal curves offers an ideal signature in comparative studies [140].




4.5. X-ray Photoelectron Spectroscopy (XPS)


XPS is a surface spectroscopic technique based on the photoelectric effect that can identify elements that exist within a material or cover its surface, as well as their chemical state and the overall electronic structure and density of the electronic states present in the material. Thus, it is quite a useful tool for the characterization of HCN-derived coatings. The elemental compositions and thicknesses of these coatings as well as the chemical stages of the present elements can be determined by this technique [122,124,125,126,127,138]. For example, for AMN-derived coatings, contributions to the C 1 s core level were identified as follows: (i) C1, C-C and C-H; (ii) C2, C-N, C=N, C≡N, and C-O based groups; (iii) C3, (N-)C=O, O-C-O and N-C-O; (iv) C4, O-C=O based groups; and (v) C5, unsaturated/aromatic carbons with bending energies of 285, 286.7, 288, 289 and 291 eV [122,124]. For these particular coating cases, the thicknesses of the layers ranged from 5 to 10 nm.



In addition, XPS spectroscopy has been used not only to characterize these novel coatings but also to elucidate the chemical structures of black, insoluble HCN-derived polymers. For a HCONH2 polymer, the following components were assigned for the C 1 s region: (i) C1, C-H (284.61 eV); (ii) C2, C-N (286.02 eV); and (iii) C3, C=N (287.9 eV); for the N 1 s region, the following components were determined: (i) C=N (398.4 eV); and (ii) C-NH2 (399.7 eV) [116]. For other HCONH2 polymers, the analysis of the C 1 s signal indicated the following components: C-N, C=N, C-C and C-O; for the N 1 s signal: C-N or -C≡N and -C=N were determined [156]. For an NH4CN polymer synthesized at 38 °C, the components related to the N 1 s were (i) -C=N(imines)/-N=C-(heterocycles) (397.4 eV); (ii) -CO-N (amides) (398.7 eV); and (iii) -NH-(amines)/-C≡N (nitriles)/pyrrolyc-NH (400.5 eV). These last components, mainly -C≡N, disappeared after hydrolysis processes in the sample [145].




4.6. Nuclear Magnetic Resonance (NMR) and Electron Spin Resonance (ESR)


To the best of our knowledge, only three papers have described the possible structures of HCN-derived polymers by solution-state NMR. The first is a pioneering work by Ferris and co-workers [157] in which the acidic + amphoteric fractions from the ion exchange fractionation of HCN oligomers, synthetized using water solutions of HCN (0.1 M) at pH = 9.2 (reached with concentrated NH4OH) and stored in the dark from 4 to 12 months at an ambient temperature [30], were studied by 1H and 13C NMR. The 1H NMR spectrum in DMSO-d6 showed three main resonances at 6.80, 7.31 and 7.80 ppm, which were related to the N-H bonds, and a minor signal at 2.1 ppm, which may have been assigned to aliphatic hydrogens. The 13C NMR spectrum exhibited a main signal at 161.2 ppm consistent with a urea carbonyl group, and other resonances were assigned to the following: C=O group from amides, carboxylic acids or ester carbonyl (169.5 ppm); carbonate, carbamate or N-substituted urea carbonyl (156.1 ppm); >C-OH (60.0 ppm); >C-NH- (52.2 ppm); and -CH3 or -CH2- (24.7 ppm). Note that in this case, a long acquisition time (25,000 scans) was needed to record a 13C NMR spectrum with very weak resonances (related to the intensity of the solvent signal). In this work, no plausible structure for HCN oligomers was proposed, and only the absence of peptide bonds in the structure was established.



The second work described the synthesis of HCN oligomers from HCN gas (0.25 mole) and concentrated NH4OH (20 mL) maintained at room temperature for four days. The study of the precipitated solid by 1H NMR was performed using trifluoroacetic acid (TFA) as the solvent, and in the case of 13C NMR, an H3PO4-D2O mixture was employed as the solvent [148]. In the 1H NMR spectrum, only a triplet associated with the NH4+ cation and a broad signal (very weak) at 8–9 ppm associated with the N-H proton were observed. The 13C NMR spectrum presented a broad resonance at 170–140 ppm, with a main signal at ~160 ppm, attributed to conjugated -C=N- bonds. Although carbonyl carbons associated with urea or similar small molecules cannot be discarded, weak resonances at ~115 and ~40 ppm were also observed. The resolution of the 13C NMR spectrum of this solution was quite poor even after 50,000 scans. In any case, Umemoto et al., based on these spectroscopic results and other complementary data, proposed a single-ladder structure (all the structures proposed in this section will be commented on and represented in detail in the next sections and will be called ladder structures, Völker’s model, Umemoto’s model, hetero-polypeptide Matthews’ model, and so on).



The third NMR solution study was more recently reported by He and colleagues [115], wherein pure H13C15N was polymerized in the presence of NH3 gas (0.5%) at room temperature for 12 h, and the brown-black solid was collected and directly dissolved in DMSO-d6 and analysed by multidimensional 1H, 13C and 15N NMR experiments with different decoupling methods. For example, the 1H NMR spectrum displayed two groups of broad resonances at 9.0–5.5 ppm and at 3.5–1.5 ppm along with some small, sharp peaks in minor percentages, indicating extensive polymerization. The 1H decoupling 13C NMR spectrum presented a strong resonance at 190–140 ppm associated with C=N functionality (162.5, 159.6 and 157.9 ppm from the C=N groups and 162.9 ppm from the H-C=N- group), a signal at 135–110 ppm from the carbon in the C=C or C≡N bonds (especially at 113.9 ppm from a nitrile C≡N) and finally a signal in the range of 100–60 ppm associated with the carbon in single C-N bonds. As a result of these analyses obtained through all the discussed complementary NMR spectra, poly-imine chain-like structures were proposed. The resolution of these spectra was better than those previously reported in previous works due to the advances of the NMR technique, but were not comparable to other polymeric structures reported with well-defined NMR signals. These results seem to indicate the heterogeneous nature of the structures of HCN-derived polymers, despite their well-known robustness and full reproducible synthesis when the experimental conditions are fixed [117].



On the other hand, solid-state NMR experiments are preferably chosen for the characterization of HCN-derived polymers against solution NMR spectra due to the scarce solubility of the common deuterated solvents of these complex substances. Above, the lack of peptide bonds postulated by Ferris et al. in the subfractions from the soluble HCN oligomers was explained. Below, a series of solid-state NMR spectra studies carried out by Matthews’ group will be discussed, as these studies attempted to demonstrate the opposite result, the formation of peptide bonds from the polymerization of HCN [158,159,160]. To prepare a sample in this first solid-state NMR study, an equimolar mixture of H13C15N + H12C14N was polymerized for three days in the presence of NEt3 at room temperature. After that, the sample was put into water for 30 days [159]. The solid-state single- and double-cross polarization 15N NMR spectra were recorded before and after the water treatment. As an interpretation of these spectra, the hydrolyzed sample showed two resonances at 220 and 30 ppm, which were related to nitrile and amine groups, respectively, a further signal at 240–200 ppm assigned to azomethine functions (C=N bonds), and a peak at ~95 ppm, which may have been related to the presence of peptide bonds. In this work, the authors suggested a non-homogeneous nature for HCN polymers but with a mixture of N-heterocycle conjugated structures, linear chains and DAMN.



In the second work [160], HCN polymers were prepared from H13C14N + H12C15N or from H13C15N + H12C14N and treated using the same treatment previously described. This labelling method for carbon and nitrogen atoms allowed the determination of new bonds formed during the polymerization and hydrolysis processes. The data obtained reinforced the results of the previous report, indicating that the peptidic nitrogen components are not an extended fraction of the insoluble hydrolyzed HCN polymers and that the complexity of the spectra is compatible with many other structures. Deeper NMR studies of these samples were further characterized by cross-polarization magic angle spin (CPMAS) and double cross-polarization (DCP)MAS 15N and 13C NMR techniques as well as dipolar rotational spin-echo 15N NMR [158]. The 13C NMR spectra exhibited no aliphatic carbon peaks in the 60–40-ppm range, an observed resonance at 75 ppm was attributed to sp3 carbon bonded to 15N amines, and a peak at 110 ppm was attributed to olefinic carbons of DAMN, which disappeared after hydrolysis. The remaining resonances at 200–110 ppm were assigned to nitrile or >C=NH groups. The analysis of all spectra, 13C and 15N NMR, indicated the formation of secondary amides, but the lack of aliphatic carbon resonances was not in agreement with a genuine hetero-polypeptide nature of the HCN polymers, as was postulated by Matthews. Mamajanov and Herzfeld also recorded the CPMAS 13C and 15N NMR spectra of HCN polymers derived from a net-labelled HCN, H13C15N, in the presence of several catalysts, such as NEt3, hydroquinone, benzoquinone, and acetaldehyde (0.5% in weight) [161]. The main groups of resonances were observed at 180–150 and 100–70 ppm for 13C and 270–180, 108, 82 and 61 ppm for 15N, in contrast with the solution state NMR spectra; in these cases, only 2000–4500 scans were enough to properly record the spectra. The ladder structures and hetero-polypeptides suggested for the HCN polymers were ruled out due to the lack, in all the analysed NMR spectra, of the predicted signals. Instead, the presence of linear poly-imine chains, which eventually led to the formation of saturated two-dimensional (2D) networks, are proposed. The production of crystalline DAMN is proven when polymerization is carried out in the presence of a base. However, a later report provided a new perspective regarding the presence of amide bonds in HCN polymers, in agreement with Ferris but also with Matthews, who found no peptide bonds but did find secondary amides [145]. The CPMAS 13C NMR spectrum of NH4CN polymers synthesized from a water solution of NaCN and NH4Cl (equimolar, 10 M) at 38 °C with a reaction time of three days showed the following resonances after a deconvolution process: 168 ppm (amide groups, -CONH2 or -CONH-); 159 ppm (imine and/or groups -C=N-); a group of resonances at 154, 149 and 139 ppm related to the C atoms of N-heterocycles; a group of less intensive peaks at 130 and 110 ppm assigned to alkenes (>C=C<) and nitriles (-C≡N); and finally a group in 100–60 ppm assigned to C atoms bound to heteroatoms, such as amines (C-N). These resonances were proposed to be compatible with a cyclic polyamide but also with poly-imidazols or macrostructures based on pyrrole and dihydro-pyrazine rings. A more detailed study of the CPMAS 13C NMR of analogous NH4CN polymers and DAMN polymers synthesized at 80 °C using a more exhaustive application of the fitting/band resolution methodology led to the identification of approximately 45 resonances in the range of 190–100 ppm [117]. In this work, the probable formation of a conjugated extended macrostructure formed mainly by several N-heterocycles but also by O-heterocycles, which are, in turn, mainly formed by quaternary carbon atoms in a highly conjugated matrix, was demonstrated, as inferred from CP non-quaternary suppression (NQS) experiments [117]. Figure 6 shows the CPMAS 13C NMR spectra of several HCN polymers as an example in which different synthetic conditions give polymers with different spectroscopic characteristics. In these cases, all the syntheses were carried out using water as the reaction medium.



Finally, the thermal treatment of DAMN or formamide produces HCN-derived polymers, which were also characterized by NMR. Again, Mamajanov and Herzfeld performed several NMR experiments to elucidate the structure of a DAMN polymer synthesized from isothermal heating of recrystallized DAMN at 125 °C for 12 h in an argon atmosphere [162]. The obtained CPMAS 13C NMR spectrum presented a unresolved broad band centered at 157 ppm, and the CPMAS 15N NMR spectrum exhibited three broad resonances at ~234 ppm (unsaturated nitrogen), ~146 ppm (pyrrole) and ~83 ppm (ene-amine). These results suggest a poly-amino-imidazole macrostructure. In addition, Cataldo and co-workers obtained HCN-derived polymers from the thermolysis of HCONH2 at 220 °C for 17 h or at 185 °C for 40 h. After an exhaustive workup, a black solid was collected and studied using several techniques, kept similar between the samples using NMR spectroscopy [142]. The CPMAS 13C NMR spectrum presented resonances at 162 and 151 ppm related to azomethine groups, at 142 and 135 ppm assigned to aromatic carbons, at 118 ppm (nitrile groups), at 35 ppm (carbon atoms with amine groups) and at 20 and 10 ppm related to methyl or alkyl groups not previously observed in the HCN-derived polymers described above. In this case, the authors did not propose a structural model for their HCONH2 polymers but indicated that “there are clear evidences that it does not exist only one poly(hydrogen cyanide)”, as is continuously underlined within these pages.



Other resonance studies have included the structural elucidation of HCN-derived polymers using ESR. The use of this technique for the research of an HCN polymer, synthetized from a solution of net HCN in acetonitrile using a catalytic amount of NEt3 and magnetically stirred at room temperature for two days, indicated that HCN polymer mixtures contain a significant amount of long-lived organic free radicals that are primarily carbon-based and likely supported the generation of radical intermediates during HCN polymerization [101]. In contrast, the ESR data from the NH4CN polymers synthesized from water solutions of KCN and NH4Cl (from 1 to 1.5 M) at 70 °C for 80 h provided the following information: These HCN-derived polymers contained paramagnetic sites (free radicals) in a ratio of 1 paramagnetic site/20,000 HCN monomer units, and the locations of these sites in the macrostructure and their real roles in the cyanide polymerization process or in the subsequent reactivity of the final cyanide polymers are unknown [163].




4.7. X-ray Diffraction (XRD)


The XRD patterns for some examples of NH4CN and DAMN polymers are shown in Figure 7. A peak centered at ~27.2° was observed in NH4CN polymers corresponding to d spacings around 3.2–3.3 Å [52,117,118]. These XRD profiles for the NH4CN polymers were very similar to those observed for layered carbonitrides, which showed XRD patterns with a peak at 2θ = 27.5°, which is related to the (002) diffraction typically found in layered crystal structures. This result seemed to indicate the presence of graphite-like 2D structures in the complex macrostructure of the NH4CN polymers. About 40–70% of the NH4CN polymer samples presented crystallinity, and the rest could be considered to be disordered materials. This % of crystallinity increases with the temperature, and the peak center at 27.2° is also narrowed in an identical way (Figure 7). These last results might indicate that a higher temperature of polymerization leads to more ordered NH4CN polymers and therefore to more thermodynamically stable macrostructures.



In the case of DAMN polymers, similar peaks were observed at 2θ = 27.28° with similar interlayer distances [117], which may also be related to graphite-like 2D structures, but also other minor peaks at 25.58° (002′, Figure 7). In addition, these DAMN samples showed two (100) reflections at 2θ = 15.18° (100, 3.27 Å), with a higher intensity, and at 2θ = 11.88° (100′, 3.27 Å), as shown in Figure 7. These multiple peaks for DAMN polymers might indicate a greater diversity of the likely 2D structures present in its structure. Thus, two different blocks could form the DAMN polymer samples. In the case of the DAMN polymers, synthetized at 80 °C, the crystallinity of the samples was about 50%.




4.8. UV-Vis Spectroscopy


UV-vis spectroscopy has been used to provide both a kinetic approach to the polymerization process of cyanide to understand the pathway of the reaction and a structural characterization of HCN-derived oligomers/polymers. Figure 8 shows some examples of the UV-vis spectra of sol and gel fractions obtained from several cyanide polymerization processes.



The oligomerization of HCN to DAMN was first followed by measuring the absorption of the solutions at 296 nm (λmax of the tetramer), and it was determined that the maximum rate at 25 °C was reached at pH = 9.2 (the pKa of the HCN) [25]. Using this same protocol, the influence of the synthetic conditions, such as temperature, pH, concentration and UV radiation, on the DAMN production rate from HCN was analysed. In the pH range of 7–10, two processes compete: hydrolysis to form formamide and formic acid (1st order in HCN) and polymerization to form new C-C bonds (4th order in HCN). Both reactions are equivalent, occurring in a range of temperatures from 0 to 60 °C at pH values of 8–9 and considering initial concentrations of HCN from 0.01 to 0.1 M. Additionally, it was determined that freezing at the eutectic point favors concentration and HCN polymerization [26]. Following this methodology, the effect of clays in the oligomerization of HCN was also studied, as commented on above [85].



In more recent works, UV-vis spectra of the final raw solutions have been used to reveal the effects of experimental parameters on the kinetics of cyanide polymerization under aqueous conditions. The joint effect of several factors, such as temperature, salinity and the presence or absence of oxygen and ammonium, was determined using an absorbance ratio, A230/A300, against the reaction time and by fitting the curves to a Hill equation. A total of 24 reaction conditions were evaluated over time. The UV-vis spectra of all solutions were monitored over time from 1 to 700 h, showing two bands centered at ~230 and ~300 nm. The first band was related to α,β-unsaturated nitriles and to amides and lactams, which increased with time, thus pointing out the polymerization progress. The second band disappeared over time, indicating the transformation of cyanide and/or DAMN to other products. The statistical test of the scaling factor n obtained from the fittings to the Hill function showed that the temperature was the main kinetic variable, as expected, and that ammonium and oxygen had significant catalytic effects, with no clear influence of salinity [164].



Ferris and Edelson also determined the important role of oxygen in the kinetics and mechanistic pathways of cyanide polymerization [165]. Although this kinetic approach using UV-vis spectroscopy was valid for the range of temperatures used in this concrete study, 4–38 °C, the model fails at higher temperatures. The values of the scaling factor n found for the reactions conducted at 50 and 60 °C were not fully in agreement with those calculated when the polymerization was carried out at 38 °C, and a quite deficient fitting to the Hill equation was observed for higher temperatures ranging from 70 to 90 °C [118]. The UV-vis spectra obtained in the range of 70–90 °C are clearly more complex than those recorded at lower temperatures, although bands can be observed at ~230 and ~300 nm. However, in the solutions obtained from the cyanide polymerization according to a simulated hydrothermal environment, using a temperature of 180 °C under microwave radiation, no bands were identified at ~230 or ~300 nm, but new bands appeared at 225, ~260 and ~340 nm. The variation in this last case of the A260/A340 ratio against the reaction time did not exhibit a sigmoidal profile; however, a fluctuating behaviour was observed [52]. Therefore, the kinetics of the cyanide polymerization process are markedly dependent on the temperature, as will be additionally discussed below using gravimetric methods.



On the other hand, the kinetics of the deposition of AMN-based coatings were studied by UV-vis spectroscopy. Quartz slides were coated using several AMN solutions at different concentrations. The absorbance at λ = 423 nm was monitored over time, indicating that film growth in the steady state is not compatible with first-order kinetics with respect to the monomer, requiring a heterogeneous nucleation phase to initiate the deposition step. An increase in the reaction rate due to the liquid-air interface was suggested for this coating process [138].



For characterization purposes, freeze-dried oligomeric fractions from HCN polymerization were measured by Ferris and co-workers using alkaline solutions, and a very strong absorption was observed in the 300–325 nm range [157]. Umemoto et al. also registered the UV-vis spectra of HCN oligomers in TFA solutions before and after hydrogenation processes to confirm the existence of unsaturated -C=N- double bonds in the structures of these oligomers [148]. This spectroscopic technique has been additionally used for the characterization of a cyanogen (C2N2) photopolymer in a THF solution, showing well-defined absorbance bands centered at 228, 305 and 411 nm, related to aromatic heterocyclic compounds [166]. The UV-vis spectrum of an insoluble NH4CN polymer in a DMSO solution presents two weak absorption bands at 345 and 465 nm, which can be assigned to an N-heterocyclic macromolecular structure with π-extended conjugation [145].




4.9. Kinetic Analyses Based on Gravimetric Methods: Aqueous Polymerizations


The kinetic approaches using UV-vis spectroscopy showed a direct dependence between temperature and the rate of cyanide polymerization, as mentioned above. To obtain a better understanding of these preliminary results, some studies have been carried out using gravimetric measurements. Thus, the kinetics of the precipitation polymerization of NH4CN in water were studied under isothermal conditions at different temperatures ranging from 50 °C to 90 °C by means of this methodology [118,137]. The use of the Kamal–Sourour autocatalytic kinetic model was proposed to properly describe the overall formation process of these polymers at highest temperatures of 80–90 °C. However, experiments conducted at the lowest polymerization temperatures, from 50–60 °C demonstrated that this reaction follows nth-order kinetics rather than an autocatalytic mechanism. All of the kinetic parameters determined in these studies, including reaction orders and activation energies, suggested that the polymerization kinetics of HCN cannot be based on a simplistic single mechanism. In addition, the parallel analysis of the data obtained from the structural characterizations of the polymers at different conversion degrees by elemental analysis and FT-IR spectroscopy indicated that the experimental conditions, in this particular case the reaction temperature, have a remarkable effect on the composition and molecular structure of this polymeric system and that different side reactions must occur during the course of the hetero-phase polymerization. Presumably, the selected temperature can alter the polymerization pathways. Some mechanistic aspects will be discussed in the final section of this manuscript to show the plausible complex structures of HCN polymers due to the potential processes implicated in their production.




4.10. Kinetic Analyses Based on DSC Methods: Bulk Polymerizations


Although HCN-derived polymers are generally produced using aqueous media, it is also possible to synthetize them in the absence of a solvent. Thus, very recently, a kinetic study of the bulk polymerization of DAMN was reported [167]. In this study, two series of non-isothermal experiments were carried out by differential scanning calorimetry (DSC), and the results indicated that polymerization is initiated at temperatures lower than ~180 °C (melting point of DAMN) for slow heating rates, while higher heating scans lead to the polymerizations occurring entirely in the liquid phase. From these DSC data obtained under dynamic thermal conditions, a kinetics approach to the melt polymerization of DAMN was described that is consistent with an apparent self-acceleration model, dα/dt = k αm (1 − α)n, with a total reaction order m + n ~ 3. Note that for this autocatalytic bulk polymerization, the global reaction order is significantly different from that found for the polymerization of cyanide in water, m + n ~ 20 [137]. These differences may be related to the role of water during the polymerization processes, which results in more complex pathways. For the melt polymerization of DAMN, TG-DSC-MS analysis under an inert atmosphere demonstrated that the weight loss observed during the polymerization may be mainly related to the deamination and dehydro-cyanation processes. Both reactions occurred simultaneously in practically the same temperature range.





5. Structural and Mechanistic Considerations and Approaches


5.1. Ab Initio Studies to Explain the HCN Oligomerization


The complex chemistry of HCN has also been addressed by computational studies, again showing a broad chemical space. For example, the exploration of the reaction mechanism for HCN tetramerization by the Tabu-based automated reaction search method led to the generation of 678 tetrameric structures generated from HCN [168]. In this sense, the chemical spaces of HCN polymerization and hydrolysis were studied by combinatorial descriptions using graph grammars [169]. The presence of water was taken into consideration in further computational studies regarding the oligomerization of HCN to the generation of dimers [170] and trimers [171] and, in addition, regarding the concentrations of HCN molecules in aqueous surfaces [89]. Furthermore, the dimerization of HCN has been computationally explored in interstellar icy grain mantles [172], and the theoretical mechanisms for the production of adenine, a formal pentamer of HCN, have been examined under several prebiotic simulated conditions using quantum chemical calculations [42,173,174,175,176,177,178]. A pioneering study using MINDO/3 molecular orbital theory showed that HCN oligomerization is an exothermic process, and the first step of oligomerization, the generation of the dimer (H2C2N2), is the rate-determining step [179]. Other early papers focused on the stability of (HCN)n oligomers (n = 2, 3, 4) depending on their geometries [180,181].




5.2. Structural Models Based on Spectrometric and Spectroscopic Measures


Several models have been described to explain the complex structures of HCN polymers, as shown in Scheme 2 [47,115,144,148,157,161,162,165]. Various polymerization mechanisms have been proposed in the literature since the early 1960s and are, in many cases, more speculative rather than founded on experimental data obtained from diverse characterization techniques. Different types of HCN monomers, such as the dimer imino-acetonitrile, AMN, and DAMN, which has two isomers, cis and trans, have been postulated to explain the polymerization of this weak acid. In principle, all of these monomers may be involved during HCN-polymer formation, and therefore distinct polymeric systems can be simultaneously obtained. This complex and heterogeneous nature of HCN polymers means that their structures have still not been fully characterized. In addition, as mentioned above, the properties of HCN polymers are modified by the synthetic conditions. Therefore, an only structural model must not be considered for all HCN-derived polymers since their structural nature is directly dependent on the reaction settings. These considerations have only been considered since very few years ago.



The molecule t-DAMN or diamino-fumaronitrile is suggested to form a ladder structure, Völker’s model [144], the earliest model proposed; through a similar mechanism, c-DAMN is thought to yield another macrostructure, Umemoto’s model [148]. In both cases, polymerization via a C=C must be considered initially, yielding a poly-amino-cyano-methylene, and subsequently, different intramolecular cyclization reactions take place. However, the polymerizability of DAMN through the double bond is quite questionable, as was commented on afterwards. Years later, Mamajanov and Herzfeld proposed that these layered covalent polymeric systems are formed by the further addition of one-dimensional (1-D) chains, which are first built up by the head-to-tail addition of HCN monomers [161]. However, the same authors studying the solid-state polymerization of DAMN proposed the formation of a poly-aminoimidazole [162]. The formal tetramer of HCN was also thought to be the key monomer in the polymerization of HCN by Ferris and co-workers, according to their pioneering studies [157,165]. On the other hand, the polymerization of AMN gives poly-amino-malononitrile, which, after reacting with HCN, yields poly-amidine. These poly-amidines can be transformed by hydrolysis to polypeptides according to the studies of Matthews et al. [47]. From this same monomer, or its tautomer, 2-iminoacetimidoyl cyanide, He et al. suggested that the dominating polymeric product is a poly-imine chain-like structure, such as that shown in Scheme 2 [115]. This recent assignment of HCN polymers is based on structural investigations of HCN polymer isotopomers by means of solution-state multidimensional NMR techniques, as discussed above. In this case, HCN polymers were prepared from pure H13C15N by amine catalysis in a polymerization gas phase and under essentially anhydrous conditions. This linear macrostructure is different from the extended triazine structure, which present as 2D sheets and was first suggested by Minard et al. [129].



Faced with this singular scenario, it is convenient to survey the polymerizability of the different oligomers of HCN. Therefore, the polymerization of imino-acetonitrile is illustrated in Scheme 3. This compound can be polymerized through the imine bond, giving rise to a polyamine with a >CH-NH- backbone and with nitriles as pendant groups on the main chain. The chemistry of the polymerization of the C=N functional group is relatively unstudied, and thus, these mechanisms are not well understood. Imines that are unsubstituted at the carbon site are usually unstable and cannot be isolated, whereas other imines are very stable and do not polymerize [182]. However, electrophilic imines with one substituent on carbon and electro-withdrawing groups, such as cyano, which is the strongest electrophilic polar group, are active in (co)polymerization. Therefore, the ability of imines to undergo polymerization appears to be very sensitive to the number and nature of the substituents. In this regard, imines are very similar to carbonyl compounds, whose polymerization behaviour is also extremely sensitive to their substitution pattern. The structure of this poly-aminonitrile resembles that of the well-known polyacrylonitrile (PAN). Therefore, the chemistry of PAN can be used as a reference when analyzing the currently studied system. For example, this polymeric system can undergo cyclization and cross-linking reactions in which neighboring nitrile groups react to form six-membered rings, in the same manner as that which occurs in PAN (Pathway a, Scheme 3). However, it should be mentioned that these reactions occur very quickly for PAN, with complete conversion in less than 15 min when this polymer is in a solution or is melted and the temperature is above 150 °C. At the highest temperatures under thermal treatment, a fully conjugated (aromatic) ladder structure is formed by PAN [183]. Therefore, these data, although useful as a reference, must be used with caution since the formation of cyclic conjugation leads to a dihydropyridine-type structure in the case of PAN, which is different from that of the dihydro-pyrazine obtained in this case. The low probability of this route for poly-aminonitrile is easily recognized, considering the fact that polymerization reactions of HCN are mainly carried out in solution and at relatively low polymerization temperatures, representing unfavorable experimental conditions for these thermal cyclizations.



A different pathway for acquiring the polymer obtained from imino-acetonitrile is also indicated in Scheme 3, Pathway b. Dehydro-cyanation reactions can also take place, giving rise to a poly-imine with the formation of an extended conjugation in the backbone structure. This poly-imine with residual nitrile groups along the main chain, a π-conjugated segment, has been proposed by Matthews and Minard [92,129]. These authors did not provide any polymerization mechanism for its formation, although they postulated that this polymeric system may undergo thermal and/or photochemical cyclizations to form triazines, purines and pyrimidines linked together in a poly-nucleobase (PNB) macromolecule (see Figure 1 in [92]). Moreover, this PNB can be hydrolyzed into nucleobases. Thus, this model helps to explain the sequence of carbon and nitrogen in purines and pyrimidines.



In Scheme 4, the pathways and structures proposed for the HCN polymers from the trimer AMN are shown, and a general picture of the polymerization reaction in an aqueous medium is presented. Here, it is possible to distinguish two polymerization routes. The first route is based on the initial formation of a linear poly-imine (formulated in Scheme 4 as an oligomer product with twelve monomeric units, 12-mer), postulated by He et al. and indicated in Scheme 2 [115]. Its formation is explained through a decomposition step of AMN to provide a carbene with the elimination of hydrogen cyanide, according to the works of de Vries about the stability of amino-malononitriles in solution [184,185]. It is necessary to involve such intermediate species to understand the oligomerization of AMN, during which its active methine group plays a vital and attacking role, which seems to be a key step in HCN polymerizations in basic aqueous media. However, it is relevant to note that amino-cyano-carbenes are also detected during the thermolysis of amino-malononitriles in refluxing toluene, in the absence of a basic medium [185]. From this linear poly-imine, in the presence of HCN, it is possible to generate a number of realistic and rational structures that can evolve for distinct side reactions according to the dynamic imine chemistry, and most of these structures are constituted by different heterocycles [117]. On the one hand, the nucleophilic attack of the cyanide ion onto the electrophilic carbon atoms of imine units can induce intramolecular cyclization reactions, with the subsequent formation of either stable five- or six-membered rings with a large number of amine groups, after an aromatization process. In Route 1 shown in the upper right part of this scheme, the formation of the final product of fused amino-pyrrole and aminopyridine ladder macrostructures is proposed, and more mechanistic details about their formation were discussed in a recent work by our group [117]. The establishment of a chain incorporating amine pyridine rings is supported in the study of He et al., where they described tetra-amino-ciano-pyridine as a side product accompanying poly-imine [115]. Additionally, it is relevant to note the conclusion achieved in the study of Bonnet et al. regarding the compositional and structural investigation of HCN polymers achieved through high-resolution mass spectrometry [136]. These authors demonstrated the probable presence of aromatic rings and amine groups in HCN polymers, confirming the N-heterocyclic structures proposed in Scheme 4. The possibility of the partial hydrolysis of the poly-imine in aqueous solution leading to a linear poly(imine-ketone) is another possible side reaction, as is described well in the literature [186]. This new partially hydrolyzed and/or oxygenated oligomeric product, over three carbon atoms taken as an example, can evolve in a similar way to that indicated above, giving rise to new heterocyclic macrostructures, as shown in the blue color in the right part of the route shown in the scheme. In this case, the diamino furan and the corresponding 4H-pyran derivatives were formulated from the addition reaction of HCN to a carbonyl carbon instead of to an imine group, and following a cyclization reaction, heterocyclic macrostructures with fused rings of five and six members were exposed.



On the other hand, Thissen et al. proposed a new mechanism for AMN polymerization from aqueous solutions, obtaining polymeric films, as indicated in this scheme as Route 2 [138]. This step-growth polymerization is based on the electrophilicity of the carbon center of the nitrile group, which makes it susceptible to a variety of nucleophilic addition reactions. They suggested the formation of a linear polyamine 12-mer by a polyaddition between the amine and cyano groups that evolved to a poly-aminoimidazole by means of intramolecular cyclizations (intramolecular addition) between these same neighboring functional groups. In this case, this polymerization is based on the triple bond C≡N, although these polymerization reactions are rarely reported. The cyano group has been polymerized by cationic, anionic, radical and coordination catalysts; however, the polymerizability of multi-nitrile compounds has scarcely been addressed in the literature [187,188,189]. Perhaps the most interesting example of nitrile polymerization is that occurring when PAN is heated, as commented on above. Minard et al. detected imidazole ring fragments using a thermal degradation process of HCN polymers with tetramethylammonium hydroxide at 250 °C and analysed the volatile products by gas chromatography-mass spectrometry [129]. These findings agree with the proposed macrostructure based on the heterocyclic ring. A poly-amino-imidazole is also in agreement with the finding of Mamajanov and Herzfeld, who studied the polymer sample obtained from the solid-state reaction of crystalline DAMN (see Scheme 2 and Scheme 5), which will be evaluated later. Thissen et al. also proposed its hydrolysis to obtain a new macrostructure with carbonyl groups in the imidazole rings, according to experimental compositional data [138].



In Scheme 4, the formulated polyamine is similar to poly-amino-malononitrile, a proto-peptide according to Matthews’ nomenclature [47]. The formation of this proto-peptide has been proposed by Matthews et al. and is in agreement with the fact that different α-amino acids have been observed from the hydrolysis of a hetero-polypeptide (poly-amidine) (see Scheme 2). Logically, in the hydrolysis reaction, a post-polymerization modification, of polyamine must be considered, as well as other hypothetical macrostructures, such as those presented in this scheme. Matthews et al. also proposed this hydrolysis reaction, although these authors did not indicate the high potential of the polyamide to yield repeat cyclic structures. Thus, this linear polyamide can also undergo different intramolecular reactions, yielding new polymeric systems with high degrees of cyclization, as shown in this scheme. It is easy to see that both the proto-peptide and the corresponding polyamide display high cyclization tendencies. This is especially true when you consider the fact that the polymerization reactions were carried out in solution under conditions that are favourable for intramolecular cyclization, affording polymeric systems that have cyclic repeat units of five- and six-membered nitrogenated rings. This polyamide may also provide a poly(amino-1,3-oxazol) by intramolecular cyclization reactions or even lead to a greater degree of cyclization to construct a polymeric system based on the fused heterocyclic 1,3-oxazol and pyrrole due to secondary oxidative reactions (dehydrogenation). The formation of extender-conjugated linear polyamides through decyanogenation reactions may also be considered, in addition to the generation of cyclic polyamides, and it is thought that deamination processes could lead to the production of other N-heterocyclic conjugated macrostructures. This scheme presents oxidative reactions that were described by Ferris and Edelson concerning the condensation mechanism of cyanide to HCN oligomers [165]. To finish, these heterocyclic chains or segments can evolve through the continued elimination of NH3, causing the formation of fully graphitic CxNy(H)z, with x > y > z, and layers, as indicated in the example as linked imidazole units (poly-aminoimidazole 2D, in the bottom left part of Scheme 4). This latter reaction is postulated in the sequence of polymerization reactions proposed for the synthesis of polymeric graphitic carbon nitride networks, g-CN, from different organic precursors, such as dicyandiamide, melamine, urea and related heterocyclic arenes [190].



However, it is important to recall that the AMN molecule is an AB2 monomer and that, as is well known in polymer chemistry, dendritic polymers can be obtained from this type of monomer. These dendritic polymers comprise both monodisperse dendrimers with exact branching and irregularly branched, polydisperse, hyperbranched polymers, among other architectures [191]. In contrast to the linear system proposed in Scheme 4, AMN enables non-linear growth. As a consequence, a highly branched scaffold can be obtained, and its size is defined by the number of generations (G). This is exemplified in Scheme 6, which displays a G3 dendritic architecture. The first stage is raised by the addition of two AMN molecules over the two nitrile groups of this monomer, acting like the core. However, in the next stage, new additions are formulated on the imine groups due to their strong electrophilic character, giving G2 (15-mer). Successive additions, such as those proposed in the first stage, produce a new generation, G3 (39-mer), which can evolve through the intramolecular cyclizations previously described, leading to polyamine-containing amino-cyano-imidazole rings. Logically, in competition with these intramolecular cyclizations, different elimination reactions (deamination and/or dehydro-cyanation) could take place simultaneously to obtain a more conjugated system, such as that obtained from the collateral reactions described in the previous schemes. In addition, hydrolytic reactions have not been considered in this case. This novel hyperbranched architecture for HCN polymers is in accordance with the conclusion achieved by Eastman et al. who explored their structures by phase contrast scanning force microscopy [163].



The last HCN-monomer considered is DAMN. This compound is a weakly basic amine, and its chemistry was explored in depth a long time ago. Thus, extensive use has been made of this convenient reagent for the preparation of heterocyclic molecules and polymers [192,193]. The use of DAMN also has great potential in different fields, such as in chemo-sensors for sensing ionic and neutral species [194] and as precursors of advanced functional materials [117,195,196]. DAMN is tetrasubstituted ethylene, and in this case, the first approach is a polymerization reaction based on the double bond C=C. Polymerizations involving olefin monomers are a major sector of polymer chemistry. Habitually, vinyl monomers contain one or two activating groups to facilitate the propagating reaction. If the two substituents are germinal, high reactivity results because of the dual stabilization of propagating radicals or ions. If the substituents are adjacent, lower reactivity is observed, and the second substituent cannot offer additional stabilization and interferes with steric hindrance. Little work has been reported on tri- and tetrasubstituted monomers, and a large part of the knowledge regarding the polymer chemistry of these compounds is due to the contributions of Hall and Padias [197]. It is possible to conclude that these highly substituted alkenes do not homopolymerize but copolymerize alternatingly with electron-rich co-monomers.



With this background, it is possible to propose an initial polymerization route based on the addition between amine groups of c-DAMN, the nucleophilic center, and the imine groups of its tautomer, the electrophilic core. The C=N moiety exhibits electron-withdrawing properties, resembling those of the carbonyl groups; however, logically, this addition reaction is absolutely conditioned by imine-enamine tautomerism, which has been observed and measured for only a few isolated systems [198,199]. Therefore, a linear polyamine must be obtained, as shown in Scheme 5, particularized as a 12-mer. New, extended, conjugated macromolecular systems could be obtained from this polyamine by two subsequent elimination reactions, dehydro-cyano-genation (Pathway a) and deamination (Pathway b). It is important to note that both reactions have been recently verified in a work focused on the highly efficient melt polymerization of DAMN [167]. The subsequent formation of stable five- or six-membered rings is possible from both pathways. One pathway occurs through the so-called poly-amino-malononitrile or proto-peptide, as described in Scheme 2. In contrast, the other pathway allows the synthesis of a poly-amino-pyrazine, which can yield a ladder structure based on this case in the pyrazine and pyrrole rings, similar to the previously mentioned corresponding poly-amino-imidazole. Again, hydrolysis reactions have not been considered to achieve simpler mechanistic schemes. However, this first route also presents oxidative reactions, which were postulated for the first time by Ferris and Edelson concerning the condensation mechanism of cyanide to HCN oligomers [165]. These authors indicated that DAMN condenses with additional HCN or possibly other DAMN molecules to provide oligomeric products. Redox reactions that take place during oligomerization yield reduced HCN oligomers and di-imino-succino-nitrile. Di-imino-succino-nitrile is hydrolyzed to urea and oxalic acid, possibly through the formation of 2,3-dioxosuccinonitrile. Both derivatives may react with DAMN, and these reactions have been omitted in this scheme.



At this point, it is convenient to explain that the formation of macromolecular chains from DAMN occurs without the implicit participation of nitrile groups. Logically, the polymerization of nitriles must be considered. Route 2 shows the possible mechanism underlying the polymerization of DAMN by means of nitrile groups, according to the mechanism described in Route 2 in Scheme 4. The nucleophilic center of DAMN adds to the electrophilic carbon of the nitrile group of other molecules, followed by hydrogen shuffling to the nitrogen, forming the imine bond. In this case, the polyamine 16-mer can then undergo intramolecular cyclizations to produce a poly-aminoimidazole, with heterocycle rings linked by =C-NH2 groups over the backbone, which can evolve according to the collateral reactions displayed in Scheme 4.



A third route can be proposed for DAMN. The initiation logically occurs by the amino group, but after a first addition nitrile polymerization takes place through a nucleophilic attack on the carbon atom of an adjacent nitrile group and induces it to cyclize, leading to the formation of a ladder polymer structure. This linear cyclopolymerization yields a poly-imino-diamino-pyrrole, which can result in a condensate macrostructure via the deamination reaction postulated herein. This mechanistic route has been described for other nitrile polymers, such as phthalonitrile resins. During their polymerization process, the phthalonitrile group tends to transform into phthalocyanine, triazine and iso-indoline units, and this mechanism ensures the formation of highly cross-linked and void-free polymer networks [200]. In addition to these three mechanisms of polymerization, DAMN is an A2B2 monomer, and the self-polycondensation of this type of compound has great potential applications in the synthesis of covalent organic frameworks; therefore, other possible 2D architectures could be considered [201].





6. Conclusions and Outlooks


HCN chemistry has been comprehensively revised considering its traditional high interest for several fields, such as prebiotic chemistry, astrobiology and cosmochemistry, as well as taking into account recent possibilities for the design and development of new and advanced functional materials. It has been clearly shown that the synthetic conditions have a significant influence on the final properties of HCN-derived polymers. Nevertheless, we are still far from a fundamental understanding of the underlying structure-property relationships of this singular and complex system, which might form the basis for a “molecular engineering” approach to electronic, optoelectronic, and photonic polymers. This is due to their intractability and insolubility in organic solvents, which impede the appropriate characterization of their molecular structure and physical properties as well as exploration of their applications. These conclusive facts open a broad area of research into new insights regarding either chemical evolution or materials and surface science.
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Scheme 1. Summary of the main routes for the production of HCN-derived polymers. 
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Figure 1. Number of entries provided by the Web of Science (WOS) database from 1960 to the present when performing a search with the keywords “HCN AND prebiotic chemistry” or “cyanide AND prebiotic chemistry”. In the first case, there are a total of 229 entries, and there are 335 entries in the second case (as of 18 February 2021). This figure clearly shows the growing interest in cyanide chemistry in studies about the origin of life over the years. 
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Figure 2. HCN is a key molecule in the simultaneous development of primaeval protometabolic, informational and compartmentalization systems. 
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Figure 3. Current stage of the potential applications of HCN-derived polymers. The properties of HCN-derived polymers are directly dependent on the synthetic experimental conditions as well as on the chosen phase from the whole polymerization. 
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Figure 4. Insoluble HCN-derived polymers obtained using different synthetic aqueous conditions: (a) NH4CN (1 M), 80 °C, 96 h; (b) DAMN (0.25 M), 80 °C, 48 h; (c) NH4CN (1 M), 180 °C, 15 min using a microwave reactor. 
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Figure 5. HCN-derived polymers synthesized under different experimental conditions: (a) differential thermogravimetry (DTG) curves; (b) Fourier transform infrared (FT-IR) spectra. 
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Figure 6. Cross-polarization magic angle spin (CPMAS) 13C Nuclear Magnetic Resonance (NMR) spectra of several HCN-derived polymers synthesized using water as the solvent. 
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Figure 7. Representative X-ray diffraction patterns of NH4CN and DAMN polymers synthesized at different temperatures and at limit conversions for each case. MWR = microwave radiation. In all cases the HCN-derived polymers were produced in the presence of air. 
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Figure 8. UV-vis spectra: (a) Sol fractions; (b) gel fractions obtained under different synthetic conditions. MWR = microwave radiation. N2 = reaction carried out under inert atmosphere of nitrogen. Air was present in the rest of reactions. 
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Scheme 2. Traditional proposed models for explaining the structures of HCN-derived polymers. 
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Scheme 3. Generation of HCN-derived polymers from the dimer imino-acetonitrile. 
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Scheme 4. Hypothetical pathways for the formation of HCN polymers from amino-nalano-nitrile (AMN) with linear growth according to recent works in the literature [115,117,138]. 
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Scheme 5. Hypothetical pathways for the formation of HCN polymers from DAMN according to recent works in the literature. 






Scheme 5. Hypothetical pathways for the formation of HCN polymers from DAMN according to recent works in the literature.



[image: Processes 09 00597 sch005]







[image: Processes 09 00597 sch006 550] 





Scheme 6. Alternative hypothetical pathway for the formation of an HCN polymer from amino-nalono-nitrile (AMN) according to hyperbranched growth. 
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Table 1. Molar relationships found for representative insoluble HCN-derived polymers synthesized under aqueous conditions (with the exception of entries 31 and 32) and using different experimental temperature, concentration, reaction time and initial pH parameters. The presence of air (+) is also considered due to its influence on the HCN polymerization processes. r.t. = room temperature; d = days; h = hours; m = months. * polymerization driven by microwave irradiation.
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	Entry
	Reactants
	c (M)
	T (°C)
	t
	Air
	C/H
	C/N
	C/O
	N/O
	Ref.





	1
	NaCN + NH4Cl
	1
	38
	30 d
	+
	0.77
	1.07
	2.51
	2.36
	[139,145]



	2
	NaCN + NH4Cl
	1
	38
	30 d
	-
	0.74
	1.14
	2.43
	2.14
	[135]



	3
	NaCN + NH4Cl
	1
	r.t.
	30 d
	-
	0.75
	1.08
	2.62
	2.44
	[140]



	4
	NaCN + NH4Cl
	1
	38
	3 d
	+
	0.69
	1.04
	2.80
	2.68
	[141]



	5
	NaCN + NH4Cl
	1
	38
	10 d
	+
	0.69
	1.02
	2.83
	2.78
	[141]



	6
	NaCN + NH4Cl
	1
	r.t.
	6 m
	-
	0.74
	1.09
	1.39
	1.27
	[140]



	7
	NaCN + NH4Cl
	1
	50
	10 d
	+
	0.82
	1.13
	3.54
	3.14
	[118]



	8
	NaCN + NH4Cl
	1
	60
	7 d
	+
	0.84
	1.15
	3.42
	2.98
	[118]



	9
	NaCN + NH4Cl
	1
	70
	5 d
	+
	0.83
	1.18
	3.58
	3.03
	[118]



	10
	NaCN + NH4Cl
	1
	75
	7 d
	-
	1.29
	1.21
	2.66
	2.19
	[137]



	11
	NaCN + NH4Cl
	1
	90
	2 d
	+
	0.84
	1.17
	2.94
	2.5
	[118]



	12
	NaCN + NH4Cl
	1
	90
	2 d
	-
	1.19
	1.20
	3.89
	3.24
	[137]



	13
	NaCN + NH4Cl
	0.5
	80
	4 d
	+
	1.17
	1.21
	3.28
	2.72
	[117]



	14
	NaCN + NH4Cl
	1
	80
	4 d
	+
	1.39
	1.20
	3.91
	3.25
	[117]



	15
	NaCN + NH4Cl
	1
	80
	7 d
	+
	1.23
	1.20
	6.18
	5.14
	[117]



	16
	Diamino-maleo-nitirile (DAMN)
	0.5
	80
	4 d
	+
	1.28
	1.22
	4.42
	3.62
	[117]



	17
	DAMN
	1
	80
	4 d
	+
	1.29
	1.18
	4.37
	3.71
	[117]



	18
	DAMN
	1
	80
	7 d
	+
	1.31
	1.18
	2.56
	2.17
	[117]



	19
	NaCN (pH = 9.2)
	1
	38
	30 d
	+
	0.77
	1.16
	2.00
	1.72
	[135]



	20
	NaCN (pH = 9.2)
	1
	38
	30 d
	-
	0.77
	1.19
	1.96
	1.64
	[135]



	21
	NaCN (pH = 9.2)
	1
	r.t.
	30 d
	-
	1.74
	1.64
	1.74
	1.64
	[140]



	22
	HCN(g) + H2O (l)
	NR
	>60
	NR
	+
	0.64
	0.77
	2.37
	3.07
	[139]



	23
	HCN(l) + NH3(aq)
	NR
	0
	4 d
	-
	0.70
	1.14
	1.84
	1.62
	[139]



	24
	HCN(g) + NH3(aq)
	12.5
	r.t.
	4 d
	-
	0.83
	1.00
	5.08
	5.07
	[148]



	25
	HCN(l) + NH3(aq) + NEt3
	NR
	r.t.
	3 d
	-
	NR
	1.07
	3.89
	3.62
	[158]



	26
	HCN(aq)+ NH4OH
	1
	90
	16 h
	-
	0.82
	1.11
	3.15
	2.84
	[61]



	27
	HCN(aq) + NH3(aq)
	NR
	40–50
	5 h
	-
	0.88
	1.12
	3.77
	3.36
	[144]



	28
	KCN + NH4Cl
	1–1.5
	70
	80 h
	+
	0.72
	1.09
	3.10
	2.85
	[163]



	29
	HCN (pH < 10)
	0.15
	100
	50 h
	-
	0.62
	1.36
	0.57
	0.42
	[74]



	30
	KCN + NH4Cl
	1
	180 *
	0.25 h
	-
	1.13
	1.3
	4.14
	3.2
	[52]



	31
	HCN(l) + NH3
	NR
	r.t.
	30 d
	-
	0.93
	0.99
	-
	-
	[47]



	32
	HCN(l) + NH3(g)
	10:1
	r.t.
	51 d
	-
	0.84
	0.96
	-
	-
	[94,136]
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