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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, aminomalononitrile (AMN) and diaminomaleonitrile
(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 Or6 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 Pfliger. 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 semiconductivity, 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.
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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 NH,CN); from the
oligomers, trimers and tetramers of HCN, including aminomalononitrile (AMN) and diaminomaleonitrile (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.
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Scheme 1. Summary of the main routes for the production of HCN-derived polymers.

The HCN is a ubiquitous molecule in the Universe W[, |t has been detected in interstellar clouds, star-forming
regions, planetary nebulae, interplanetary dust, comets [, meteorites and atmospheres of satellites and planets
such as Titan and Pluto BIBIE |n a terrestrial context, HCN can be identified in volcanic eruptions @ and
hydrothermal vents B8 and may have been relatively abundant in the atmosphere of the early Earth QL1 |n
addition, HCN polymers are considered the oldest organic substances of the solar system 1213l 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 [24l. A few years later, Proust observed the oligomerization
of HCN in the early 19th century 2. 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 18, and Pfliiger 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 Or6 28 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
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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.

| 2. Promising Applications in Materials Science

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 19 (Figure 1).
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Figure 1. 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.

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 biomonomers 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, the polymorphism and electronic structure of polyimines have been investigated for their potential impacts on

the understanding of the prebiotic chemistry of Titan [20] since He et al. showed that 75% of an HCN-based polymer
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formed in laboratory experiments consisted of a polyimine (1. Due to the characteristics found for this polyimine,
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 (291, Moreover, nanofibers of
poly-hydrogen cyanide synthesized from the heating of formamide present photocatalytic activities 22, and some
DAMN polymers might be used as capacitators [23. On the other hand, NH,CN and the DAMN polymers described
recently present structural features very similar to those of extensively studied carbon nitrides [24123123] '\hich are

known to be used as materials with applications in multiple areas 28],

Finally, the films were properly studied for their potential biomedical applications. The most extensively investigated
flms are the AMN-based film coatings 24. AMN spontaneously polymerizes yielding coatings similar to
polydopamine coatings, providing biocompatible surfaces [28 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 2229, 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 1. 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 B2 and also have antibacterial properties 231 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 4. Moreover, the antioxidant

activities of films obtained based on AMN polymers have been recently reported (2!,

| 3. 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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