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Abstract 
Formamide is abundant in the interstellar medium and was also present during the formation of the Solar system through the 
accretion process of the interstellar dust. Within the physico-chemical conditions of the primordial Earth it could have undergone 
decomposition, either via dehydration (HCN + H2O) or decarbonylation (CO + NH3). The first reactive channel provides HCN, which is 
an essential molecular building block for the formation of RNA/DNA bases, crucial for the emergence of life on Earth. In this work we 
studied, at CCSD(T)/pVTZ level, the two competitive routes of formamide decomposition, i.e. dehydration and decarbonylation, 
either in liquid formamide (by using the polarization continuum model technique), and at the interface between liquid formamide 
and amorphous silica. Amorphous silica was adopted as a convenient model of the crystalline silica phases, ubiquitous present in the 
primordial (and actual) Earth crust, and also due to its relevance in catalysis, adsorption and chromatography. Results show that: i) 
silica surface sites catalyse both decomposition channels by reducing the activation barriers of about 100 kJ mol-1 with respect to the 
reactions in homogeneous medium, and ii) the dehydration channel, giving rise to HCN, is strongly favoured from a kinetic standpoint 
over decarbonylation, the latter being, instead, slightly favoured from a thermodynamic point of view. 

Introduction 
The comprehension of how life originated on Earth is one of the most emerging and fascinating challenges of science, requiring a 
multidisciplinary approach owing to its intrinsic complexity. Indeed, in a recent influential publication entitled “Reinventing 
Chemistry”,1 G.M. Whitesides has gathered a list of new class of problems for the future chemistry and two of them dealt with 
prebiotic and planetary chemistry. Several theories have been proposed to explain the driving force that led to the cascade of events 
from which complex biological polymers, (such as DNA, RNA and proteins) took origin.2–5 However, at the basis of these hypothesis, 
the starting point towards the formation of polymeric species from monomeric building blocks (nucleobases and amino acids), 
requires the presence of simple molecules like water (H2O), carbon dioxide (CO2) and monoxide (CO), ammonia (NH3), and methane 
(CH4). Such a scenario necessarily entails to find out possible chemical pathways towards life from both thermodynamic and kinetic 
points of view focusing on the research of potential molecules and the chemical and physical interactions implicated.3,6 

Among the possible key molecules within the above context, formamide (NH2CHO) is of special interest as: 

• it is abundant in the interstellar medium, and consequently, on the Earth, according to several recent theories;7–12 

• it is the smallest molecule  envisaging the peptide bond  while involving four out of six of the fundamental chemical 
elements essential for life (hydrogen, carbon, oxygen, nitrogen, phosphorus and sulphur);13–18 

• it decomposes in simple molecules such as H2O, CO, NH3, and hydrogen cyanide (HCN). While water, carbon monoxide and 
ammonia are relatively stable molecules, HCN is particularly reactive as it polymerizes leading to the formation of the DNA/RNA 
nucleobases, in particular to adenine (C5N5H5), an HCN pentamer.13,19,20 

The gradual organization of simple molecules through building blocks up to biopolymers, is a complex process involving many 
chemical reactions, and, in turn, requiring sources of energy to occur. According to a seminal hypothesis by Bernal,21 one of the 
crucial steps for the emergence of life on Earth could have taken place at the interface with mineral surfaces.22–29 As a result of many 
experimental and computational studies, it has been demonstrated that mineral surfaces can interact with molecules increasing their 
concentration by adsorption processes as well as protect them from hostile environmental conditions and, finally, by acting as 
catalysts, to promote the reaction pathways to specific products .3,30–39 Among the several minerals, crystalline silica phases (SiO2) 
are of particular interest as catalyst for prebiotic reactions as they are among the most abundant species composing the Earth’s 
surface (47,9%).40,41 Moreover, previous studies show that the nature of silica surface (exposed faces, density of terminal hydroxyl 
groups, etc.) and its physicochemical properties make it able to interact with biomolecules and that the surface sites, namely the Si-
OH terminations, are shared by both crystalline and amorphous silica surfaces.42–44 In case of formamide, bare silica proves to be 
able to drive its reactivity and selectivity towards specific products (mostly purine and cytosine, which are the final product of 



polymerization of many HCN molecules),14,45 but it also catalyses the nucleophilic attack of an amine with a carboxylic group to form 
the amide bond.34 Moreover, several experimental studies have highlighted the role of mineral surfaces (among which also silica) in 
the synthesis of nucleobases and related species from formamide.14,16,18,26,45–48 The adoption of an amorphous silica model in the 
present work, rather than one derived from crystalline silica (more relevant in a prebiotic context) is to provide data for future 
experiments, which are usually carried out on amorphous silica owing to the much higher surface area compared with the crystal 
samples, facilitating the characterization of the adsorption process by spectroscopic and thermodynamic means. 

Many theoretical studies have been carried out on the decomposition reactions of formamide. Wang et al. studied the decomposition 
process of formamide until the recombination of one the most important intermediates (HCN) to finally form purine and adenine 
molecules,49,50 which is the most interesting chemical route from a prebiotic scenario viewpoint. However, many studies have also 
been carried out to study other competitive reaction channels, such as dehydrogenation (HNCO + H2), decarbonylation (NH3 + CO) 
besides the dehydration one (HCN + H2O),51,52 by means of MD simulations,53 and also in the liquid phase (water solvent).54 Other 
studies have taken into account the decomposition of formamide through free radical routes,55 also considering formamide and 
protonated formamide in electron excited states (both singlet and triplet).56 Similar processes, but occurring at the interface with 
mineral surfaces, have been studied by Nguyen et al. with very naïve TiO and VO molecular models mimicking the extended solids,57 
and by Masumi and co-workers at the interface with silicon-carbide nanotubes.58 However, an accurate description of the reaction 
steps involving realistic models for silica surfaces and formamide towards the production of HCN is entirely missing in the literature.  

In the present work, we performed a computational study aimed to predict the dehydration (HCN + H2O) pathway of formamide in 
competition with the decarbonylation channel (NH3 + CO) on selected amorphous silica surface models. These surfaces were 
simulated starting from periodic models we have already adopted in previous works carried out in our laboratory, and they have 
been tested to give good results in predicting silica surface properties.59,60 Kinetically, both reactive channels involve rather complex 
activated processes: for the HCN formation (the most relevant one in the prebiotic context), the strong C=O double bond of 
formamide must break. Usually this is achieved by invoking a multi-step mechanism through the imine species via an intra-molecular 
proton transfer from the –NH2 group to the C=O group. The imine is higher in energy than formamide as the resonance structures 
favour the latter over the former (see Scheme 1). 

 

 

 

 

 

 

Scheme 1: Resonance forms of formamide (left) and of the corresponding imine (right). 

In the paper, we will address the following processes, all envisaging results obtained through the PCM method in liquid formamide, 
a prebiotic scenario where the first biological oligomers might be formed:61 i) the uncatalyzed formamide dehydration and 
decarbonylation, and ii) the same reactions catalysed by the two silica models, respectively with low (SiA, 1.5 SiOH nm-2) and high 
(SiB, 4.5 SiOH nm-2) degree of surface hydroxylation. 

 
Methods 
Computational Details. As the present work only involves molecular clusters, we used the Gaussian09 package for all calculations.62 
Geometry optimizations have been performed within the density functional theory (DFT) framework at PBE-D2 level,63 where D2 is 
the Grimme’s a posteriori correction for dispersive interactions.64 We relied on the Ahlrichs’ TZVP65,66 basis set (BS) on all atoms as 
this is characterized by a reduced basis set superposition error (BSSE).67,68 Further details of the adopted BS are reported in the 
Electronic Supplementery Information (ESI) file available online. In order to improve the energetic description, we refined the PBE-
D2/TZVP potential energy surfaces (PESs) through single point (SP) energy corrections at CCSD(T)69,70/cc-pVTZ71,72 level on the PBE-
D2/TZVP optimised structures for reactions involving formamide alone, and up to two water molecules as catalysts. When silica 
models were considered, due to the increased size of the system compared with the previous cases, we adopted the ONIOM2 
approach73–76 in which the high-level (CCSD(T)/cc-pVTZ) zone involves the formamide molecule and all the interacting –OH moieties 
belonging to the silanol groups of the silica model, and the low level zone (PBE-D2/TZVP) all the remaining atoms. When referring to 
ONIOM2 results in the structures represented along this work, the high-level zone is in a ball and stick representation, while the low-
level one is shown as sticks. To mimic the real system in which formamide reacts in its own liquid phase,61 we run all the optimizations 
using the polarized continuum model (PCM)77–81 with the dielectric constant of formamide (ε = 109.0). Results on gas-phase 
calculations are reported in the ESI for comparison. Frequency calculations have been performed on the PBE-D2/TZVP optimized 
geometries to check for minima (all real frequencies) or for first order saddles points (transition states – TSs – all but one real 
frequencies) of the PESs. Moreover, the thermodynamic quantities have been calculated at the temperature of 433 K, at which the 
decomposition of formamide and the synthesis of nucleic bases becomes appreciable.13–16,18,25,46–48 The final energy profiles reported 



along this work have been obtained in the following way: for each species (reactants, intermediates, TSs and products) we 
transformed CCSD(T)/cc-pVTZ and ONIOM2(CCSD(T)/cc-pVTZ:PBE-D2/TZVP) electronic energies into Gibbs free energies through the 
classical harmonic oscillator/rigid rotor approximations computed at the PBE-D2/TZVP level. Gaussian thermochemistry have been 
corrected through the quasi-harmonic approximation, proposed by Grimme,82 in which frequencies lower than the 100 cm-1 cut-off 
are replaced by free rotor modes. This improves the calculation of the thermal corrections, which would be otherwise 
underestimated when considering very low frequency values. To avoid discontinuity close to the cut-off, a damping function was 
used to interpolate the values computed with the two approaches. 

Kinetic rate constants k were computed through the Eyring equation:83,84 

𝒌𝒌 = (𝒌𝒌𝑩𝑩𝑻𝑻 𝒉𝒉⁄ )𝒆𝒆𝜟𝜟𝜟𝜟‡ 𝑹𝑹𝑻𝑻⁄  

where kB is the Boltzmann constant, T the absolute temperature, R the ideal gas constant, h the Plank constant and ∆G‡ is the 
difference of free energy between the transition state and the previous corresponding minimum. The half-life times t1/2 have been 
estimated assuming a first-order kinetic, as: 

𝒕𝒕𝟏𝟏 𝟐𝟐⁄ = 𝒍𝒍𝒍𝒍𝟐𝟐 𝒌𝒌⁄  

The graphical visualization and structural manipulation of structures was performed with the MOLDRAW program.85 Images were 
rendered with the POVRAY code. 

When reactions occurred at the silica surfaces via an adsorption step from the liquid case (as in the modelled reactions), the choice 
of the energy reference is somehow ill-defined. One possibility is to consider the energy of the non-interacting reactants as a 
reference: in this case, the adsorption and reaction energies are assumed to be all canalized into the reactions serving to overcome 
specific kinetic barriers. The second most realistic possibility adopted in this work, is to consider the reactants (i.e. the initial 
intermolecular complexes) as the reference, assuming that the adsorption energy is dissipated through the lattice modes of the 
adsorbent (the amorphous silica). This choice is also more wisely balanced when considering the free energy. Indeed, if one considers 
the free reactants as reference, the entropic contribution is a function of the number of involved species (moving from one 
component for the free formamide reaction to two for SiA and SiB cases) which severely bias the final free energy profile. For all 
these reasons we decided to focus, in this work, on reaction profiles computed using, as reference, the formamide in its most stable 
interaction with silica. 

Surface models. For the reasons explained before (vide supra), experimentally, the adsorption of formamide is usually carried out on 
the amorphous silica; therefore, as in a previous work of ours, we resorted to amorphous models derived from Ref. 54. In particular, 
to explore the energy path of the formamide decomposition on silica, we used a cluster model cut out from a periodic model 
envisaging about 1.5 silanol (Si–OH) groups nm-2 already adopted by Signorile et al.,60 hereafter refereed as SiA (low OH density). We 
also studied the formamide decomposition at an amorphous silica model exhibiting about 4.5 silanol groups nm-2, hereafter referred 
as SiB (high OH density). These two situations mimic the cases of an amorphous silica calcined at very high T (around 1000 K), while 
SiB is a silica outgassed at 298 K, in which adsorbed water molecules are removed from the surface.34 The periodic models are shown 
in Figure 1. Atoms in blue, forming the outermost “crown” of the cluster models, are fixed to their periodic positions, in order to 
simulate the rigidity of the solid, while atoms in red, representing the innermost part of the cluster models inclusive of the hydroxyl 
groups, are free to move during the geometry optimization procedures. To preserve the correct valence of the atoms forming the 
external crown, the atoms cut out from the periodic models have been replaced with hydrogens. Specifically, we proceeded in the 
following way: once these H atoms have been included in the models, we optimized their positions at PBE-D2/TZVP level, fixing the 
positions of all the other atoms forming the cluster. Then, when the formamide decomposition has been investigated, the positions 
of the H atoms have been also kept fixed as well as all atoms in blue in Figure 1. 

Figure 1: Cluster models (blue + red atoms) defined from the amorphous silica periodic slabs (in grey colour). Left: SiA model (about 
1.5 silanol groups nm-2); right: SiB model (about 4.5 silanol groups nm-2). Blue: atoms frozen to the positions resulted in the periodic 
model. Red: atoms free to move during the geometry optimization. Unit cell borders in yellow colour. 



Results 
Non-catalysed formamide dehydration and decarbonylation.  

Figure 2: CCSD(T)/cc-pVTZ//PBE-D2/TZVP reaction profile (ΔG433) for the formamide dehydration (section a) and decarbonylation 
(section b) in PCM (F). Gibbs free energies are in kJ mol-1. Hydrogen in white, oxygen in red, carbon in ochre, nitrogen in blue. 

The formamide intramolecular dehydration path (Figure 2a) exhibits very high energy barriers due to the strained four-member ring 
in two different transition states (F_TS1_F and F_TS4_F in Figure 2a). Another problematic step is the CIS/TRANS conversion of the 
imine group. Because of its nature, free rotation around the C=N double bond is hindered, and the CIS/TRANS conversion occurs 
through the C-N-H bending (forming a quasi linear C-N-H angle in the corresponding TS, F_TS3_F). The second reaction step involves 
a conformational change (free rotation along a dihedral angle), and, accordingly, has a lower energy barrier (F_TS2_F) compared with 
the other ones. 

The formamide intramolecular decarbonylation path (Figure 2b) is a single-step reaction, which involves a proton transfer from the 
carbon to the nitrogen atoms and, in a concerted fashion, the C—N bond cleavage. It also has a very high activation barrier, even 
higher than that of the dehydration process, as, in this case, the mechanism envisages a proton transfer with a highly strained three-
member ring and the pseudo-double peptide bond cleavage. 

From a thermodynamic point of view, the decarbonylation is favoured compared with dehydration, in particular if we consider the 
non-interacting products as reference state. The difference between interacting and free products of the two reactive channels, 20 
kJ mol-1 and 9 kJ mol-1 for the dehydration and decarbonylation, respectively, is due to the different H-bonds strength, which are 
stronger for the HCN∙∙∙H2O system and, accordingly, more difficult to be broken. 

Formamide dehydration at the amorphous silica surfaces. As described before, we adopted two different silica models with a 
different superficial concentration of silanol (Si–OH) groups to represent high (SiB, 4.5 Si–OH nm-2) and low (SiA, 1.5 Si–OH nm-2) 
hydroxylated surfaces, respectively. 

In line with the non-assisted reaction (Figures 2a), the most critical steps are: i) the two proton transfers, SiA_TS1_F and SiA_TS5_F 
(in particular the second one, involving the cleavage of the C–O bond); ii) the CIS/TRANS conversion of imine (SiA_TS4_F). The SiA-
catalysed formamide dehydration (Figure 3) shows a consistent lowering of the reaction barriers involving the proton transfer (of 
about 90-100 kJ mol-1) with respect to the non-catalysed reaction, thanks to the amphoteric behaviour of the silanol group acting as 
proton shuttle, a behaviour which has been already shown to  be efficient in a recent paper by Rimola et al.86 This is a direct 
consequence of the formation of a less strained, six-member ring in the SiA_TS1_F and SiA_TS5_F structures. In the silica catalysed 
case the reaction presents one more step involving the rotation of the dihedral angle of the silanol group (SiA_TS3_F). 

Figure 4 shows the reaction pathway of formamide dehydration catalysed by the hydrophilic silica model, SiB. Here, the higher 
concentration of silanol groups (4.5 Si–OH nm-2) with respect to the hydrophobic SiA one (1.5 Si–OH nm-2) leads to the presence of 
neighbouring silanol groups, which, in principle, should help the proton transfer by a further expansion of the transition state ring 
from six (SiA_TS1_F and SiA_TS5_F of Figure 4) to eight (SiB_TS1_F and SiB_TS5_F of Figure 5) members. 

Despite that, the comparison of the two pathways, SiA_TS5_F and SiB_TS5_F shows the same barriers (153 kJ mol-1 with respect to 
the previous intermediate), while the first step is even more hindered on the hydrophobic silica (67 kJ mol-1) than on the hydrophilic 
model (75 kJ mol-1). As for the thermodynamics of the reaction, the global free reaction energy variations are 107 and 147 kJ mol-1 
for the hydrophobic and for the hydrophilic silica catalysed reactions, respectively. We want to caution the reader: the differences in 
thermodynamic values depend on the choice of the starting minimum. We just want to point out that these values, despite different 
from those in the gas phase, still are endoergonic, and, accordingly the choice of the starting minimum is physically reasonable. 



Figure 3: ONIOM[CCSD(T)/cc-pVTZ:PBE-D2/TZVP)//PBE-D2/TZVP] reaction profile (ΔG433) for the formamide dehydration catalysed 
by the hydrophobic SiA silica model. Free energies in kJ mol-1. Hydrogen in white, oxygen in red, carbon in ochre, nitrogen in blue, 
silicon in yellow. 

Figure 4: ONIOM[CCSD(T)/cc-pVTZ:PBE-D2/TZVP)//PBE-D2/TZVP] reaction profile (ΔG433) for the formamide dehydration catalysed 
by the hydrophilic SiB silica model. Free energies in kJ mol-1. Hydrogen in white, oxygen in red, carbon in ochre, nitrogen in blue, 
silicon in yellow. 



Formamide decarbonylation at the amorphous silica surfaces.  

Figure 5: ONIOM[CCSD(T)/cc-pVTZ:PBE-D2/TZVP)//PBE-D2/TZVP] reaction profile (ΔG433) for the formamide decarbonylation 
catalysed by: a) the hydrophobic SiA silica model; b) the hydrophilic SiB silica model. Free energies in kJ mol-1. Hydrogen in white, 
oxygen in in red, carbon in ochre, nitrogen in blue, silicon in yellow. 

Figure 5a shows the formamide decarbonylation pathway catalysed by hydrophobic silica. As for the non-catalysed reaction (Figure 
2b) it follows a concerted mechanism. Also, in this case, the surface silanol groups assist the proton transfer, dropping the barrier 
down by a large amount with respect to the gas phase reaction (from 347 to 187 kJ mol-1). 

The thermodynamics of the process seems to be competitive with the non-catalysed reaction: regarding the interacting products, 
the process is more favourable in the presence of the silica surface (8 kJ mol-1 of difference), while considering the non-interacting 
ones the non-catalysed reaction is favoured (11 kJ mol-1 of difference). 

As observed for the dehydration reactive channel, the silanol groups cooperation at hydrophilic SiB silica (Figure 5b) does not provide 
a remarkable effect on the activation barrier (178 kJ mol-1), which is only 8 kJ mol-1 lower than the reaction on the hydrophobic silica. 

Comparison between the two amorphous silica models. From a kinetic viewpoint, both SiA/SiB silica models (hydrophobic and 
hydrophilic) have a high impact in stabilizing the transition states, through the expansion of the critical small intramolecular rings 
involving proton transfers by the proton shuttle operated by the surface silanol groups. However, the comparison between the two 
silica cases reveals that the high cooperativity of silanol groups on the hydrophilic SiB model does not exert a significant role 
compared with the hydrophobic SiA model, where this effect is missing. As regards the two different reactive channels, the 
formamide dehydration catalysed reactions occur in few tens of hours. The decarbonylation channel, despite the slightly higher 
barriers, presents very long half-life times due to the exponential relationship relating free energy with the kinetic constant. 

As regards the thermodynamics, in both the reactive channels the non-interacting products are more favourable on hydrophobic 
silica than on the hydrophilic one. On the hydrophilic silica, the higher silanol content involves a higher number of H-bond interactions 
with the reaction products. These H-bonds on the hydrophilic silica are strengthened by the cooperative effects between silanol 
groups. These combining effects hinder the release of the products from the silica surface to the liquid phase. For all considered 
cases, the reactions are endoergonic, therefore relatively high temperatures are needed for the reaction to occur. Accordingly, the 
thermodynamic corrections have been computed at 433 K together with the rate constants and half-life times (see Table 1).  

 

 

 

 



Table 1: Activation energies (Ea), rate constants (k), and half-life times (t1/2) for all the reactions considered in the present work. NC 
stands for the non-catalysed reaction. Energies in kJ mol-1. Rate constants in seconds-1. Half-life times in hours. 

 NC SiA SiB 

Eadehydr 244.3 153.1 152.4 

Eadecarb 348.3 185.7 178.2 

kdehydr 3.04E-17 3.06E-06 3.68E-06 

kdecarb 8.67E-30 3.62E-10 2.87E-09 

t1/2dehydr 6.33E+12 6.30E+01 5.24E+01 

t1/2decarb 2.22E+25 5.32E+05 6.70E+04 

 
Conclusions 
In the present work the formamide decomposition has been studied by means of accurate quantum simulations considering two 
different reactive channels: the dehydration (HCN + H2O) and the decarbonylation (NH3 + CO). These reactions have been simulated 
either in the homogeneous liquid formamide phase (by using the polarization continuum model method) and at the interface 
between liquid formamide phase and two different cluster models (SiA, hydrophobic and SiB hydrophilic) of amorphous silica, a 
common and widespread material, whose surface functionalities are shared also by crystalline silica (α-quartz), present in the 
prebiotic era. The aim is to evaluate the silica catalytic effect on the formamide decomposition with respect to the intramolecular 
decomposition in liquid phase. This is important to understand how the first biological macromolecules (like DNA/RNA) have been 
produced by the polymerization of building blocks (nitrogenous bases) which, in turn, are synthesized by even smaller monomers 
(adenine (C5H5N5) from HCN).19,20 

We can summarize the most important results as follows: 

• silanol SiOH groups at the silica surface are key sites to assist the formamide decomposition, facilitating the proton transfer 
from one formamide moiety to the other. The calculated half-life times decrease dramatically due to the silica interaction compared 
with the non-catalysed reactions; 

• the efficiency of the two silica models as catalysts is very similar, despite the higher density of silanol groups on the 
hydrophilic model; 

• as regards the two reactive channels, the kinetics of the decarbonylation is much slower than the dehydration process 
despite being more favourable from a thermodynamic point of view. This is an important result, because the dehydration leads to 
the production of HCN, which is a molecule of great interest from a prebiotic standpoint, as its polymerization represents a key brick 
for the formation of DNA/RNA nitrogenous bases. 
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