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Computational Details

Quantum Mechanical Calculations: In order to determine the reaction free energy (ΔG) and 

energy barriers (ΔG#), we have done the minimum energy pathway (MEP) search by full 

quantum mechanical calculations, including zero point energy, internal energy, and entropic 

contributions, with the temperature taken to be 298.15 K. All structural calculations were 

carried out using density functional theory (DFT) within the Gaussian09 software packageS1 

employing the 6-311++G(d,p) basis setS2 and the B3LYP hybrid density functionalS3 with 

dispersion corrections (D3). We have modelled the solvent with the polarizable continuum 

model (PCM)S4 with water as the solvent. Frequency calculations were performed for all the 

stationary points to confirm them as a local minima or transition state structures. The absence 

of imaginary frequency confirmed the minima, while the presence of a single imaginary 

frequency verified the transition states. We have further done intrinsic reaction coordinate 

(IRC) calculations to confirm that the obtained transition states connect with the correct 

reactants and products.

Details of the ab initio Nanoreactor (AINR) Simulations: The nanoreactor simulations 

utilized the TeraChem 1.9 software packageS5-S11 with the Hartree-Fock (HF)S12 electronic 

wave function and the 3-21G basis setS13 to calculate the Born-Oppenheimer potential energy 

surface. This methodology was developed by Martinez and co-workers.S14 This level of theory 

was chosen due to the HF method's reputation for predicting chemically reasonable 

structures.S15 It is important to clarify that HF was not used for determining barrier heights and 

reaction rates; rather, its role was limited to the discovery phase. This approach mirrors 

Martinez and co-workers' original AINR paper, where they successfully replicated results from 

the Urey-Miller experiment and the interaction of acetylene molecules using HF/3-21G.S14 

While attempts were made previously to explore discovery in the AINR simulations with DFT 

using the B3LYP density functional and the 3-21g(d) basis set, preliminary intermediates were 

identified at a higher computational cost without yielding significantly different results 

compared to the HF/3-21g approach (Reference 12 of the main manuscript). Consequently, the 

discovery process in the AINR simulations was limited to HF/3-21g.

AINR Spherical Boundary Conditions14: Spherical boundary conditions were applied to 

prevent the molecules from flying away, a phenomenon known as the “evaporation” event. The 



spherical boundary conditions were provided in the form of a sum of two harmonic terms. The 

molecules were restricted to move inside a spherical volume by a boundary potential, with a 

time-dependent component:

V(r, t)= f(t)U(r,r1,k1) +(1− f(t)) U(r,r2,k2)

U(r,r0,k) = mk/2 (r – r0)2θ(r – r0); f (t) = θ(⌊ t/T ⌋ − t/T + τ/T)

where k1 = 1.0 kcal mol-1Å-2, r1 = 13.0 Å, k2 = 0.5 kcal mol-1Å-2, r2 = 5.0 Å, τ = 0.75ps, T = 1.0 

ps, ⌊⌋ is the floor function and θ is the heaviside step function. The function f(t) is a rectangular 

wave that oscillates between one (duration τ) and zero (duration T–τ), and U(r, r0, k) is a radial 

potential that is zero inside the prescribed radius r0 and harmonic outside. The force constant 

is multiplied by the atomic mass (in a.m.u) such that all the atoms at the same radial coordinate 

have attained equal acceleration. The rectangular waveform switches the restraint potential 

between U(r, r1, k1) and U(r, r2, k2), which forces the atoms with a radial position 10.0 Å to 3.5 

Å towards the centre of the sphere and allows them to collide. When the sphere is expanded 

again, the molecules present in the smaller volume diffuse rapidly (because of the high 

simulation temperature) to occupy the larger volume. Due to the repeating compression and 

expansion of spherical volume, the molecules collide and relax. Therefore, throughout the 

simulation, new molecules are formed and then break again to form other new molecules. We 

have run simulations with different composition of CH3OH, H2O, NH3, HCHO, CO and CO2 

with a timestep of 0.5 fs.

Optimizations of the ab initio Nanoreactor (AINR) Simulations: We have done several 

AINR simulations for optimizing the initial conditions of the simulations, based on the 

different parameters that can affect the results. The parameters are the ratio of the reactant 

species, the number of molecules taken in the simulation box, spherical boundary conditions, 

temperature and the total time of the AIMD simulations.

We now briefly discuss the results obtained from our several simulations based on the tested 

nanoreactor parameters:

(i) Formation of key intermediates:  Throughout the diverse pathways from initial reactants 

to key species, intermediates including formaldehyde, singlet carbenes, hydrogen cyanide 

(HCN), carbonic acid, formic acid and formaldoxime were consistently identified. These 

findings indicate the pivotal role of these intermediates in the synthesis of the target molecules. 



Additionally, a diverse array of organic species was also detected to have formed during the 

simulations. The intermediates like glycolaldehyde, ethylene glycol, oxalic acid, ketene and 

amino acetaldehyde were also formed, which turn out to be important substrate in subsequent 

reactions.

The intermediate stage of formaldehyde formation can occur through several routes, depicted 

in the Figure S1. One pathway involves a series of elementary steps leading to carbene 

formation, with an energy barrier of 7.5 kcal/mol. An alternative route involves the reaction 

between carbon monoxide and water, presenting a barrier of 48.2 kcal/mol. It has been 

observed that glycolaldehyde 10, a crucial intermediate in numerous pathways, is formed 

through a carbene-mediated pathway, exhibiting a low energy barrier as shown in figure. 

Alternatively, the AINR has identified an alternative pathway involving the formation of 

glycolaldehyde 10 from 3 and 8. 
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Figure S1: The sequence of elementary reaction steps derived from the AINR: the formation 

of formaldehyde, hydrogen cyanide and glycoaldehyde. Molecules labeled “cat.”, shown in 

brown, participate catalytically as proton shuttles. Values have been calculated at the B3LYP-

D3/6-311++G (d,p) PCM (water). The values are in kcal/mol.

(ii) AINR1 (12H2O+6CH3OH+6NH3+6CO+6CO2): Here, we observed the formation of 

both the Gly and Pyr in our simulation at 22 and 65 ps respectively, while setting the other 



parameters to be k1 = 1.0 kcal mol-1Å-2 (the force constant at the outer boundary), r1 = 13.0 Å, 

k2 = 0.5 kcal mol-1Å-2 (the force constant at the inner boundary), r2 = 5.0 Å, τ = 0.75 ps, Total 

time between collisions = 1.0 ps. The details are discussed in main manuscript (Figure 2).

 (iii) AINR2 (6H2O+8CH3OH+12NH3+7CO): In this AINR simulation, we observed the 

formation of cyanide precursor (CH3COCN) of  pyruvic acid at 14 ps while setting the other 

parameters to be k1 = 1.0 kcal mol-1Å-2 (the force constant at the outer boundary), r1 = 15.0 Å, 

k2 = 0.5 kcal mol-1Å-2 (the force constant at the inner boundary), r2 = 4.9 Å, τ = 0.75 ps, Total 

time between collisions = 1.0 ps. 

However, our investigation into pyruvic acid formation revealed an alternative pathway with 

different intermediates. Specifically, we observed the formation of intermediate 21 through the 

highly thermodynamically favourable reaction (ΔG=-144.2 kcal/mol) of singlet carbene 8 with 

methylidene. Intermediate 21 subsequently undergoes dehydration to form 23 via a six-

membered, water-catalyzed transition state with a barrier of 7.5 kcal/mol. Intermediate 23 then 

reacts with 19 to form 24, which hydrolyzes to yield pyruvic acid. The energy barriers for the 

hydrolysis of 23 are reasonable, as depicted in the Figure S2, and the reactions are facilitated 

by water through a six-membered transition state.
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Figure S2: Sequence of elementary reaction steps derived from the AINR: the formation of 

Pyr from composition 6H2O+8CH3OH+12NH3+7CO. Molecules labelled “cat.”, shown in 

brown, participate catalytically as proton shuttles. Values have been calculated at the B3LYP-



D3/6-311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are in 

kcal/mol.

(iv) AINR3 (6H2O+8CH3OH+12NH3+7CO+6CO2): In this AINR simulation, we employed 

a different composition of molecules resembling those found in interstellar ice. Our 

investigation revealed the exclusive formation of glyoxylic acid at 29 ps while setting the other 

parameters to be k1 = 1.0 kcal mol-1Å-2 (the force constant at the outer boundary), r1 = 14.0 Å, 

k2 = 0.5 kcal mol-1Å-2 (the force constant at the inner boundary), r2 = 5.4 Å, τ = 0.75 ps, Total 

time between collisions = 1.0 ps. 

The pathway includes the formation of the carbonic acid intermediate 46, which reacts with 

HCN to produce intermediate 47, with an energy barrier of 46.4 kcal/mol. The hydrolysis of 

47, catalysed by water, results in intermediate 51, with the concurrent release of ammonia. The 

transition state energy barriers, depicted in the figure 2, are reasonable. Subsequent dehydration 

of 51 yields intermediate 52, a key participant in many biological reactions. Finally, the 

dehydrogenation of 52 leads to the formation of glyoxylic acid, encountering a slightly higher 

energy barrier of 60.0 kcal/mol.
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Figure S3: Sequence of elementary reaction steps derived from the AINR: the formation of 

Gly from composition 6H2O+8CH3OH+12NH3+7CO+6CO2. Molecules labelled “cat.”, shown 



in brown, participate catalytically as proton shuttles. Values have been calculated at the 

B3LYP-D3/6-311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are 

in kcal/mol.

(v) AINR4 (9H2O+9HCHO+10NH3+7CO2): In this AINR simulation, we utilized a different 

composition of interstellar ice, incorporating additional molecules suggested by Robert et al. 

Specifically, we included HCHO in our composition to explore its effects on the simulation 

outcomes. Our findings indicate the exclusive formation of glyoxylic acid at 31 ps while setting 

the other parameters to be k1 = 1.0 kcal mol-1Å-2 (the force constant at the outer boundary), r1 

= 13.0 Å, k2 = 0.5 kcal mol-1Å-2 (the force constant at the inner boundary), r2 = 4.9 Å, τ = 0.75 

ps, Total time between collisions = 1.0 ps, following pathways involving various intermediates.

During the simulation, we observed the formation of hydrogen peroxide, which facilitates the 

oxidation process. The formaldehyde 3 reacts to form intermediate 44 via a peroxide 

intermediate 43, with an energy barrier of 30.1 kcal/mol. This peroxide intermediate 43 then 

loses water to form 44 through a six-membered transition state, with an energy barrier of 36.8 

kcal/mol, using water as a catalyst. Subsequently, the singlet carbene 5 reacts with intermediate 

44, leading to the formation of glyoxylic acid via the dehydration of intermediate 45. The 

energy barriers for the dehydration process are reasonable, as shown in the Figure S4. This 

pathway highlights the critical role of hydrogen peroxide and formaldehyde in the prebiotic 

synthesis of glyoxylic acid under simulated interstellar conditions.
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Figure S4: Sequence of elementary reaction steps derived from the AINR: the formation of 

Gly from composition 9H2O+9HCHO+10NH3+7CO2. Molecules labelled “cat.”, shown in 



brown, participate catalytically as proton shuttles. Values have been calculated at the B3LYP-

D3/6-311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are in 

kcal/mol.

(vi) AINR5 (4H2O+8CH3OH+10NH3+8CO): In this AINR simulation, our findings 

identified pyruvic acid at 29 ps, while setting the other parameters to be k1 = 1.0 kcal mol-1Å-

2 (the force constant at the outer boundary), r1 = 12.0 Å, k2 = 0.5 kcal mol-1Å-2 (the force 

constant at the inner boundary), r2 = 4.1 Å, τ = 0.75 ps, total time between collisions = 1.0 ps 

accompanied by pathways featuring new important intermediates. The formation of amide 37 

occurred through a series of elementary steps, originating from the generation of intermediate 

19. The hydrolysis of intermediate 19, facilitated by water, led to the formation of intermediate 

36 with a barrier energy of 48.3 kcal/mol. Subsequently, tautomerization processes ensued, 

resulting in the formation of amide 37 with an energy barrier of 36.5 kcal/mol.

Additionally, a notable reaction pathway involved the formation of acetaldehyde 39, from 

singlet carbene 38, which exhibited high feasibility (ΔG = -51.3 kcal/mol) and a barrier energy 

of 7.4 kcal/mol. This acetaldehyde then engaged with amide 37, undergoing successive 

hydrolysis and dehydration reactions leading to the formation of pyruvic acid (Figure S5). 

Notably, the final step in this pathway involved a dehydrogenation reaction characterized by a 

relatively higher energy barrier.
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Figure S5: Sequence of elementary reaction steps derived from the AINR: the formation of 

Pyr from composition 4H2O+8CH3OH+10NH3+8CO. Molecules labelled “cat.”, shown in 

brown, participate catalytically as proton shuttles. Values have been calculated at the B3LYP-

D3/6-311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are in 

kcal/mol.

(vii) AINR6 (11CH3OH+12NH3+8CO): In this AINR simulation, we observed the formation 

of pyruvic acid and its diol isomer. The formation of pyruvic acid is detected at 14 ps while 

setting the other parameters to be k1 = 1.0 kcal mol-1Å-2 (the force constant at the outer 

boundary), r1 = 13.0 Å, k2 = 0.5 kcal mol-1Å-2 (the force constant at the inner boundary), r2 = 

4.7 Å, τ = 0.75 ps, Total time between collisions = 1.0 ps. The details are discussed in the 

manuscript (Figure 4).



(viii) Pathway for the formation of carbamic acid 53 (TS 51), glyceraldehyde 55 (TS 49) and 

isocyanic acid 54 (TS 50) in AINR simulations as shown in Figure S6.
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Figure S6: Sequence of elementary reaction steps derived from the AINR for the formation of 

carbamic acid, glyceraldehyde and isocyanic acid. Molecules labelled “cat.”, shown in brown, 

participate catalytically as proton shuttles. Values have been calculated at the B3LYP-D3/6-

311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are in kcal/mol.

(ix) Another important parameter in the AINR simulations is the spherical boundary condition, 

which we have discussed in the “AINR Spherical Boundary Conditions” subsection in the 

Computational Details section here in the SI. Optimizing the boundary in the AINR is a trial 

and error process. Our objective was to establish the boundary conditions to ensure effective 

collisions among molecules within the inner sphere and provide ample space for relaxation in 

the outer sphere. It was crucial to prevent collisions from occurring at velocities high enough 

to dissociate molecules into their elemental forms.

(x) Temperature is another important parameter in the AINR simulations. The temperature that 

we have used in our simulations (2000 K) is not the actual reaction temperature at which the 

reactions would occur. The reason that we have provided such a high temperature is to avoid 

noncovalent interactions such as hydrogen bonding in our AINR simulation and also to provide 

enough kinetic energy to the molecules so that they could collide with each other and cross the 

activation barriers, leading to the products.  We reiterate that the purpose of the AINR is to act 



as a tool for discovery of chemical reactions, the feasibility of which could then be determined 

with careful, high level QM (DFT, MP2 and CC2) studies of the thermodynamics and kinetics 

of the discovered reactions. Therefore, the parameters (ratio of the reactants, spherical 

boundary conditions and temperature) that would lead to the best possibility of discovering 

new processes have to be employed, regardless of whether they necessarily represent the actual 

experimental conditions or not. 

(xi) The goal of the AINR simulations is to find new reactions and mechanistic pathways, and 

not to equilibrate the systems. We have run most of the simulations at a ~1 ns timescale, which 

sufficed to yield different interesting intermediates and products, as well as the corresponding 

mechanistic pathways. 
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Energy profile of the pathways for formation of glyoxylic and pyruvic acid:
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Figure S9: The reaction free energy profile diagram for the formation of pyruvic acid enol for 

the pathway 6H2O+8CH3OH+12NH3+7CO (AINR2). Values have been calculated at the 

B3LYP-D3/6-311++G(d,p)+PCM(water) using the Gaussian09 software package.1 The values 

are in kcal/mol.
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Figure S10: The reaction free energy profile diagram for the formation of Gly for the pathway 

6H2O+8CH3OH+12NH3+7CO+6CO2 (AINR3). Values have been calculated at the B3LYP-

D3/6-311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are in 

kcal/mol. 



Figure S11: The reaction free energy profile diagram for the formation of Gly for the pathway 

9H2O+9HCHO+10NH3+7CO2 (AINR4). Values have been calculated at the B3LYP-D3/6-

311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are in kcal/mol. 
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Figure S12: The reaction free energy profile diagram for the formation of Pyr for the pathway 

4H2O+8CH3OH+10NH3+8CO (AINR5). Values have been calculated at the B3LYP-D3/6-

311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are in kcal/mol. 
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Figure S13: The reaction free energy profile diagram for the formation of Pyr for the pathway 

11CH3OH+12NH3+8CO (AINR6). Values have been calculated at the B3LYP-D3/6-

311++G(d,p)+PCM(water) using Gaussian09 software package.1 The values are in kcal/mol.



3D structures of the transition states
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