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Abstract	Comment by Author: Author: Please check edits carefully to ensure your meaning has been retained.
[bookmark: _Hlk86058394][bookmark: _Hlk86081331]Hydrogen cyanide (HCN) and its isomer hydrogen isocyanide (HNC) are omnipresent in the interstellar medium (ISM). The ratio between them the two isomers serves as an indicator to of the physical conditions in different areas of the ISM. As such, the isomerization process between the two isomers has been extensively studied on the neutral potential energy surface. Moreover, HCN and HNC are thought to be precursors of important organic molecules such as adenineare thought to be precursor of important organic molecules such as adenine. Here, we use quantum chemistry calculations and ab-initio molecular dynamics (AIMD) simulations to focus on the chemistry that occurs upon ionization of pure HNC clusters using quantum chemistry calculations and ab-initio molecular dynamics (AIMD) simulations. We demonstrate that upon ionization of HNC clusters, a distonic ion  is formed, and its this formation is accompanied by HNC HNC-to to-HCN isomerization. Moreover, we show that the cluster environment and the network of hydrogen bonds are crucial for the isomerization processes to occur and for stabilization of the clusters, and. We demonstrate that in contrast to HNC clusters, isomerization of ionized HCN clusters can occur only for the larger clusters. Additionally, we discussed the formation of aminonitrile cation in the clusters and suggest propose a barrierless route for diaminonitrile formation, a known precursor in the formation of amino acids and nucleobases. 	Comment by Author: Author: Does the HCN/HNC ratio reveal the physical conditions in the ISM? Please clarify use of the word “indicator” in this context.	Comment by Author: Author: Is this addition acceptable?	Comment by Author: Author: Would this change be okay?




















I. Introduction

The two isomers, hydrogen cyanide (HCN) and hydrogen isocyanide (HNC) are omnipresentpervasive in different areas of the interstellar medium (ISM) such as diffuse clouds,1, 2, dense clouds,3, 4, protoplanetary disks,5, and star star-forming regions6, 7 among other areas of the ISM’s areas.8-10 Additionally, they HCN and HNC were identified in comets,11 and HNC was identified on in the atmosphere of Titan’s atmosphere.12 The abundance of these two isomers, and the difference in their thermodynamic stability is are such that the ration between them serves as an indicator to of different chemical and physical environments. For example, the intensity of the I(HCN)/I(HNC) ratio of the transition J = 1-0 is used to probe the gas kinetic temperature in the ISM.13	Comment by Author: Author: Would this change be okay? (“omnipresent” is used in the abstract)	Comment by Author: Author: The punctuation was placed before the reference citation to be consistent with usage below. Please consult journal for preferred style.	Comment by Author: Author: Is this sentence correct as written and edited?	Comment by Author: Author: Please clarify “use” or “used” here. Is this correct as shown?
Chemically, hydrogen cyanide and hydrogen isocyanide can play an important role in reactions, leading to more complex organic molecules such as amino acids and nucleobases, which are important from an astrobiology astrobiological point of view.14, 15 Specifically, the formation of the nucleobases adenine,  (formally an HCN pentamer, ) from HCN and HNC draw has garnered much attention.16-18  
The HCN isomerization processes has been studied extensively in order to explain the different ratios obtained at different areas.19 Several mechanisms were have been suggestedproposed for the isomerization process. WaterIt has been suggested that a water-catalyzed mechanism has been suggested to lowers the barrier for the isomerization,20 demonstrating  a low barrier for HNC HNC-to to-HCN isomerization, but a high barrier for the reverse reaction, which makes it this mechanism an unlikely candidate.21 Moreover, the mechanism for the reaction was studied using the first and second derivatives of the energy, identifying and two stages were identified for the reaction, t. The first is C-H bond breakingbreakage, and the second is formation of the N-H bond; t. The intermediate structure is a transitory state identified as a state where in which the H atom is situated above the C-N bond.22  The dDirect and reverse isomerization have both been demonstrated to occur via radiative relaxation processes from a highly excited vibronic state.23 The production of the two isomers can also occur via dissociative recombination.24	Comment by Author: Author: Please check edits to ensure your intended meaning has been retained.	Comment by Author: Author: Is this correct as stated, or do you mean it would not likely be successful?
While the isomerization reaction has been studied extensively on the neutral potential energy surface (PES), to our knowledge, the isomerization reaction was has not been studied investigated on the cationic surface.
Cotton et al. performed ab-initio calculations with HCN and HNC to study the complexes of HCNH+ with HCN and HNC. They have speculated that via the bound complex isomerization between HCN and HNC can occur via the bound complex.25 In a previous work, we studied the growth upon ionization of pure HCN van der Waals clusters of different sizes. The result indicated formation of a distonic structure HCNH+ cation and a CN radical.  isomerization was not detected in the majority of the clusters, and was only detected in one instance of in the larger clusters (pentamer cluster).26	Comment by Author: Author: Sentence edits correct?
[bookmark: _Hlk86059367]Here we study report the isomerization reaction taking that takes place in an ionized HNC clusters by means of ab-initio calculations and ab-initio molecular dynamics (AIMD) simulations to study the evolution of the system with over time. We show, that, when the starting clusters contain HNC, isomerization take placeoccurs upon ionization of the clusters in contrast to pure HCN clusters. We analyze the energetic energy of the cluster due to the additional bonds, and shed light on the conditions enabling that enable isomerization. Additionally, we analyze possible routes for molecular growth upon ionization of the clusters to form complex organic molecules of astrological interest, and show that growth that occurs form from pure HNC clusters can results in the formation of important molecules such as aminonitrile, which we. We demonstrate that this can barrierlesly lead to a barrierless pathway to diaminonitrile (DAMN), a known precursor of amino acids and nucleobases.27, 28	Comment by Author: Author: Is change okay?	Comment by Author: Author: Okay? Please check this edit throughout. If “energy” is incorrect, would “energetics” be acceptable?
II. Computational details

All calculations were performed in with the Q-Chem 5 software package.29 Neutral and cation clusters were optimized using   30 with a cc-pVTZ basis set. Frequency calculations were performed to verify that all of the found structures found are were indeed a minimum on the PES. 	Comment by Author: Author: Please see mention of this in the next paragraph. Should one or the other be changed for consistency?	Comment by Author: Author: at a minimum? Minimal?
Potential energy scans were performed to analyze possible isomerization routes in order to locate transition states in caseif they are existed. The scans run employingwere run using a   functional and cc-pVTZ basis set. During the scans, the location of the protons changed systematically while the rest of the system remained frozen. In some cases, additional relaxed scans were preformedperformed, ; in those scans after each step, full relaxation of the system was performed. AlternativelyIn addition, constrained optimizations were performed in the search for locating the transition states; in those these optimizations, the systems were relaxed under a structural constraint either at a specific distance or an angle that remained constant during the optimization.	Comment by Author: Author: Please check sentence for clarity.	Comment by Author: Author: Is this correct?
For the AIMD calculations, we used ran the structures of the neutral clusters and run them on the cationic surface – to model an ionization event.  To sample over different initial conditions, each structure was run 30 times, with temperatures in the range of 30K-–80K. Each trajectory was run for 1000 ps in the trimer, tetramer, and pentamer case, and for 2000 ps for in the hexamer case, with a time step of 1.21 fs (50 a.u.).
III. Results

a. HCN/HNC isomerization process. 

In order to understand the binding trends taking place in the HNC clusters, we started by exploring the smallest possible cluster; , a dimer cluster. Figure 1 (left panel) shows the structure of a neutral HNC dimer. 
[image: ]
Figure 1: Left panel: neutral HNC dimer cluster. Right panel: ionized HNC dimer cluster.
The distance between the two units is 2.1  1, which is slightly smaller than the distance in the HCN dimer, and the dipole moment of HNC is slightly larger than the onethat for HCN (calculated as 3.07 D and 3.02 D for HNC and HCN, respectively). The calculated binding energy (BE) is -–7.4 kcal/mol, which is larger than the value calculated for the HCN dimer, which is (5.0 kcal/mol).26  The BE difference between HCN and HNC can be explained by the hydrogen bonds that are forming in the HNC case, which are stronger then the hydrogen bonds between the two HCN units.31 
At tThe right panel of Figure 1,  shows the optimized cationic structure is presented. We observed a distonic structure which that was previously reported in the case of pure HCN clusters; the cationic structure obtained by ionization of HCN and HNC dimers is identical.  However, critical differences were observed upon ionization of the larger clusters. We report the structures of neutral (trimer, tetramer, pentamer, and hexamer) HNC clusters at in the supporting information (SI) of the manuscript (Figures SI1 and SI2). The trends in the neutral structures are similar to those observed in the HCN clusters. Comparing A comparison of the BE of the structures with structures those of previously studied pure HCN previously studied26 demonstrates that here the clusters are bind more strongly bind due to stronger hydrogen bonds, as was demonstrated for the dimer case.  
Previous The previous study has shown26, showed that upon ionization of pure trimer and tetramer HCN clusters, the products are either a distonic structure complexed to the remaining HCN units or a bonded ionic structure, C2N2H2+, complexed to the remaining HCN molecules. For the pentamer clusters, the same products were observed, except for the linear case, where the formation of the distonic structure was accompanied by an isomerization of one of the HCN units to an HNC unit.  Figure 2 presents the ionized structure of the HNC clusters. Similar trends can be observed here: we We identify the formation of the distonic structure in addition to a bonded C2N2H2+ structure, albeit here the bond is formed between the two carbons. A major difference is observed here for the HNC case in contrast to the HCN clusters. Unlike the case ofwith the HCN cluster, here the formation of the distonic structure was is accompanied by an isomerization process, even for in the case of the trimer clusters; and in general the isomerization processes are more frequent starting from ionized HNC clusters than ionized HCN clusters. 


[image: ]
Figure 2: Optimized structure of trimer (Tr), tetramer (T), pentamer (P), and hexamer (H) clusters following ionization. 
To understand why isomerization did not take placeoccur in the ionized HCN trimer clusters, we analyzed possible routes for the process to occur. We can hypothesize such an isomerization in the following route stated in equation 1. We started with a neutral trimer cluster which that underwent ionization. In the first step, a proton can transfer to form the distonic product complexed to an HCN unit. At In the second stage, a second proton transfer occurs during which isomerization takes place and results in a change in the location of HNCH+ changing its location. 

1) 

In aim of studyingTo study this speculated route, we have scanned the potential energy surface for the proton transitions (while the rest of the atoms in the system were frozen), ). The results are shown in Figure 3. We can see from the figure that there are barriers for the transitions of the protons. Evaluation of relative energies of the structures and the barrier for their formation requires full optimization.  
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Figure 3: Potential energy surface scan, ;  at each stage only the positions of the proton have changed. 
Figure 4 presents the fully optimized structures, with respect to the energy of the ionized linear trimer structure (Figure 4, structure 1). After ionization of the cluster, the distonic ion is formed and is complexed to an HCN unit (Figure 4, structure 3). This state corresponds to the minimum energy and the transition to it is barrierless, achieved directly from optimization of structure 1. To further demonstrate that the transition is barrierless, we performed an FSM calculation presented in(see Figure S3 of the SI). During the transition from structure 1 to structure 3, one can identify structure 2 can be identified. For this structure to further stabilize, the CN rotates such that the nitrogen points toward the hydrogen of the [HNCH]+ structure. Structure 2 is only a minimum when we consider the system to be in a  symmetry point group. Elevation of the symmetry constraint results in a direct barrierless transition into structure 3. To evaluate the energetic energy of the hypothesize hypothetical route suggested in equation 1, we calculated the additional structures (Figure 4, structures (3’) and (4)).	Comment by Author: Author: Please spell out acronym.
[image: תמונה שמכילה טקסט, מקורה
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Figure 4: Optimized structures, . Sstructures mark shown in black (1 and 3) are minimum on the PES. Structures mark shown in dark gray (structure 2) were optimized under symmetry, and structures marked shown in light gray (3’ and 4) are not optimal structures on the full potential energy surface and were optimized under a constraint. 	Comment by Author: Author: minimal?
We were able to obtain structures 3’ and 4 only under constraint optimization. To obtain structure 3’ we applied the constraints that the distance between the hydrogen and the nitrogen of HCNH+ is fixed, and that the angle between the hydrogen on HNC and the CN molecule is 180 (to avoid rotation of the CN). To obtain structure 4 we applied the constraint that the distance between the hydrogen and the nitrogen of HCNH+ is fixed. In this speculated hypothetical route, we observed barriers, and any lifting of the this constraint will result with in the system going backreverting to the true minimum of the system, structure 3. It is thus clear why we do not observe any isomerization upon ionization of trimer clusters, that is, the systems goes directlyreverts to structure (3), as reported in the literature.26 	Comment by Author: Author: Okay?
Moving forwardNext, we examined ionized tetramer clusters. Results are shown in Figure 5. As in the case of the trimer structure, direct optimization of the cluster (Figure 5, structure (1)) on the cationic structure results in an [+ structure (Figure 5, structure (3)). Forcing the system to belong to the  symmetry point group, does not enable allow the CN group to rotate such that the nitrogen of the NC would point toward the hydrogen of [HNCH]+ as is the case in structure 3. As a result, the CN group moves part away from the rest of the cluster, as shown in Figure 5, structure 2 of Figure 5. Despite the unfavorable orientation, CN departure was not observed in the trimer case (Figure 4, structure (2)). We attribute this difference between the trimer and the larger clusters to the dipole moments; t. The CN total dipole is 1.46 D, ; for the trimer case it is complexed to HNCH+∙∙∙NCH, which has a total dipole of 3.48 D. Adding to HNCH+∙∙∙NCH, additional supplementary HCN units, like as in the tetramer and pentamer clusters, significantly enlarge the dipole moment (calculated as 6.69 D for HNCH+∙∙∙NCH∙∙∙NCH and 15.72 D for HNCH+∙∙∙NCH∙∙∙NCH∙∙∙NCH), which resulting in CN departure.  Breaking the symmetry and reoptimize reoptimizing the structure will lead us back to structure 3.                            	Comment by Author: Author: Correct?	Comment by Author: Author: This was changed so as not to use “add” twice in the same sentence, but please clarify so that your meaning is clear here, that is, “Adding to HNCH…, additional HCN units…”
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Figure 5: Optimized structures, s. Structures mark shown in black (1 and 3) are minimum on the PES. Structures mark shown in dark gray (structure 2) were optimized under symmetry, and structures marked in light gray (3’ and 4) are not optimal structures on the full potential energy surface and were optimized under constraint. 	Comment by Author: Author: minimal?
To obtain (Figure 5, structures 4) , we had to optimized under the constraint that the distance of the hydrogen and nitrogen in HNCH+ is fixed. As this structure is only obtained under constraint minimization, it is not a minimum on the PES, and for this cluster as well, isomerization process cannot take place.  
In contrast to the trimer and tetramer results, we do see that isomerization takes placeoccurs in an ionized cluster containing five HCN units, as demonstrated in Figure 6. Optimization of the ionized cluster results in  as shown in( Figure 6, structure 2). A second minima minimum, in which an isomerization process did not take place, was also found (Figure 6, structure 3). The two minimas are very close in energy, with structure 3 being 0.8 kcal/mol lower in energy. 
In both structures (Figure 6, structures 2 and 3) the carbon atom in the CN radical is pointed towards an H atom (of either an HCNH molecule ([structure 3) ] or an HNC molecule ([structure 2]), and in both structures the CN radical departed from the cluster. The global minimum is achieved when the nitrogen atom of the CN radical is pointed towards the hydrogen of HCNH, as shown in Figure 6, structure 4. 
[image: Chart
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Figure 6: Optimized structures, s. Structures mark shown in black (1 and 3) are minimum on the PES.	Comment by Author: Author: minimal?
In order to understand why isomerization of the HCN can take place in the pentamer cluster but not in smaller clusters, we will look at the energetic energy of the systems. The HCN isomer is lower in energy then the HNC isomer, ; however, due to the strong hydrogen bonds in the HNC clusters (as demonstrated above for the dimer case), additional stability is obtained, as is manifested in the 	Comment by Author: Author: Okay?
BEs of the clusters.
In order tTo compare the different clusters, we removed the CN radical from the systems as it departs in clusters larger than trimer, and then compared the energetics energies of the rest of the systems. By the rRemoval of the CN radical, we receive resulted in a system with a positive charge and a singlet multiplicity. The results are reported shown in table Table 1.	Comment by Author: Author: Okay?	Comment by Author: Author: Is this correct?
Table 1: Possible conformers obtained from the trimer, tetramer, and pentamer clusters after the CN removal.
	
	Structure
	Energy [Eh]
	BE [Kcalkcal\mol]

	Trimer
	(1) HNCH+∙∙∙NCH
	-187.169
	-23.3

	
	(2) HNCH+∙∙∙CNH
	-187.149
	-23.7

	Tetramer
	(3) HNC∙∙∙HNCH+∙∙∙NCH
	-280.614
	-49.1

	
	(4) HNCH+∙∙∙NCH∙∙∙NCH
	-280.615
	-36.2

	Pentamer
	(5) HNC∙∙∙HNCH+∙∙∙NCH∙∙∙NCH
	-374.056
	-60.0

	
	(6) HNCH+∙∙∙NCH∙∙∙NCH∙∙∙NCH
	-374.055
	-46.0



We start began by comparing two distinct possible conformers of the trimers, ; results are presented in table Table 1. In both cases, the HNCH+ is complexed to either an HNC or HCN molecule. 
Complex (2), which contains the HCN molecule, is lower in energy. However, the BE is larger when HNCH+ is complexed to HNC due to the stronger hydrogen bonds between the HNCH+ hydrogen and the carbon lone pair. Despite the stabilization added from the hydrogen bond, structure 1 is still lower in energy energy—by 12.55 kcal/mol.  
For the tetramer clusters, we compered a cluster containing HCNH+ complexed to an HCN and to an additional molecule, either HCN or HNC.  We observed a very small energetic preference (0.6 kcal/mol) towards complex (4), which contains two HCN molecules. The reason for the this only small preference lies in the stronger hydrogen bonds, and can be seen from the BE; . In case (3), where the HNCH+ is complexed to the HNC molecule, the BE is much larger (12.9 kcal/mol difference). 
In the case of the pentamer clusters, HNCH+ is complexed to three HCN molecules (6), or two HCN molecules and one HNC molecule. In this caseinstance, due to the strong hydrogen bonds in complex (5) (BE of 60 kcal/mol), it is lower in energy then than complex (6), even though isomerization occurred. These trends explain why the isomerization process in the HCN ionized cluster were only observed for the pentamer clusters.  

b. Growth of HNC clusters upon ionization.

We performed AIMD simulations To to further analyze the processes that take place upon ionization of the clusters we preformed AIMD simulations. As expected,  according to the results we presented above, isomerization processes are omnipresent in ionized HNC clusters. Figure 7 presents shows the number of   isomerizations that took place during the trajectories (as seen at the end of the trajectory; this included both cases where growth occurred or did not occurred) from different clusters sizes. In all casesinstances, regardless to of the cluster size, the majority of the trajectories resulted with in the occurrence of at least one isomerization process taking place. In most cases, we observed more than one isomerization process; for the trimer case, a single isomerization occurred in 52% of the cases, ; and lack of48% of the time no isomerization  occurredoccurred 48% of the time. 	Comment by Author: Author: Okay as changed?

Figure 7: Number of isomerization processes observed at the end of the AIMD simulations in trimer, tetramer, pentamer, and hexamer clusters. 
As demonstrated above, the stability of the complexes depends both on the isomers that are present, and the hydrogen bond network in it. The isomerization that takes place is dictated by the balance between the stability of the isomers in the cluster and the stabilization stability of the cluster due to the hydrogen bonds, as demonstrated above. 	Comment by Author: Author: Is this okay as edited?
For the linear clusters, we observed either N-3 or N-4 isomerizations ( transitions), where N is the number of molecules in the cluster. In accordance with the trends demonstrated above; , protons are transferred to form a structure in which isomerization takes place until, at the edge of the cluster, we either have or  . After the formation of the structure, in the rest of the simulations the protons going go back and forth between the above-mentioned structure:   , and thus the number of isomerization is either N-3 or N-4, depending on the point where at which the simulation ended. 	Comment by Author: Author: Is this correct? Please check below also.
In addition to isomerization, growth processes were also observed. Figure 8 presents the distribution of structures at the end of the trajectories for different clusters sizes. Except for the pentamers clusters, the majority of the trajectories results resulted in proton transfer, forming the distonic ion discussed above (76% , 69%, 37%, and 47% for the trimer, tetramer, pentamers pentamer, and hexamer, respectively).

 
Figure 8: Distribution of structures at the end of the AIMD simulations  for trimer, tetramer, pentamer, and hexamer clusters.

As we can see from Figure 8; , the larger the cluster, the larger higher the tendency for the clusters to grows (34% , 41%, 63%, and 53% for the trimer, tetramer, pentamers pentamer, and hexamer, respectively), which is in agreement with previous studies.26, 32-34 The pentamer clusters seems to lean towards growth more than the hexamer clusters, t. This could may be the result of the limited amount number of different distinct clusters we used when modeled modeling the neutral structures, and might may indicate that we did not sample enough a sufficient number of starting structures, as the results of the trajectories are highly depending dependent on the initial structure. However, it is not the aim of this study to fully sample neutral clusters upon ionization, but rather to understand the possible routes and processes taking place in the clusters.
As in the case of the HCN clusters, here as well we observed growth mostly mainly by forming a bond between two heavy atoms. We observed the formation of C2N2H2+ and C2N2H. The C2N2H molecule frequently formed in a cationic system by binding CN with an HNC or HCN molecule. In a few casesinstances, the formation was received fromoccurred as a result of dimerization of HNC to form HNC-CNH+ followed by a proton transfer.
The C2N2H2+ molecule was obtained from either C2N2H followed by proton transfer or from dimerization, as shown above.
The last group, which occurred rarelythe occurrence of which was rare (1-–2%), consists of the C3N3H3+ and C2N2H3+ molecules.
Formation of the C2N2H3+ molecule requires dimerization of two neutral HNC molecules, followed by a proton transfer,  Tthis scenario was observed only in the pentamer and hexamer clusters in 1% of the trajectories.

[image: תמונה שמכילה אביזר
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Figure 9: C3N3H3C3N3H3 structures obtained in the AIMD simulations, after optimization.	Comment by Author: Author: Should this be C3N3H3+?
The formation of C3N3H3 + isomers, presented in Figure 9, occurred as a result of bonding between C2N2H2+ with either HCN or HNC molecules. We observed one trajectory in which C3N3H3 + formed within one step; in this case HNC+ bonded simultaneously to two other HNC units. Such molecules are not likely to form rings (such as triazine) since their longest chains may form five-membered rings at most. Under the conditions of the system, additional growth is not a likely scenario, due to the unavailability inability of the positive charged cation to form an additional bond.	Comment by Author: Author: Okay as changed?
Previous work has studied growth upon ionization of HCN clusters.26 Some similarities can be found between HCN and HNC pure cluster systems. From the trajectories, we can learn that HNC+ may either bind to another HNC or, in turn, it may initiate a proton transfer with another HNC for HNCH+ and CN formation. 

(2)	 
(3)	 

These reactions are competitivecompete, and, as discussed earlier, the latter reaction occurs more often. Once HCNH+ is available, isomerization processes  will occur, generating a mixed cluster or even clusters similar to ionized pure HCN clusters (complexed to additional HCNH+ and CN) in significant amounts, as demonstrated in Figure 7.   
The major difference between the HCN and HNC clusters are is the availability of HNC in the system. As shown previously, ionized HCN clusters are capable of isomerization to HNC given if the cluster is large enough. And yYet, such systems depend on the removal of the CN and specific intramolecular bonds enabling stability.  In the case of ionized pure HNC clusters, isomerization processes are occur frequent, ly; however, the systems still contain HNC molecules as well. The mixed composition of the cluster is crucial for the formation of important products such as aminonitrile cation, NCCNH2+, which will be discussed in the next section. 

c. Formation of DAMN molecule.

 The growth of the HNC monomers holds is of great interest from an astrobiology astrobiological point of view due to the large abundance of HCN and HNC in the interstellar medium and the fact that they are contain the three main elements needed for the formation of nucleobases. It has been suggested that HCN and CN growth has been suggested to leads to the formation of DAMN, which is an prominent important steppingstone towardprecursor to the formation of amino acids such as adenine under prebiotic conditions.27, 28, 35, 36  The suggested route formation for DAMN is from via formamide and  in high high-energy chemistry,27  or from pentamerization of HCN in under different conditions.28	Comment by Author: Author: Okay?	Comment by Author: Author: Correct as added? If not, it is not a complete sentence. Please check.
We suggest a simple route for the formation of aminonitrile cation based on our AIMD results.
We observed the formation of aminonitrile cation, presented in Figure 9 10 (although in <1% of the simulations). The possibility of binding two aminonitriles to receive the DAMN molecule in its cationic or neutral form is a promising route for DAMN formation.	Comment by Author: Author: Okay as changed?
[image: ]
Figure 10: Aminonitrile cation obtained during the AIMD simulation, after optimization.
Interestingly, the formation of the DAMN cation (trans  isomer, as seen in Figure 11(a)) from aminonitrile cation and neutral aminonitrile occurred directly upon optimization of the system, which indicates the formation is barrierless.
Optimization of two neutrals aminonitriles, also resulted in the formation of a DAMN molecule (in the case the cis isomer, as shown in Figure 11(b)). The fact the here again tThe fact that the DAMN molecule is was formed upon optimization demonstrates that in the neutral case as well the reaction is barrierless, which makes it feasible in cold regions.
To further demonstrate that the transition is barrierless, we performed an FSM calculation presented in f(see Figures S5, S6 of the SI).
Thus, the formation of DAMN can be simply achieved via a direct combination of aminonitrile units, either cationic or neutral, without the need of for a complex multistage mechanism.

[image: ]Figure 11: DAMN molecule: (a) trans DAMN, (b) cis DAMN.




IV. Conclusions

In this manuscript, we present processes that occur within pure HNC clusters upon ionization. We have demonstrated that a large amount number of isomerization processes,  can take place upon ionization of pure HNC clusters. We explain the reason that the reverse ionization cannot occur from small HCN clusters, and is observed only in the pentamer clusters; . the The stability of the clusters (either HCN or HNC) depends on the identity of the isomers (HCN or HNC; HCN isomer is lower in energy) and the hydrogen bonds that form in the clusters; t. These two factors will dictate if determine whether isomerization can take placeoccur. In the HCN pentamer cluster, the stability obtained from the hydrogen bonds enabled the isomerization  to take place. 
By means of AIMD, we have demonstrated that, similar to the HCN clusters, ionization of HNC clusters results in the formation of distonic ion  or in growth that results from the bond between the two units. Among the structures that are formed is aminonitrile, which we show that can barrierlessly form the DAMN molecule barrierlessly. This result is of major importancesignificant from an astrobiology astrobiological point of view as the DAMN molecule is a predominantmajor precursor for nucleobases formation.	Comment by Author: Author: Okay as changed?
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