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Abstract
[bookmark: _Hlk55805758]Polycyclic aromatic hydrocarbons and polycyclic aromatic nitrogen heterocycles are believed to be widespread in different areas of the interstellar medium. However, the astronomical detection of specific aromatic molecules is extremely challenging. As a result, only a few aromatic molecules have been identified, and very little is known about how they are formed in different areas of the interstellar medium. Recently, McGuire et al. detected the simple aromatic molecule benzonitrile in Taurus Molecular Cloud-1. Although benzonitrile has been observed, – the molecular mechanism for its formation is still unknown. In this study,Here we use quantum chemistry and ab initio molecular dynamics in order to model ionization processes of van der Waals clusters containing cyanoacetylene and acetylene molecules. We demonstrate computationally that the clusters' ionization leads to molecular formation. For pure cyanoacetylene clusters, we observe bond formation among two and three monomer units, while whereas in the mixed clusters, the bond formation canould  also occur in up to four units. We show that the large amount of energy available to the system after ionization can lead to barrier crossing and the formation of complex molecules. Our study revealsWe uncover the rich chemistry that is obtained upon ionization of the clusters, with a wide variety of molecules being formed. Benzonitrile is among the observed molecules, and we study the potential energy path for its formation. These results also offer new insights that can guide astronomers in their search for aromatic molecules in the interstellar medium.
Significance Statement
[bookmark: _Hlk55806779]Understanding how aromatic molecules are formed in the harsh environment of the interstellar medium has long posed a significantbeen an important unsolved puzzle to scientists. This paper investigates how small aromatic molecules and aromatic nitrogen heterocycles (as well as non-aromatic molecules) are formed from van der Waals clusters upon ionization. Applying ab initio molecular dynamics, we demonstrate that when the clusters contain acetylene and cyanoacetylene — some of the building blocks found in Taurus Molecular Cloud-1 — the model predicts the formation of benzonitrile cation can be predicted. Our results also envisage the formation of other important compounds, including a bicyclic structure, and can help facilitate astronomy’s search for additional aromatic molecules in the interstellar medium.



I. Introduction
Despite the harsh conditions in space, such as low density, extreme temperatures, shock waves, and radiation, radio astronomy measurements are able to reveal the universe’s rich molecular nature [1]. To date, approximately 175 molecules have been identified in the gas phase [2]. Additionally, different organic molecules have been identified in meteorites and comets, including carboxylic and amino acids, purine and pyrimidine bases, sugars, and hydrocarbons [3-6], with demonstrated interstellar origins. While only relatively small molecules of up to 12 atoms have been identified in the gas phase, it is commonly believed that much more complex molecules are present in the interstellar medium (ISM). Included among these are polycyclic aromatic hydrocarbons (PAHs), which are considered widely prevalent in the ISM, and which constitute 20% of the carbon in the ISM [7-13]. The well-accepted PAH hypothesis [9, 10] suggests that PAHs, including their derivatives and ionic form, are responsible for the unidentified infrared bands (UIBs), or observed emission bands that appear at 3.3, 3.4, 6.2, 7.7, 8.6, and 11.3  in the infrared (IR) spectra [14, 15]. The presence of the UIBs, also referred to as aromatic infrared bands (AIBs), demonstrate the generality of the PAH hypothesis [16].
Polycyclic aromatic nitrogen heterocycles (PANHs), the ring structures of which include a nitrogen atom, are also believed to contribute to the observed IR spectra, with a shift in the 6.2- peaks having been suggested as an indicator of their presence [17-19]. In order to understand the chemical evolution of prebiotic molecules, and to obtain enhanced insights in the field of astrophysics, astrobiology, and astrochemistry, it is essential to clarify PANHs’ possible formation routes [20]. 
Although the presence of complex organic molecules such as PAHs and PANHs in different areas of the ISM is generally accepted, the mechanisms of their formation from smaller precursor molecules in areas such as dense molecular clouds remain elusive, and continue to be the subject of much study and debate.[1, 8] Moreover, while PAH and PANHs are relatively ubiquitous, their low rotational constant makes the detection of a specific PAH or PANH molecule challenging. In fact, only recently was the aromatic molecule benzonitrile identified in the cold-core Taurus Molecular Cloud-1 (TMC-1) via its hyperfine structure [21]. 
It is known that dense molecular clouds possess rich chemical compositions, as they are inhomogeneous, contain high-density cores (relative to the ISM), and have low temperatures of 10–100K [16, 22]. Moreover, while the cloud’s surface is exposed to a large amount of radiation from its surroundings, internally, it is shielded from most of that radiation. This protection prevents the destruction of molecules from radiation, but some ionizing radiation can still penetrate the cloud’s internal areas and lead to the formation of ionized species [23]. Spectral measurements reveal that a number of different molecules (mostly small molecules with fewer than 12 atoms) can be found in dense molecular clouds. For example, in TMC-1, over 60 molecules have been identified, including cyanopolyynes (HCnN; n=odd) [24, 25]. Due to the fact that molecular collisions are rare under the prevailing cloud conditions, and given that the reaction of two neutral species is likely to require activation energy, most such collisions will not be reactive. Consequently, to date, the astrochemistry field has focused on reactions between ions and neutral molecules, as well as on radical reactions, as these do not have activation energies, and are therefore far more likely to occur and lead to chemical growth.                     
While most encounters between neutral species are not reactive, they can result in the formation of molecular clusters, especially in the low temperatures of the cloud environment [26-28], and because the rare occurrence of ionizing radiation enables the growth of clusters. When the cluster finally encounters ionizing radiation, it can lead to intra-cluster polymerization, a process that, in our opinion,  while despite possibly playing an essential role in the chemistry of molecular clouds, is often overlooked.
Intra-cluster ionic polymerization has been shown to generate molecular growth. For example, acetylene is the basic building block of complex organic molecules, such as PAHs, that are formed in a number of processes, including those leading to soot formation during combustion, or the creation of interstellar dust. Thus, many experimental studies have focused on clusters of acetylene molecules, and have demonstrated that covalently bonded radical ions of the form (C2H2)n+ resulted from the ionization of these clusters. Covalently bonded cyclic structures, such as cyclobutadiene cation and benzene cation, have been identified among the resulting structures [29-41]. Recently, Momoh et al. showed that ionization of van der Waals clusters of ethynylbenzene (C8H6)n formed by supersonic beam expansion led to molecular growth into larger structures, and resulted in radical cations of (C8H6)n+. Based on mass-selected ion dissociation and ion mobility measurements, they further demonstrated that the larger structures are covalently bonded [42]. Zhen et al. studied the photodissociation processes of pyrene clusters, and found that small PAHs can convert into larger ones when undergoing laser irradiation [43]. 
Recently, using ab initio molecular dynamics (AIMD) to model ionization of small neutral acetylene clusters, we demonstrated the potential of this conversion mechanism for forming aromatic molecules has been demonstrated [26, 40, 44]. This process can lead to molecular growth, whereby structures are formed on the C4 and C6 potential energy surfaces, among them the benzene cation [40]. In addition, upon ionization of mixed HCCH and HCN clusters, growth can occur between three and four units, forming new C–C and C–N bonds. It has been shown We showed that cyclic structures can be formed through this mechanism, including the pyridine radical cation [45], which is particularly important due to its prebiotic nature.
In this paper, we establish the strong relevance of the intra-cluster growth mechanism to the molecular formation in molecular cloud environments. By applying this mechanism to acetylene and cyanoacetylene mixed clusters, we were able to successfully predict benzonitrile radical cation formation. This result is significant, as the benzonitrile molecule was recently identified experimentally in TMC-1. Moreover, the intra-cluster growth mechanism perceives the formation of a fused double-ring structure, 2 azabicyclo[4.2.0]octa-1,3,5,7-tetraene cation, emphasizing its importance for astrochemical systems. Moreover, our results show the formation of additional nitrogenous organic molecules, which can serve as the basis of future astrophysical research studies. 
[bookmark: _Hlk57367152]This paper is organized as follows: Section II.a introduces the subject of neutral van der Waals structures of pure cyanoacetylene clusters, and includes a discussion of their stability and the stability of the ionized clusters. AIMD simulations were performed to study the resulting condition of the clusters upon ionization. The AIMD results of pure and mixed clusters are presented in Sections II.b.i and II.b.ii, respectively. Section II.c reviews the mechanism for benzonitrile formation from a mixed trimer cluster. Details of our calculations are presented in Section III, followed by the Conclusion in Section IV.
II. Results and Discussion
We speculate that the growth process begins with a gradual build-up of neutral van der Waals clusters and so we begin our discussion by presenting the relevant structures.
a. Cyanoacetylene Dimer and Cluster Structures
The neutral structures of pure cyanoacetylene dimers are presented in Figure 1, showing different orientations of cyanoacetylene molecules with respect to one another. The most stable structure is the D3 structure, in which the hydrogen atom of one molecule is pointed toward the nitrogen atom of the other molecule. The next most stable structure is D2, where two molecules are positioned on top of each other, and each nitrogen atom is closest to its paired molecule’s hydrogen atom. Due to the large dipole moment of cyanoacetylene (calculated as 3.84 D), the dimer structures exhibit large binding energies (BEs) with respect to acetylene dimers (which have no dipole moments and a BE of 1.4–1.6 kcal/mol, depending on the molecular orientation) [46]. The BEs are similar in magnitude to the BE of the hydrogen cyanide (HCN) dimer, which is −4.97 kcal/mol for the linear orientation [45]. The lowest BE structure present is a T-shape-like structure, in which the nitrogen atom of one molecule points toward the second molecules, as shown in structure D1.
Figures 2 and 3 present the structures of larger pure cyanoacetylene clusters.
The trends exhibited by the larger clusters are similar to the patterns of the dimer clusters. The interaction between a hydrogen atom in one cyanoacetylene molecule and a nitrogen atom in the paired cyanoacetylene molecule is favorable.
Upon ionization, the structures are no longer stable on the neutral surface and contain a large amount of excess energy, which leads to relaxation processes, as demonstrated schematically in Figure 4 (before ionization, the structures are at equilibrium on the neutral surface). After ionization, the structures are no longer at equilibrium and possess a large amount of energy. To understand what the optimal structures on the ionic surface are, we re-optimized the structures on the cationic surface, as shown in  (See results in Figure 5). In examining the resulting structures, we uncovered several interesting features.    
First, we did not observe any proton transfer after optimization (in contrast to the case of pure HCN clusters [45], to be discussed below.) Secondly, in most clusters, we observed the formation of a bond after ionization. In the trimer and tetramer clusters, the bond was formed between two cyanoacetylene units. In the pentamer clusters, we observed bond formation between three cyanoacetylene units (Figure 5, P(a) and P(f)). Because the structures were obtained as a result of optimization, we can thereby conclude that there was no barrier to their formation. However, after ionization, the system does possess a large amount of energy that can be utilized to form additional structures. To study the evolution of the systems over time, we performed ab initio molecular dynamics (AIMD) simulations. The results are presented in the next section. 
b. Ab Initio Molecular Dynamics 
i. Pure Cyanoacetylene Clusters
Figure 6 presents the distribution of structures resulting from molecular dynamics (MD) simulations of pure cyanoacetylene clusters. We present  only the core structures formed during the dynamic process; however, they that  can be complexed to an additional cyanoacetylene molecule or additional molecules, depending on the size of the starting cluster. As shown in the figure, most trajectories result in bonded pair structures (79%, 86%, and 59% for the trimer, tetramer, and pentamer, respectively). The C6H2N2+ isomers mostly form structures in which nitrogen is bonded to carbon 1 or 2 in the paired cyanoacetylene, as shown in the top panel of Figure 7. There is a small percentage of isomers in which the nitrogen is connected to the cyano carbon, and isomers in which carbon 1 and 2 from each structure are bonded to each other, forming a cyclic structure. In a recent study, we investigated growth processes upon ionization of pure HCN clusters [45]. The study revealed that growth is quenched at the level of pairwise condensation. In contrast, here we find growth that occurs beyond the dimers; fifteen percent of the pentamer’s trajectories result in C9H3N3+ structures. The C9H3N+ isomer formation is mostly a result of nitrogen’s attack on carbons 1 and 2 of the neighboring cyanoacetylene, and on an additional carbon–carbon bond, as shown in the bottom panel of Figure 7. The C9H3N3+ isomers contain long chains with cyano groups, as well as four-member ring structures. These structures are already quite complex and can serve as the basis for additional growth. Interestingly, C9H3N3+ isomers result only from ionization of the pentamer clusters, thus demonstrating the cluster’s vital role in the growth process. 	Comment by Author: In the sentence beginning ‘We present the core structures formed…’ please check that edits retain intended meaning.	Comment by Author: No – what I was trying to day is that the core structure that we present, can be complex to additional molecule or molecules. We only specify the core structure.	Comment by Author: Thank you for the clarification
Additional isomers obtained from the pentamer simulations are C6H1N2+ structures, as shown in Figure 8. The C6H1N2+ structures originate from C6H2N2+, in which a proton is transferred from the carbon to form a new bond with a neighboring nitrogen. In cases of more than one cyanoacetylene spectator molecule, the proton can hop between nitrogen atoms of the spectator cyanoacetylene molecules. 
During the simulations, we also observed structures that remained as clusters, and did not result in any bond formation. These structures are the results of simulations that started from linear neutral structures. In those structures, as nitrogen atoms point toward other nitrogen atoms, it is more challenging for carbon atoms to arrive at the right orientation for bond formation.
 
ii. Mixed Cyanoacetylene and Acetylene Clusters
In the case of HCN clusters, it has been demonstrated that doping of the clusters with acetylene molecules can enhance the growth process, and lead to the formation of larger molecules [45]. We thus studied the effect of doping cyanoacetylene clusters with acetylene, at varying ratios of cyanoacetylene/acetylene. The starting neutral clusters are presented in SI Fig S1-S4.
Figures 9–12 present the distribution of structures obtained at the end of the AIMD simulations of mixed clusters doped with one acetylene molecule (Figure 9), two acetylene molecules (Figure 10), three acetylene molecules (Figure 11), and four acetylene molecules (Figure 12). 
The figures demonstrate the effect of doping with acetylene on the growth process. In the presence of acetylene, growth beyond three units can occur. Although growth beyond three units is only observed in small percentages, we anticipate that this might change in an environment containing larger clusters. For the pure clusters, we observed only minor bonding beyond two units in the trimer and tetramer clusters, and for the pentamer clusters, <20% of the trajectories resulted in bonds of more than two units. However, when the cluster was doped with one acetylene unit, we observed growth beyond two units in tetramer clusters. For the pentamer clusters, >20% of the trajectories resulted in three units bonding (C8H4N2+). Doping with two acetylene units (Figure 10) resulted in bonding between three units in about 5% of the trimer, >20% of the tetramer and 31% of the pentamer clusters. When proceeding to doping with three units (Figure 11), we found that approximately 40% of the pentamer trajectories formed structures via bonding between three units. Doping with four acetylene units resulted in a pentamer cluster containing four acetylene units and one cyanoacetylene unit. As can be seen in Figure 12, this doping ratio	 was less effective for cluster growth. These results further demonstrate the crucial role of the clusters, which provide the environment for growth processes to occur. 
Figure 9 presents the results of clusters doped with one acetylene unit. As can be seen from the figure, in the case of the trimer structures, the resulting structures are C6H2N2+ (73% of the trimer trajectories), and C5H3N+ (27% of the trimer trajectories), which were formed from bonding between two cyanoacetylene units (C6H2N2+), or bonding between cyanoacetylene and acetylene (C5H3N+). Those were also the main structures in the case of the tetramer, where 42% of the trajectories resulted in C5H3N+ isomers, and 30% resulted in C6H2N2+. In the case of tetramer clusters, we also observed bonding between three molecules. In about 12% of the tetramer trajectories, three cyanoacetylene molecules bonded together to form C9H3N3+. In an additional 13% of the trajectories, C8H4N2+ isomers were obtained; those isomers resulted from the bonding between two cyanoacetylene molecules and one acetylene molecule. Interestingly, we also observed (although in small percentages) C11H5N3+, which contains three cyanoacetylene molecules and one acetylene molecule. Evidently, by doping with an acetylene molecule, a growth of four units was achieved, with C5H3N+ as the main structure (66%) for the pentamer trajectories, followed by C8H4N2+ (26%). We also observed small percentages of C5H2N+ and C4H2N+.
C5H3N+ structures are generated upon bond formation between one acetylene and one cyanoacetylene unit. C5H3N+ isomers are presented in the top panel of Figure 13, where, among the various structures, we can see structures that resemble those obtained from pure acetylene clusters [40]; a cyclobutadiene cation (Figure 13, top panel a), and a methylenecyclopropane cation (Figure 13, top panel c), with one of the hydrogen atoms substituted by a cyano group. C5H2N+ isomers are presented at the bottom of the figure. In these structures, the proton left the core structure and proceeded to bond to one of the neighboring nitrogen atoms. At the bottom of the figure, structure (a) shows a complex of the core structure and an additional cyanoacetylene molecule. In the orientation presented in the figure, the proton can hop between the neighboring nitrogen atoms. Structure (b) shows a complex of the C5H2N+ core structure with an additional cyanoacetylene unit. In this case, no proton hopping occurs, as no proton is situated between two nitrogen atoms. 
C8H4N2+ isomers are also produced in the simulations of the tetramer and pentamer clusters. Among those isomers, we observed many linear isomers, or isomers that formed small cyclic structures among three or four carbons. The structures are presented in the supplementary materials in Figure S5.
C8H4N2+ also formed cyclic structures containing six-membered rings, such as substituted benzene and pyridine. Those structures are fundamental from the perspectives of astrobiology and astrochemistry, as they can serve as a bridge for additional growth of carbon-containing rings. Figure 14 presents the cyclic isomers of C8H4N2+. As can be seen from the figure, three structures (a–c) containing nitrogen within the ring are pyridine based, substituted by an acetylene and cyano group (a, b), or a cyanoacetylene group (c). Structures (d) and (e) represent benzene-based groups substituted by cyano groups.
Additional structures that arise from the trajectories are the C11H5N3+ and C4H2N+ compounds; the C11H5N3+ structure results from bonds between three cyanoacetylene molecules and one acetylene molecule, and is presented in the supplementary material Figure S6(a). C4H2N+ structures originate from C8H4N_2+, where a C3H3 group is detached from the system, as demonstrated in Figure S6(a).carbon–carbon bond was broken.
Figures 10–12 present the distribution of structures obtained when the cluster is doped with acetylene molecules (two, three, and four, respectively). Doping with acetylene resulted in an extensive variety of structures. In addition to the structures already found, additional structures formed upon bonding with acetylene units were identified [40]. Moreover, we detected C7H5N+ and C10H6N2+ structures (see Figure S6(b) in the supplementary material), formed by binding between two acetylene units and one cyanoacetylene unit, and from binding between two cyanoacetylene units and two acetylene units, respectively. 
Figure 15 presents the different six-membered ring isomers obtained for the C7H5N+ structures; additional noncyclic or cyclic isomers with smaller rings were also obtained for C7H5N+ and are presented in the supplementary material (Figures S7-S9). Figure 15(a–c) shows Dewar benzene and benzvalene isomers with substituent cyano groups at different locations on the ring. Figure 15(d) shows a benzene molecule substituted with a cyano group, namely cyanobenzene. This structure is the most stable structure among those presented, with a BE of −204.9 kcal/mol. Figure 152(e) is a five-membered ring structure with BE of −192.25 kcal/mol. The rest of the structures contain nitrogen in the ring, and thus can serve as bases for prebiotic molecules. It is evident from Figure 15(i) that a bicyclic structure is also formed. This result is significant, as it emphasizes the fact that the mechanism presented in this work can lead to complex structures that contain more than one ring. 
iii. Formation of Cyanobenzene
One of the structures predicted by our model simulations is cyanobenzene. Cyanobenzene was recently detected in TMC-1 [21], which highlights the importance of understanding its formation mechanism, and provides experimental support for our model predictions. Among a list of molecules that McGuire et al. [21] searched for, cyanobenzene was the only one to be detected. None of the other molecules predicted in this current work was the subject of research in the study of McGuire et al. [21].
Figure 16 presents the formation path of cyanobenzene, starting from the trimer cluster containing two acetylene molecules and one cyanoacetylene molecule. It is evident that the route for the formation of the cyanoacetylene molecule involves the formation of three and four-ring structures, followed by the generation of a Dewar benzene structure substituted with a cyano group. It is important to note that while there are barriers to the reaction, they are submerged, and as such, the systems can go over them smoothly.	
III. Methods
All calculations in this manuscript were performed with Q-Chem 5.1 software [47], and all the structures presented here (neutral and cationic systems) were optimized using the wB97X-V functional [48] with the cc-PVTZ pVTZ basis set [49]. Each structure was identified as a minimum or a saddle point on the potential energy surface by performing vibrational frequency calculations at the same level of theory (wBb97X-V and cc-pVTZ basis set). For the potential energy surface, single-point calculations were performed with the aug-cc-pVTZ basis set [50]. 	Comment by Author: This is a specific method. Not sure “a” is in place here	Comment by Author: Same as above	Comment by Author: Amended in line with author comment
To model ionization events, we performed AIMD using the ωB97 functional [51] and 6-31G* basis set [52]. The geometrical structure of each neutral trimer, tetramer, and pentamer cluster served as a starting point for the simulations. For each structure, we ran 30 trajectories, where the temperature was randomly chosen between 30–80°K in each trajectory. The time step taken in the simulations was 1.21 fs (50 a.u.), and the total time of the simulations was 2.4 ps (2000 1000 time steps).

IV. Conclusions
[bookmark: _Hlk55815893]In this manuscript, we demonstrate the importance of the intera-cluster ionic polymerization growth mechanism as a path for molecular growth in different environments, such as dense molecular clouds. We applied the mechanism on van der Waals clusters containing cyanoacetylene molecules, and a combination of cyanoacetylene and acetylene molecules; both are expected to be found in dense molecular clouds such as TMC-1. Our results demonstrate the rich chemistry that can emerge upon ionization of these clusters. We detected formation of a large variety of molecules and isomers, among them aromatic and nonaromatic molecules, and aromatic molecules containing nitrogen within their rings. These aAromatic molecules that contain nitrogen in their rings are highly significant, as they can enablelead to the formation of DNA and RNA nucleobases. We also observed the formation of a bicyclic structure, which demonstrates that the intraer-cluster growth ionic polymerization mechanism can lead to the formation of even more complex molecular structures.  We believehope that the predictions here will help guide astronomers in future in searching . Our results predict the formation of other important compounds, including a bicyclic structure, and can help facilitate astronomy’s search for additional aromatic molecules in the ISM.
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Figure 1: Optimized structures of pure cyanoacetylene dimer clusters (D1–D3). Binding energies (BEs) are presented in kcal/mol (in bold font), and distances in Å.
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Figure 2: Optimized structures of pure cyanoacetylene clusters. Trimer structures (Tr) and tetramer structures (T) are presented. BEs are presented in kcal/mol.
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Figure 3: Optimized structures of pure cyanoacetylene pentamer clusters (P) are presented. BEs are presented in kcal/mol.
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Figure 4: Schematic representation of the ionization process. The minimum energy corresponding to the neutral cluster is not a minimum in the cationic surface, and the system undergoes relaxation. The figure is based on Figure 1 in Stein and Jose [26].
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Figure 5: Optimized structures obtained from the starting geometries of the structures shown in Figure 2, presented on a cationic surface. Tr, T, and P represent trimer, tetramer and pentamer clusters, respectively. BEs are presented in kcal/mol.
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Figure 6: Distribution of the pentamer, tetramer, and trimer structures of pure cyanoacetylene clusters (in percentages) at the end of the AIMD trajectories.
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Figure 7: C6H2N2+ and C9H3N3+ structures obtained from molecular dynamics simulations after optimization. BEs are given in kcal/mol.
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Figure 8: C6H1N2+ distonic ion after optimization of the geometry. Distances are presented in Å.
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Figure 9: Distribution of the pentamer, tetramer, and trimer structures (in percentages), of mixed clusters containing both acetylene and cyanoacetylene, at the end of the molecular dynamics simulations of clusters containing one unit of acetylene.
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Figure 10: Distribution of the pentamer, tetramer, and trimer structures (in percentages), of mixed clusters containing both acetylene and cyanoacetylene, at the end of the molecular dynamics simulations of clusters containing two acetylene units. 
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Figure 11: Distribution of the pentamer, tetramer, and trimer structures (in percentages), of mixed clusters containing both acetylene and cyanoacetylene, at the end of the molecular dynamics simulations of clusters containing three acetylene units.
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Figure 12: Distribution of the pentamer, tetramer, and trimer structures (in percentages), of mixed clusters containing both acetylene and cyanoacetylene, at the end of the molecular dynamics simulations of clusters containing four acetylene units. 
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Figure 13: C5H3N+ and C5H2N+ structures obtained from molecular dynamics simulations after optimization. Top: Optimized C5H3N+ structures. Bottom: Optimized C5H2N+ structures. BEs are presented in kcal/mol.
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Figure 14: C8H4N2+ cyclic isomers obtained from molecular dynamics simulations after optimization, and their corresponding BEs, presented in kcal/mol.
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Figure 15: Optimized C7H5N+ structures obtained from AIMD simulations. BEs are presented in kcal/mol.
[image: ]
Figure 16: Formation of cyanobenzene upon ionization of trimer clusters containing one cyanoacetylene group. The x-axis presents the change in molecular structure through time (presented in fs), and the y-axis shows the energy of the structure relative to the cluster (in eV). Data were obtained from AIMD simulations.
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