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Until the beginning of the last century, the scientific convention was that the material in the interstellar medium (ISM) of between stars and galaxies is was mostly in atomic and ionic form – thus the formation of complex molecules is was improbable. But tToday, however, large complex molecules are being discovered at a dazzling rate - – demonstrating the molecular nature of our universe. The physical conditions in the ISM are extremely different than on Earth: in addition to extreme temperatures and low density, there are radiation fields, which, when interacting with atoms and molecules, result in unique chemistry taking placeoccurring on in excited electronic states. This interaction is responsible for many of the chemical phenomena observed in the ISM. 
Currently, very little is known about the formation mechanisms of molecules in the ISM. The efforts to uncover the chemistry of the ISM are multidisciplinary, yielding experimental, observational, and theoretical results. The latter Theoretical results are crucial to for obtaining a molecular-level understanding of the chemical phenomena – they aretheoretical results help to guideing and deciphering experimental and observational results. However, so farup to now, the toolkit of modern quantum chemistry cannot fully model large molecules in a highly excited electronic state. The aim of this proposal proposed study is to fill this gap: my team will develop new theoretical capabilities within quantum chemistry (specifically, ensemble Ddensity Functional functional Theorytheory) that will enable us to model highly excited large molecules such as polyaromatic hydrocarbons (which play a crucial role in the chemical evolution of the ISM). In parallel, we will use available wave-function-based methods to study the excited- state dynamics of small molecules. 
The ability to accurately model the dynamics of the excited states will significantly advance the field of computational chemistry, giving it the ability to model systems that are currently outside its reach - – and provide a leap in our current understanding of the chemistry of the ISM. 






Section a: Extended Synopsis Explain and justify the cross-panel or cross domain nature of your proposal, if a secondary panel is indicated in the online proposal submission forms. There is a limit of 1000 characters, spaces and line breaks included


Until the beginning of the last century, molecular formation in the hostile environment of the interstellar medium (ISM) was considered impossible, and matter in the ISM was believed to be in atomic form. However, when progress in radio astronomy was established, our universe's true molecular nature was revealed [1-3], and it is now well established that molecules, including many polyatomic and complex organic molecules, are widespread throughout our universe - – and participate in its evolution. Our understanding of chemistry in space has progressed: already over 200 molecules have been identified in the gas phase, and more are have been identified with rapid progress. However, much still remains unknown, such as the molecular mechanisms responsible for the formation of different complex chemical species. New observational data coming from the  James Webb Space Telescope (JWST) promises to revolutionize our understanding of chemistry in space as it isthese data are expected to greatly boost the detection of molecules in different areas in space - – and significantly push the field of astrochemistry forward.

An important molecular family are is the polyaromatic hydrocarbons (PAHs) [4-9]. They, and related compounds, are abundant in space, as detected via their characteristic IR spectral features [7, 9-13]., and They are thought to carry up to 20% of the total carbon in it [7]. Recently, specific PAHs, namely cyanonaphthalene [14] and benzonitrile [15], have beenwere directly identified in the Taurus Molecular Cloud 1 (TMC-1). PAHs are believed to play a crucial role in the chemical evolution of the ISM. They take part in generating various molecules, including organic molecules, and are key species for understanding the prebiotic roots of life [16]. Biorelevant molecules, such as vitamin B3 and nucleobases (purine and pyrimidine), which are nitrogen-substituted polyaromatic hydrocarbons (PAHNs), were have been discovered in carbonaceous chondrites – and thus demonstrate the rich molecular inventory in the interstellar medium [17-19]. Theories about the beginning of life on Earth suggest an interstellar source of some prebiotic molecules that are were transported to Earth through by meteorites [20-22]. This proposal proposed study aims to shed light on the formation pathway of PAHs and related products, which is crucial for further progress in astrochemistry and astrobiology.  

Chemistry in different areas of the ISM is taking placeoccurring not only via the ground-electronic state but also via excited-electronic states due to the presence of UV photons and ionizingation radiation. For example, PAHs formation mechanisms have been suggested to be 'bottom-up', where in which PAHs are built from smaller building blocks - – or 'top-down', where in which the PAHs are excited via UV photon(s) to an excited electronic state and can then fragment to smaller PAHs [8]. Excited PAHs can also partially fragment - and can then further rearrange, as has been suggested for fullerene formation, which was has also been observed in the ISM [23-27]. It has been demonstrated that photochemical reactions can play a role in the bottom-up mechanisms as well [28]. 
Moreover, irradiation of PAHs in water ices leads to oxygenated PAHs such as phenolic and quinone derivatives [21, 29-32] - – or can result in PAHs where in which one of the carbon atoms is replaced by oxygen or nitrogen [33]. It is clear from the above discussion that the the photochemical processes of PAHs play an essential role in the chemistry of the ISM. This proposal proposed study aims to decipher the photochemical processes responsible for the formation of different PAHs and their derivatives by means of quantum chemistry.

Clearly, the study of molecular formation in space is highly multidisciplinary and includes astronomers, laboratory astrophysicists, and theoretical chemists. Quantum chemistry plays a vital role in this puzzle, providing a molecular-level understanding of various chemical reactions. But, uUnfortunately, however, when it comes to studying photochemical reactions in an excited electronic state, quantum chemistry is limited to studying only small molecules. For quantum chemistry to keep up with progress in astronomy and laboratory astrophysics and to provide valuable and guiding input, developing new methods that enable studying reaction dynamics on in excited electronic states is crucial. It is clear from the above that the photochemical processes of molecules play an essential role in the chemistry of the ISM; however, quantum chemistry tools are lacking in the abilityunable to model them [34].	Comment by Editor: Please ensure that the intended meaning has been maintained in this edit.

To model the photochemistry of PAHs, I would like to model the propagation of reactions in time by performing ab -initio molecule dynamics simulations. The simulations should start from an excited electronic state, as these reactions are initiated by UV radiation. Starting the photoreaction in an excited electronic state can lead to completely different products than starting from the ground state. Even in cases where in which the systems rapidly cross back to the ground electronic state, it is crucial to start the molecular dynamic simulations from the excited state, as it this will influence the energy distribution in the different molecular degrees of freedom and hence will directly affect the dynamics of the system. Due to the challenging nature of these calculations, and the lack of available efficient tools, many studies are have been modeling photochemical reactions starting on in the ground electronic states, which can lead to misleading results (which in turn stresses the need to develop new methods) [35-37].  Interestingly, the importance of the excited electronic states, and the coupling of electronic and nuclear degrees of freedom in the dynamic evolution of PAH systems following extreme ultraviolet excitation, has been demonstrated recently [34, 38]. 
One of the challenges in the computational modelingmodelling of fragmentation reactions, or reactions taking place onoccurring in a highly excited electronic state, is the need to accurately describe static correlation effects, which requires a multideterminant wave -function to describe them correctly. Examples of cases where in which multi-determinants are needed, unfortunately, are frequent and include bond -breaking, a primary step in any chemical transformation - – and specifically for crucial processes in astrochemistry. Additionally, descriptions of radicals, and strongly -correlated, excited electronic states all require an accurate description of static correlation. Large PAHs are challenging from the a computational point of view, even for the ground state:  they have a small gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), which results in radicaloid characters and requires multi-determinant wave -functions for an accurate description [39-41]. 
To model photochemical reactions, one needs to be able to describe static correlation effects for large systems computationally cheaplyinexpensively. Additionally, as there is a strong couplingconnection between vibrational and electronic degrees of freedom, one must go beyond the Born–-Oppenheimer approximation and account for non-adiabatic effects. Due to the high computational cost, the performance of ab -initio calculations on excited electronic states (and performing ab -initio molecular dynamics on it), can only be done performed with the abovementioned methods only for small molecular systems with the abovementioned methods. Density Functional functional Theory theory (DFT), the workhorse of quantum chemistry, cannot describe static correlation effects as well, using the currently available approximations of the exchange-correlation functionals.  	Comment by Editor: Please ensure that the intended meaning has been maintained in this edit.	Comment by Editor: This sentence was restructured to improve its clarity. Please ensure that the intended meaning has been maintained.
Thus, for the study of astrochemicalstry processes on the excited electronic states, and specifically, on the fragmentation pathway of large polyaromatic hydrocarbons and their potential products, the toolkit of quantum chemistry is lacking. Overcoming this limitation will have a huge large impact on various fields, and will specifically will enable the modelingmodelling of the astrochemical processes described above.
To bridge the gap in knowledge between the tools needed for astrochemicalstry modelingmodelling and the current tools available in quantum chemistry, we will use ensemble DFT formalism to describe excited states containing static correlation and bond-breaking processes [42, 43]. Ensemble DFT formalism provides a promising method that can potentially deal withaddress strong correlation effects accurately and at a computational cost that is similar to DFT [44]. Due to the potential of ensemble DFT, there is has been a sharp incline increase in interest in the this method in recent years [45-52]. In ensemble DFT, the density is described as a linear combination of densities of different states, with each state corresponding to its own weight. This density is then plugged into the familiar Kohn–-Sham (KS) formalism. Ensemble DFT is has not been widely used for in quantum chemicalstry applications despite its great promise. Its use has been limited as the XC functionals used in the KS formalism are designed for ground state properties. The lack of XC functionals suitable for higher electronic states has prevented the use of ensemble DFT for an accurate description of excited states. 
In ensemble DFT, the exact XC functional should be linear with respect to the weights [53]. The fact that this condition is not fulfilled when using functionals inherited from ground-state KS formalism leads to one of the major problems in ensemble DFT, namely 'ghost interactions' [51, 54]. The presence of ghost interactions prevents an accurate description of excitation energies. To overcome the non-linearity of XC functionals, we will develop XC functionals linearly with respect to the weights. Moreover, the description of the system of interest in the ensemble formalism naturally introduces steps in the KS potential, which are crucial for a correct description of dissociation processes [55, 56]. A correction scheme for restoring the linearity of XC functionals in a fractional occupation ensemble was suggested, and demonstrated to correct frontier orbital energies even when using local density approximation for the XC functional [52]. I intend to use this correction scheme on an ensemble of with different states, which will provide a much better description of excited states and will enable us to test the possibility of using inherited GS functionals. The ability to use GS functionals in an ensemble framework will set the ground for a wide range of uses of ensemble DFT in various applications.
Objectives
In this proposalproposed study, I aim to enlarge the scope of capabilities of computational quantum chemistry for astrochemical processes. The objectives are as follows: 
1. Developing tools within the ensemble DFT framework to accurately describe excited states.
2. Systematically studying the on fragmentation products of PAHs, to model 'top-down' photochemical processes.
3. Studying the photochemistry of PAHs in condensed environments. 
 
Methodology
1. Work Package A: Develop an ensemble DFT framework: 
The goal of this project is to develop tools that will serve us throughout this proposal proposed study and likely for many years afterwards. This  and will enable us to model the photochemistry of large aromatic systems. In this work package, I will focus on the development of tools that will enable the accurate description of excited- states dynamics and bond-breaking processes where in which static correlation is dominant. This goal will be achieved by the following the next steps:    
· Implement Ensemble ensemble DFT into Q-Chem code.,
· Implement linearized XC functionals and incorporate them with ab -initio molecular dynamic code.
· Study the behavior of different functionals with respect to the weights: what is the deviation from linearity?
· Benchmark photochemical reactions and fragmentation pathways of small molecules using accurate wave-functions methods. 
· Benchmark the implemented Ensemble ensemble DFT performance with different linearized ground-state functionals to choose the functional with the best performance.


 As I am one of the developers of Q-Chem code [57], I have a largevast experience working with itthis code - and access to the source code. With my team, I will code our version of ensemble DFT with corrections to the XC functionals into in a Q-Chem developer version at in the first stages of our work, and later will incorporate it into the a commercial version. This will give access to the method to the entire community access to the method, who will be able to use it in various applications. In parallel, me and my team and I will study photochemical reactions and fragmentation pathways of small molecules using accurate wave-functions methods. This will enable us to test and calibrate the results that we obtained from ensemble calculations on one hand - – and on the other hand, this will advance astrochemical understanding on in regard to various reactions. 
Once we achieve satisfactory results on small molecular systems, we will study larger systems. Here, we cannot use wave-function methods to estimate our computational protocol due to computational cost. To test our new approach, we will collaborate with experimental groups at Lawrence Berkeley National Laboratory specializing in laboratory astrophysics. For example, the group of Dr. Musa Ahmed’s group will study the fragmentation pathways of carbon compounds. Experiments will be made performed to study and calibrate the performance of the methods on large aromatic systems. 

2. Work Package B: Systematic study on fragmentation products of PAHs. 
One of the important questions from the an astrochemical point of view is understanding the photofragmentation pathways of large PAHs. The tools developed in the first work package will enable us to model such reactions and study the time propagation of molecules after interaction with UV radiation by performing non-adiabatic, ab -initio excited- state dynamics. 
We will start by performing a systematic study of the fragmentation pathways of different PAHs, which is of high importance to the field of astrochemistry. Here wWe will answer the following questions: 
· what What is the products distribution upon interaction with UV radiation that excitein which products are excited on to the first excited state? 	Comment by Editor: Please ensure that the intended meaning has been maintained in this edit.
· what What would beare the main dissociation channels of different PAHs? 
· what What group will be eliminated? 
· how How dodoes the size and geometry of the acenes influence the distribution of the eliminating groups' distribution?   
To answer these questions, we will perform non-adiabatic, ab -initio molecular dynamics on linear PAHs of increasing size (project Project B1), and different non-linear PAHs of increasing size (Project project B2). These This will enable us to assess the effects of the size and geometry of the PAHs systems. Additionally, we will study the effect of the energy of the UV radiation on the expected results by repeating the simulations from the highest excited states (Project project B3). As the results of the dynamics of the system depend on the initial conditions of the system, we need to perform a large amounts number of simulations to ensure sampling of all different conditions and to obtain converged statistics.
     
3. Work Package C: Photochemistry of PAHs in a condensed environment. 
PAH fragmentation products (which can be smaller PAHs) are likely seeded in different ices in molecular clouds and can further photoreact. We will study the photochemistry of PAHs systems in condensed environments such as ices characterized by the low temperatures of molecular clouds. The condensed environment brings different species into close proximity, which can lead to high reactivity upon interaction with UV radiation. To study the photoreaction in condensed phases we will use a hybrid approach, namely, quantum mechanics/molecular mechanics (QM/MM). In this approach, the system is divideds into a 'reactive part' and an 'environmental part'. The reactive part of the system is modeled accurately using quantum mechanics, and the influence of the environment is modeled using molecular mechanisms (where in which force fields are used to describe the interaction in the condensed phase). 

For the realization of this work package , we first need to parametrize force fields to correctly model the ice environments. We will model astronomical ices containing mostly water and a smaller portion of other molecules, such as CO, CO2, CH3OH, and CH4. Benchmarking on the condensed phase energetics will be done performed by performing DFT calculations using plane-wave code that can correctly account for the ice properties. Once the ice is modeled, we can perform non-adiabatic, ab -initio molecular dynamics using QM/MM, where in which the QM part includes the PAHs and a shell of ice molecules, while the rest of the ice is treated classically using the force field. As before, we will perform non-adiabatic, ab -initio molecular dynamics simulations to study the photochemistry of the systems. 

Feasibility and Risk Assessment
The success of this project relies on our ability to perform non-adiabatic, ab -initio molecular dynamic simulations on large systems. For this aimTherefore, we plan to use an ensemble DFT approach which that uses ground-state XC functionals corrected to possess linear behaviorbehavior of the energy with respect to their weights in the ensemble. Developing an ensemble DFT framework for accurately describing static correlation and excitation energies is, without a doubt, challenging; however, several studies have linked the linearity of the functionals and their performance [58-60]. There is a risk that the correction we suggested will not yield satisfactory results. In this case, we will try attempt to use techniques demonstrated in the literature to achieve linear behavior with respect to the weights;, some of them these were developed by me myself to restore linearity in the fractional number ensemble [59-62]. A second risk is, that, while we can write the XC energy to be [image: ]explicitly linear, some implicit non-linear dependencies from the ensemble density [image: ]will arise. If this will beis the case, I will directly develop XC functionals for a correct description of static correlation by taking the existent functional forms and refitting the parameter to describe the problem at hand. 

After developing working methods that can be incorporated intoin the molecular dynamic simulations, we plan to perform non-adiabatic, ab -initio molecular dynamic simulations, were in which the non-adiabatic part will be done performed using the surface hopping algorithm. A drawback of this approach is that this it does not properly account for decoherence effects, which are important to for obtaining correct relaxation rates. To overcome this potential problem, we will monitor the strength of derivative coupling during our simulations, and when needed, we will include artificial decoherence correction [63].	Comment by Editor: Please ensure that the intended meaning has been maintained in this edit.	Comment by Editor: Please ensure that the intended meaning has been maintained in this edit. An alternative edit with a different meaning is the following: “…decoherence effects; it is important to obtain correct relaxation rates.”

Team description
As a the PI, I will dedicate 60% of my time to the realization of this project. I will hire two Ph.D.PhD students and two experienced postdocs to accomplish the proposed research. The first postdoc will join the group for the first two years, and the second will join the group in the 3rd and 4th years. In the project's first two years, the whole team will be devoted to developing the ensemble DFT framework, which will provide us with the necessary tools for the next steps. The postdoc hired will have experience in methods development and coding, and I will work closely with her/him to incorporate the needed methods in Q-Chem software. In parallel, the two Ph.D.PhD students will also work on work Work package Package A: one will study the deviation of different functionals from linearity with respect to the weights, and the second Ph.D.PhD will perform wave-function calculations for benchmark purposes. At the end of the two years, the Ph.D.PhD students will start performing the suggested simulations of the PAHs systems (Work Package work package B). At this stage, I will hire a second postdoc experienced in force- field parametrization to set the ground for Work Package work package C. 
The Hebrew University is the perfect host institution to perform such athis research, as there are experimental groups in the field of astrochemistry with whom I am already collaborating on different projects.
 
Estimated budget 
For the realization of the project, I ask for funding for two Ph.D.PhD students and two postdoctoral students (sequential). In addition, the suggested research contains a large amount of AIMD simulations to be performed, for which I require Higha high-performance computing (HPC) cluster containing 35 nodes with high RAM memory on which paralleled calculations will be performed. 
Impact Statement
The suggested research will enable the study of photochemical reactions, which are highly important in various fields. Specifically, it will provide a detailed understanding of the formation of mechanisms of many molecular species in the ISM and will provide information – the 'missing link' of the– information to thosecorresponding to information obtained from astronomical measurements and laboratory astrophysicals measurements.  The This study is expected to push the field of astrochemistry forward. Moreover, the ability to accurately describe static correlation and excited states and model photochemistry will open the field of quantum chemistry to new realms currently outside its reach. 
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Throughout my career, I have devoted my time in to developing computational and theoretical approaches to studyingstudy chemical phenomena. During my Ph.D.PhD, I studied and became an expert in density functional theory. Despite the great success of DFT for some chemical phenomena, often not only are the results often quantitively wrongincorrect, but they are also qualitatively - incorrect, representing indicating that the underlying physics is wrongincorrect. Examples were, unfortunately, not rare and included charge-transfer excitations, delocalization of electrons and holes, and spurious Born– Oppenheimer potentials in the dissociation of radical cations, to name just a few. Due to the central role of DFT in quantum chemistry, these problems were a huge large drawbackobstacle for to the modelingmodelling of many chemical systems. 	Comment by Editor: This sentence was restructured to improve its clarity. Please ensure that the intended meaning has been maintained.
In my Ph.D.PhD, I developed ways to use range-separated hybrid functionals to overcome the abovementioned problems. Due to the innovative nature of my work, it has beenwas published in leading scientific journals in physics and chemistry, - such as JACS and Phys Rev Letter. My work has gained much attention and has had a large impact with 2855 citations -  – the methods I developed are widely used. 
After completing my Ph.D.PhD, I started working as a postdoctoral researcher in the group of Prof. Gustavo Scuseria at Rice University (USA) specializing in wave-function-based methods. Specifically, the description of strongly correlated systems and materials is very demanding computationally as it requires the use of multireference wave functions which that scale exponentially with the system size. During my time at Rice University, I developed a method within the coupled cluster theory framework that enables to the modeling of the strong electron correlation effects very cheaplyinexpensively (at polynomial cost). My work at Rice gained considerable attention and has been cited 244 times. 
My second postdoctoral position was at the University of California, Berkeley Campus, with Prof. Martin Head-Gordon. I worked in collaboration and as part of the NASA astrobiology center – where I first encountered the field of astrochemistry (which captivated me). During my time in at Berkeley, I tried attempted to understand and elucidate the mechanisms of carbon growth in conditions relevant to the ISM – I discovered (a) I discovered new mechanisms that shed light on the long-standing puzzle of how ion–-molecule reactions involving small unsaturated organics can lead to benzene cations;, (b) I arrived at new insights into the facile way in which C6H6+ products, including benzene cations, can be accessed after ionization of cold isolated neutral clusters;, and (c) I showed that there is a catalytic role for what are nominally spectator acetylene molecules. This work has beenwas published in the leading journal PNAS .
Today, as an assistant professor of theoretical chemistry, I still work in the field of astrochemistry. With my team, I recently published a manuscript explaining how the just detected cyanobenzene molecule is formed in molecular clouds. This work has beenwas published in the leading journal PNAS .
Working the last few years on astrochemical problems over the last few years, I have realized that the currentlycurrent available toolkit in quantum chemistry are is currently lacking the ability to model some important astrochemical phenomenaon. My goal is to combine my skills as a method developer and DFT specialist with my wide knowledge and experience in modelingmodelling astrochemical problems, to enlarge the capabilities of DFT to model astrochemistry. 
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