The Formation and Significance of Methyl

Cation (CHs") in Young Stellar Disks: A
Catalyst for Complex Carbon-Based
Molecule Synthesis

Abstract:

This paper investigates the pivotal role of the methyl cation (CHs") in protoplanetary disks
surrounding young stars. By examining observational and theoretical research, we unravel the
intricate mechanisms governing CHs" formation and implications for chemical processes within
these disks. Recent groundbreaking observations from the James Webb Space Telescope in a
protoplanetary disk located in the Orion star-forming region underscore the activation of gas-phase
organic chemistry driven by ultraviolet irradiation involving CHs". The discovery illuminates the
initiation of interstellar gas-phase organic chemistry, extending its relevance beyond our Solar
System. Evidence is presented of gas-phase organic chemistry activation through ultraviolet
irradiation involving CHs" in a protoplanetary disk within the Orion star-forming region. The
implications of this discovery are profound.

Introduction:

Protoplanetary disks, the cradles of planetary formation, comprise a diverse array of molecular
species. Among these, the methyl cation, CHs", emerges as a pivotal player, dictating the molecular
complexity within these disks. A comprehensive understanding of the formation of CHs" and its
subsequent reactivity is imperative for decoding the chemical pathways that underlie the genesis of
organic molecules in these environments. This paper aims to clarify CHs" formation and its role in
protoplanetary disks, spanning gas-phase chemistry, surface catalysis, and its importance in complex
molecule synthesis, investigating observational evidence and theoretical models.

Gas-Phase Chemistry:

The formation of CHs" is initiated by the photodissociation of methane (CH4) and analogous
hydrocarbons. In the photodissociation of methane, the absorption of high-energy UV photons
leads to the formation of CHs" and Ha through a charge-balanced reaction. The expulsion of an
electron is necessary to maintain the charge balance of the reaction. The absorbed photon provides
the energy required to overcome the ionization activation energy barrier, facilitating the expulsion of
the electron. The expelled electron is then free to interact with other species in the surrounding
environment. This photodissociation is inherently charge-balanced, necessitating the expulsion of an



electron. This underscores the intricate interplay between energy absorption, ionization, and
subsequent species generation.

The efficiency of the CHa photodissociation process is contingent upon the proximity to the young
star and is influenced by the dynamic UV flux. In UV-rich sectors of protoplanetary disks, the bond
dissociation energy of CHa establishes the reaction threshold at 415.48 k] mol™. The charge-
balanced nature of this reaction is crucial for ensuring its energetic favorability and the stability of
the reaction products. However, the stability of the products is not solely due to the charge-balanced
nature of the reaction. The expelled electron plays a pivotal role in preventing immediate
recombination, contributing significantly to the stability of the reaction products. This prevention is
achieved as the electron is ejected with sufficient kinetic energy to overcome the potential energy
barrier of the reaction products, thereby hindering their immediate recombination. The expelled
electron, now free to interact with other species in the surrounding environment, allows for
subsequent reactions, further contributing to the complex organic chemistry observed within
protoplanetary disks. The efficiency of this process is intricately linked to factors such as the
proximity to the young star, the dynamic UV flux, and the bond dissociation energy of CHa, which
predominantly manifests in UV-rich sectors of protoplanetary disks.

Surface Catalysis on Dust Grains:

Dust grains, omnipresent within protoplanetary disks, act as catalytic surfaces for diverse chemical
transformations, including the intricate formation of CHs". The surface catalysis of methane
molecules encompasses a sequential process influenced by specific conditions. Initially, methane
adsorbs onto the surfaces of dust grains, undergoing subsequent ionisation propelled by cosmic rays
or secondary UV photons. Efficacy is intricately linked to environmental factors such as temperature
and pressure. Under varying conditions, adsorption and ionisation exhibit nuanced dynamics,
impacting the overall efficiency of CHs" synthesis.

Experimental records and sources providing insights into surface catalysis conditions can be further
elucidated. A study by Ciesla (2008) found that the temperature should be higher than ~1350 K at 2
to 4 au to explain the volatile depletion patterns inchondrites from the asteroid belt. This
temperature constraint sheds light on the specific thermal conditions necessary. Another study by Li
et al. (2021) simulated the evolution of a set of protoplanetary disks from the collapse of their
progenitor molecular cloud cores and showed how initial properties affect the thermal history of the
protoplanetary disks using a simple viscous disc model. The study found that the maximum mid-
plane temperature in the disk occurs within 0.5 au, increases with the initial cloud temperature and
decreases with its angular velocity and the viscosity of the disk. These findings further contribute to
our understanding of the interplay between temperature variations and dust grain catalysis. The
composition and size of dust grains also wield substantial influence, serving as key determinants of
the catalytic process. These granular templates facilitate the interaction of methane molecules,
enabling surface catalysis to unfold.



Implications in Organic Chemistry:

CHs" plays a central role in the synthesis of complex carbon-based molecules within protoplanetary
disks, contributing significantly to the amplification of molecular diversity in these environments.
CHs" readily engages with other hydrocarbons, initiating the synthesis of larger and more intricate
species. When CHs" reacts with acetylene (C2Hz), it leads to the formation of ethylene (C2Ha),
propylene (CsHs), and similar hydrocarbons: CHs* + C2Hz — C2Ha + Hoa. This process substantially
enhances chemical complexity, offering insights into the potential formation of essential
hydrocarbon building blocks. Additionally, CHs" participates in reactions with molecules like
formaldehyde (H2CO) and hydrogen cyanide (HCN), resulting in the synthesis of fundamental
organic compounds. These serve as the foundational building blocks for the subsequent assembly of
complex organic molecules, particularly amino acids and sugars. The reaction between CHs" and
formaldehyde can yield glycolaldehyde, a vital precursor for sugars: CHs* + H2CO — H2C202 +
H20.

Observational Evidence:

The presence of CHs" in protoplanetary disks is ascertained through analysis of molecular emission
and absorption lines. Advanced astronomical instruments, such as the Atacama Large
Millimeter/submillimeter Array (ALMA) and the Hubble Space Telescope, have unequivocally
detected of CHs" in the vicinity of young stars. The methodology involves high-resolution
spectroscopy, enabling the identification of characteristic emission and absorption features
associated with CHs". The spatial distribution and intensity of these features provide insights into
the abundance and behaviour of CHs".

Interferometry, leveraging the interference of light waves, is employed to measure properties such as
wavelength and phase, facilitating the study of the three-dimensional spatial distribution of CHs*
within protoplanetary disks. This technique provides valuable insights into its local concentration
variations within the disk environment. Furthermore, spectral mapping, a technique measuring the
intensity of light at different wavelengths, is employed to study key spectral features. This approach
offers detailed information about the chemical composition and physical conditions in different
regions of the disk, contributing to a more comprehensive characterisation of CHs" and its
correlation with the presence of other chemical species.

Theoretical Models:

Theoretical models are essential in understanding the formation and reactivity of CHs".
Astrochemical simulations provide insights into the intricacies of gas-grain interactions and chemical
kinetics, which are crucial in understanding the timescales and environmental conditions influencing
prevalence. The validation of theoretical models against empirical data is crucial for establishing their
credibility. Verification often involves comparing model predictions with observational results, and



assessing the congruence of simulated and observed molecular distributions. Furthermore, sensitivity
analyses, exploring the impact of varying parameters on model outcomes, aiding in the identification
of pivotal factors steering the model's results and the evaluation of the theoretical framework's
robustness. Isella ¢# al' explored the impact of varying the dust-to-gas ratio on carbon and oxygen
isotopic ratios, whilst Oberg et al” explored the impact of varying the temperature and density on the
formation of complex cyanides.

In the context of CHs" formation, the sensitivity analyses might involve varying parameters such as
radiation intensity, cosmic ray flux, and the initial abundance of precursor molecules. These
variations can shed light on the robustness of the theoretical framework, providing a nuanced
perspective on the factors that significantly influence CHs"™ prevalence in different stellar
environments.

Conclusion:

The methyl cation (CHs") emerges as an indispensable species in the chemistry of protoplanetary
disks surrounding young stars. It serves as a critical precursor to the synthesis of complex carbon-
based molecules with implications in astrobiology. Substantiated by both empirical evidence and
theoretical models, the presence and participation of CHs™ in these disks underscore its profound
role in the chemically rich environments of star-forming regions.

The significance of these findings extends beyond the immediate scope of protoplanetary disks and
resonates with broader astrophysical implications. CHs", a pivotal catalyst in initiating gas-phase
organic chemistry in interstellar environments, serves as a focal point for unraveling the origins of
organic molecules in diverse stellar environments. Recent groundbreaking observations from the
James Webb Space Telescope provide compelling evidence of CHs"-driven gas-phase organic
chemistry. This discovery establishes a bridge between the local processes shaping our planetary
system and the universal mechanisms influencing the chemical evolution of star-forming regions.

In astrobiology, as a catalyst for the synthesis of complex carbon-based molecules, CHs" contributes
to the molecular diversity that forms the basis for life.

Future Research and Implications:

Future research endeavors should focus on elucidating the specific chemical pathways and reactions
involving CH3" in stellar disks. This could involve laboratory experiments simulating disk conditions
and more comprehensive astrochemical modelling. Understanding the potential for complex
molecule synthesis through CHs* could have profound implications for unravelling the cosmic
origins of life and our search for habitable exoplanets.
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