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One of the most abundant Al-containing molecules detected in the interstellar medium (ISM) is AlOH. Over the past several years, there have been various pathways proposed for the formation of AlOH in the ISM, including reactions between AlO and H2 or H2O. However, these pathways include an energetic barrier from a transition state that likely prevents the reaction from progressing efficiently in the low temperature/low pressure environment of the ISM. Recently, a barrierless pathway for formation of AlOH from AlO and AlH has been proposed for the formation of AlOH. Even so, only one of these species really needs to contain an aluminum atom. To account for this, alternative but related pathways reacting the known interstellar molecule AlO with XH and AlH with XO (X = Mg, Si, P, or S) to form AlOH are explored with high accuracy quantum chemical calculations via CCSD(T)-F12b/cc-pVTZ-F12. Each third row element has at least one pair of reactants that lead to exothermic formation of AlOH. These reactions can go on to form other aluminum oxides and aluminum oxide clusters that may, in part, lead to the formation of interstellar dust grains.
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1 INTRODUCTION
Despite aluminum being the 11th most abundant element in the solar system (Asplund et al., 2009), aluminum levels in the interstellar medium (ISM) are still typically so low that this atom is not even considered “abundant” (Costantini et al., 2019). As aluminum-containing molecules are believed to be some of the first to form in circumstellar envelopes (CSEs) of AGB stars; a common hypothesis is that these aluminum molecules form corundum (Al2O3) and then larger complex dust grains (Clayton, 1978; Costantini et al., 2019). Aluminum being locked in dust grains would account for the low presence of gas-phase aluminum in the ISM. A possible starting material for corundum is AlOH. Current data shows AlOH to be one of the most abundant aluminum species in the CSEs of Al-rich AGB stars. However, the relative abundance of AlOH greatly depends on which region is being observed (Tenenbaum and Ziurys, 2010; Decin et al., 2017; Takigawa et al., 2017; Kamiński et al., 2016). The relative abundance of AlOH tends to be inversely related to the abundance of AlO, leading to the theory of AlO being involved in the formation of AlOH (Parnis et al., 1989; Sharipov et al., 2011; Mangan et al., 2021; Firth et al., 2024). AlO has been found in the CSEs of several O-rich AGB stars (Decin et al., 2017; Tachibana et al., 2019; Karovicova et al., 2013; Takigawa et al., 2017; Danilovich et al., 2020), suggesting the CSEs of these stars as a viable location for the initial steps of dust grain nucleation. In addition to AGB stars, AlO is also well known in cool (Kamiński et al., 2013) and variable stars (Banerjee et al., 2003; Tylenda et al., 2005; Banerjee et al., 2012; Kamiński et al., 2016) as well as in sunspots (Sriramachandran et al., 2013). AlO has also been tentatively detected in the atmospheres of several exoplanet atmospheres (Bowesman et al., 2021) including the hot Jupiter exoplanets WASP-33b (von Essen et al., 2019), WASP-43b (Chubb et al., 2020), HAT-P-41n (Lewis et al., 2020; Sheppard et al., 2021), and the sub-Saturn KELT-11b (Colón et al., 2020). A recent proposed pathway of formation for AlOH from the reaction of AlO and AlH, shows a fully exothermic reaction with an Al atom as a leaving group (Firth et al., 2024). While this pathway is an improvement over prior methods of forming AlOH that include energetic barriers along the pathway (Parnis et al., 1989; Sharipov et al., 2011; Mangan et al., 2021), it heavily depends on limited quantities of aluminum as it requires two aluminum-containing species to produce a molecule containing only one aluminum atom. To remedy this, variations on this reaction are explored following the form of Equations 1, 2 below, where X [image: image] Mg, Si, P, or S:
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Again, where X [image: image] Al is partly the subject of Firth et al. (2024), and this motif follows that from previous work where dative bonding stabilizes the initial intermediate (Swinnen et al., 2009; Grosselin and Fortenberry, 2022). AlH has recently been observed in the atmosphere of our nearest stellar neighbor, Proxima Centauri (Pavlenko et al., 2022) and is well-known in sunspots (Wallace et al., 2000; Karthikeyan et al., 2010; Sotirovski, 1972) as well as the photospheres of other stars such as [image: image] Cygni (Herbig, 1956; Johnson and Sauval, 1982). However, AlH has yet to be detected in interstellar gas (Pavlenko et al., 2022). This may be in part due to the small reduced mass of cold AlH pushing the rotational transitions to the submillimeter region (Pavlenko et al., 2022).
Of the alternate metals explored in this work, magnesium is the most common at the 8th most abundant element in the Universe (Rogantini et al., 2020). Despite this, the diatomic hydrides and oxides (MgH and MgO) have limited instances of detection. Optical spectra of bright mid-L dwarf stars obtained with the W. M. Keck Observatory show the presence of MgH as well as other metal hydrides and oxides (Kirkpatrick, 2005). Submillimeter observations of IRC + 10216 also show weak evidence of the MgH line (Avery et al., 1994). Recent work has also shown the possible existence of MgH in the atmosphere of the hot Jupiter HAT-P-41b (Jiang et al., 2024). Lastly, MgH has been see in sunspot spectra (Sotirovski, 1972) which suggests it could still be present in other stars (Yurchenko et al., 2017). MgO has also been observed in spectra of sunspots (Sotirovski, 1972), but there have been confirmed nondetections of MgO in IK Tau (Decin et al., 2018), R Dor (Decin et al., 2018), and a series of other O-rich AGB stars (Wallström et al., 2024) Both MgO and MgH are also considered to be important contenders for the molecular makeup of the atmospheres of hot super-Earth exoplanets (Tennyson and Yurchenko, 2017).
While silicon is less abundant than magnesium in the universe as the 9th most abundant element (Rogantini et al., 2020), there are still several instances of detection for SiH and SiO. Even though the diatomic hydride (SiH) has reported nondetections in IRC + 10216 (Siebert et al., 2020) and VY Canis Majoris (Siebert et al., 2020), there are tentative detections in both Orion-KL with use of the Caltech Submillimeter Telescope (Schilke et al., 2001) and in the solar disk spectrum (Sauval, 1969). SiH has also been found in the sun (Wöhl, 1971), implying it could still be present in other stars (Yurchenko et al., 2017). In contrast with SiH, SiO has been detected in a multitude of sources. SiO was initially detected in Sagittarius B2 (Wilson et al., 1971; Dickinson, 1972). Since the initial detection, SiO has also been detected toward diffuse interstellar molecular clouds (Lucas and Liszt, 2000; Turner, 1998), IRC + 10216 (Prieto et al., 2015), and in the CSEs of many O-rich AGB stars (Massalkhi et al., 2020). SiO is also theorized to be important in hot super-Earth exoplanet atmospheres (Tennyson and Yurchenko, 2017).
Phosphorus and sulfur are less abundant than magnesium, silicon, and aluminum. However, phosphorus is still one of the 20 most abundant elements in the solar photosphere (Caffau et al., 2011) and the known gaseous forms of sulfur only make up <1% of the elemental sulfur in the ISM (Kama et al., 2019; Costantini et al., 2019). Phosphorous hydride (PH) has not yet been detected, but PH is still theorized to exist. Reported nondetections of PH include observations of IRC + 10216 and VY Canis Majoris (Siebert et al., 2020). In contrast with PH, PO has been detected in several sources. PO Has been detected in the star-forming region L1157-B1 (Lefloch et al., 2016), the CSE of several O-rich AGB stars such as IK Tau (Ziurys et al., 2018; De Beck et al., 2013), R Cas (Ziurys et al., 2018), and TX Cam (Ziurys et al., 2018). The supergiant NML Cyg (Ziurys et al., 2018) has also shown signatures of the presence of PO. Additional studies on PO and other phosphorus-bearing molecules agree with the theory that phosphorus appears to be extremely depleted in inactive molecular gas by multiple orders of magnitude (Lefloch et al., 2016; Fontani et al., 2016; Rivilla et al., 2016). Sulfur has been detected in dust near C-rich AGB stars, planetary nebulae (Hony et al., 2002), and protoplanetary disks (Keller et al., 2002), primarily in the form of FeS (Costantini et al., 2019; Westphal et al., 2014). Other forms of sulfur have also been found in lower abundances. The diatomic hydride (SH) has been detected toward the submillimeter source W49N with SOFIA (Neufeld et al., 2012), while the oxide (SO) has been found in Orion KL as well as the CSEs of several O-rich AGB stars (Massalkhi et al., 2020). SO is also a contender for the molecular composition of atmospheres of hot super-Earth atmospheres (Tennyson and Yurchenko, 2017). Several other sulfur-containing molecules are also known (McGuire, 2018; McGuire, 2021), and this element has even been the subject of discussion for the so-called “missing sulfur” problem (Henry et al., 2004).
Beyond their abundances, chemical reactions in the inter- and circumstellar media have more limitations to be considered viable compared to reactions on Earth. For instance, bimolecular reactions become the primary contributors to chemical reactions due to the low number densities in these environments making it statistically unlikely for more than two molecules to collide at once (Puzzarini, 2022). The nature of these regions also prevents chemical reactions from accessing additional energy to overcome energetic barriers. This means that the only energy available for the reaction to occur is the energy from the initial starting materials (Tinacci et al., 2023). Due to this, the chemical reactions must also be exothermic overall with an initial barrierless association of the starting materials (Puzzarini, 2022). The overall exothermic quality of the reactions, along with the low number densities, require a viable reaction to give off a leaving group to dispel the excess kinetic energy from the collision (Puzzarini, 2022). If there is no leaving group, the molecule must undergo vibrational relaxation to dispel the excess energy, or it will dissociate back to starting materials. The association of two molecules without the loss of a leaving group, radiative association, is considered note to be feasible as the probability of the molecules to simply fragment apart increases instead of them undergoing vibrational relaxation (Tinacci et al., 2023). Consequently, all of the reaction pathways discussed in this work are evaluated based on the requirements of viable reactions in the ISM/CSM as well as the abundance for each set of starting materials.
2 COMPUTATIONAL METHODS
The reaction pathways explored in this work are based in the highly accurate CCSD(T)-F12b/cc-pVTZ-F12 level of theory, hereinafter referred to as F12-TZ. F12-TZ is based on coupled cluster theory at the singles, doubles, and perturbative triples level [CCSD(T)] (Raghavachari et al., 1989) along with the inclusion of the explicitly correlated F12b formalism (Adler et al., 2007; Knizia et al., 2009) in conjunction with the triple-[image: image] correlation consistent basis set cc-pVTZ-F12 (Hill and Peterson, 2010). The addition of the F12b formalism to the current “gold standard” CCSD(T) (Raghavachari et al., 1989; Hampel et al., 1992; Knowles et al., 1993; Deegan and Knowles, 1994; Helgaker et al., 2004) method allows for faster basis set convergence while producing higher-accuracy results with a basis set of the same order (Győrffy and Werner, 2018).
The starting materials, intermediate minima, and final products undergo a geometry optimization and harmonic frequency computation at the F12-TZ level of theory using the Molpro 2022.3, 2023.2, and 2024.1 quantum chemistry program suites (Werner et al., 2012). The harmonic zero-point vibrational energy is included in the total energy of the structure. Transition states along the pathway undergo a transition state optimization in Gaussian16 (Frisch et al., 2016) where a geometric structure and harmonic frequencies are computed. This transition state optimization is computed utilizing density functional theory (DFT) at the B3LYP/aug-cc-pVTZ (Dunning and Thom, 1989; Kendall et al., 1992; Woon et al., 1993) level of theory. The B3LYP computed geometry then undergoes a single-point energy (SPE) calculation via F12-TZ in Molpro to maintain consistent energies across the pathway for relative energy determination. The use of coupled cluster energies for DFT geometries has been previously shown not to affect greatly (less than 1 kcal mol−1 the energies for the coupled cluster comparison (Ramal-Olmedo et al., 2021; Ramal-Olmedo et al., 2023a; Ramal-Olmedo et al., 2023b; Nguyen et al., 2020). For transition states, the B3LYP computed harmonic zero-point energy is added to the F12-TZ energy from the SPE computation to determine the vibrationally-corrected energies. Intermediates along the pathway are located with the use of the motif shown in Firth et al. (2024). Relative energies included on the pathways are computed relative to one pair of starting materials for each pathway.
3 RESULTS AND DISCUSSION
3.1 Magnesium
Figure 1 shows the pathways to create AlOH from combinations of both sets of magnesium-bearing reactants: AlH/MgO and MgH/AlO. The MgH/AlO pair is lower in energy by 23.6 kcal mol−1 compared to the AlH/MgO pair. This is the smallest relative energy gap for all sets of reactants explored in this work. The relative energies in Figure 1 are relative to MgO/AlH. Beginning with the higher energy reactants, MgO and AlH are able to combine to form [image: image]HAlMgO with 100.1 kcal mol−1 of stabilization or HAlOMg with 102.8 kcal mol−1 of stabilization. If [image: image]HAlMgO is formed first, it can proceed through a low-barrier transition state at only −96.9 kcal mol−1 (3.2 kcal mol−1 higher) to open the ring and form HAlOMg. This transition state pulls the magnesium atom out of the plane as HAlOMg is formed. From here, the hydrogen can either shift to the oxygen, or the magnesium can dissociate to form linear HAlO. If the hydrogen shifts, the AlOH[image: image]Mg van der Waals complex is created before the magnesium dissociates with a 0.1 kcal mol−1 penalty to form AlOH. If the magnesium comes off earlier, the transition state to move the hydrogen to the oxygen lies only 24.0 kcal mol−1 below the reactants before forming AlOH.
[image: Figure 1]FIGURE 1 | Reaction pathway for the formation of AlOH from AlO + MgH and AlH + MgO. Relative energies are expressed in kcal mol−1. Color scheme as follows: Al (grey), Mg (green), O (red), H (white). Lines on the pathway are bold where the Mg dissociation occurs. All molecules in this pathway are singlets except for MgH and AlO which are both doublets.
If the lower energy reactants are present instead, there are two possible intermediates depending on the orientation of AlO. Both of these structures (HMgAlO and HMgOAl) are completely linear, though the relative energies are vastly different. HMgOAl has significantly more stabilization from the additional oxygen[image: image]metal bond and sits at −133.3 kcal mol−1 (109.7 kcal mol−1 below the reactants), whereas the Al[image: image]Mg metal[image: image]metal bond puts HMgAlO at −75.4 kcal mol−1 (only 51.8 kcal mol−1 of stabilization). HMgOAl is, then, able to transfer the hydrogen over to the oxygen and create a van der Waals complex AlOH[image: image]Mg before the magnesium fully dissociates with an increase in energy of only 0.1 kcal mol−1, the same final step of forming AlOH as the higher-energy reactants produce. On the other hand, HMgAlO is able to transfer the hydrogen over to the aluminum to create [image: image]HAlMgO, once again at −100.1 kcal mol−1 (76.6 kcal mol−1 below the reactants). [image: image]HAlMgO is then able to proceed to AlOH as described previously. However, the magnesium is much more likely to dissociate at the very end as the transition state for HAlO is at −24.0 kcal mol−1 (only 0.4 kcal mol−1 below the energy of MgH and AlO). Additionally, the HMgOAl_TS was run via F12-TZ in Molpro for comparison to the aforementioned transition state methodology. As shown in Figure 1, the vibrationally-corrected energy for this transition state computed with a B3LYP geometry optimization followed by a F12-TZ SPE is −72.1 kcal mol−1 with respect to the AlH/MgO reactant pair. In comparison, the full F12-TZ geometry optimization gives a relative energy of −72.2 kcal mol−1. This deviation of only 0.1 kcal mol−1 indicates there is not a significant difference between the F12-TZ and B3LYP geometries. These comparably accurate results and the greater efficiency of the Gaussian optimizer justify the use of this protocol, and as such the B3LYP optimization + F12-TZ SPE methodology will be retained for all other transition state computations. Finally, exploration of the MgH + AlO pathway utilizing M06-2X (Zhao and Truhlar, 2007) in place of B3LYP produces relative energies within 0.2 kcal mol−1 or less for all stationary points save for the last intermediate which varies by 0.7 kcal mol−1. Regardless, the choice of functional does not greatly affect the final energetic outcomes.
3.2 Silicon
The reaction pathways for the formation of AlOH with the silicon reactant pairs (SiH/AlO and SiO/AlH) are shown in Figure 2. In contrast with the magnesium reactants, the SiO/AlH pair is significantly lower in energy with a difference of 65.7 kcal mol−1 between the two sets of reactants. The relative energies in Figure 2 are determined relative to SiH/AlO. When considering, first, the reactant pair of SiO/AlH, the intermediates [image: image]HAlOSi and HAlOSi can form with relative energies of −93.7 and −77.0 kcal mol−1 (28.0 and 11.3 kcal mol−1 below SiO/AlH), respectively. These intermediates and the transition state between them are very similar to the respective magnesium structures with a few differences. For instance, the ring structure [image: image]HAlOSi has the hydrogen bent toward the oxygen instead of creating a linear angle in the Mg-analog of this structure. As with the Mg-analog, the transition state of the ring opening has the Si-atom bending out of the plane to form HAlOSi in [image: image] symmetry. It should also be noted that while the Mg-analogs of these structures have the cyclic form higher in energy than the open HAlOMg, the silicon structures have the [image: image]HAlOSi lower in energy than the open HAlOSi. Once HAlOSi has been formed, the same options as with the magnesium structures are available. If the silicon atom is lost before the hydrogen shifts onto the oxygen, the HAlO structure lies at 1.3 kcal mol−1 (67 kcal mol−1 above the SiO/AlH reactants), making this route impossible without an external source of energy. If the hydrogen migrates before losing the silicon, the energy of the H-migration transition state also exceeds the energy of SiO/AlH by 42.1 kcal mol−1. This, along with the AlOH/Si product being higher in energy than SiO/AlH, shows that the combination of SiO/AlH will not be able to form AlOH without an external source of energy.
[image: Figure 2]FIGURE 2 | Reaction pathway for the formation of AlOH from AlO + SiH and AlH + SiO. Relative energies are expressed in kcal mol−1. Color scheme as follows: Al (grey), Si (tan), O (red), H (white). Lines on the pathway are bold where the Si dissociation occurs. All molecules in this pathway are singlets except for SiH and AlO which are both doublets.
If, instead, the SiH/AlO reactant pair is considered, the orientation of AlO produces two possible intermediate structures (HSiAlO and HSiOAl). The creation of an Si[image: image]O bond in HSiOAl results in a very strong stabilization effect of 114.8 kcal mol−1. The transition state for the H-migration from the silicon to the oxygen costs 85.3 kcal mol−1 of energy before creating the AlOHSi ring structure. The silicon atom can then fall off and produce AlOH. The AlOH/Si products lie 37.2 kcal mol−1 below the energy of the SiH/AlO reactant pair. If the orientation of AlO is such that a Si[image: image]Al bond is created instead, there is still 47.2 kcal mol−1 of stabilization. The transition state to migrate the hydrogen onto the aluminum atom and form [image: image]HAlOSi stays below the energy of the initial reactants. However, it approaches the energy of SiH/AlO with only a −2.5 kcal mol−1 difference. Once [image: image]HAlOSi has been formed, the molecule is able to follow the path previously described to ultimately form the AlOH/Si product. The increased starting energy allows for the rearrangement from HAlOSi to AlOHSi to occur energetically. The alternate path of losing the Si-atom early still exceeds the energy of SiH/AlO and will not be able to occur.
3.3 Phosphorus
Possible reaction pathways for the formation of AlOH with the phosphorus-containing reactant pairs (PH/AlO and PO/AlH) are shown in Figure 3. The phosphorus reactant pairs follow a similar pattern to the silicon pairs with the PO/AlH pair existing 44.1 kcal mol−1 lower in energy than PH/AlO. Both reactant pairs for phosphorus follow similar motifs as both Mg and Si, with a couple differences as well as additional routes of formation for AlOH/P. The product pair is lower in energy than both sets of reactants, suggesting it will be thermodynamically possible to create AlOH/P from both sets of starting materials. As with silicon, loss of the phosphorus atom too early pushes the energy of the system above the energy of the reactants, which makes this route not ideal for interstellar or circumstellar reactions.
[image: Figure 3]FIGURE 3 | Reaction pathway for the formation of AlOH from AlO + PH and AlH + PO. Relative energies are expressed in kcal mol−1. Color scheme as follows: Al (grey), P (orange), O (red), H (white). Lines on the pathway are bold where the P dissociation occurs. All molecules in this pathway are doublets except for PH, AlH, and AlOH which are singlets.
In comparing the phosphorus reaction pathways to those previously shown for silicon and magnesium, the [image: image]HAlOP to HAlOP section is very similar to the [image: image]HAlOSi to HAlOSi section of Figure 2. The most notable differences is that the transition state remains planar for the P-analog. As with the Si-analogs of these structures, [image: image]HAlOP is more stable than the open HAlOP structure. For the first time, there is another structure that can form between the PO/AlH reactants and [image: image]HAlOP. This structure, HAlPO, lies at −63.9 kcal mol−1 (19.8 kcal mol−1 below PO/AlH) and is able to undergo a ring-closing transition state only 1.1 kcal mol−1 above HAlPO to form [image: image]HAlOP. The [image: image]HAlOP structure is also able to undergo a hydride shift from the Al to the O in order to move straight to AlOHP, which does not occur in the Mg and Si reaction pathways. The transition state for this hydride shift is higher in energy than the ring opening transition state by 16.8 kcal mol−1. However, the hydride shift remains 5.7 kcal mol−1 below the energy of the PO/AlH reactants as opposed to the hydride shift after forming HAlOP, which exceeds the reactant energy by 15.6 kcal mol−1. The earlier hydride shift allows the full process to form AlOH/P from PO/AlH to stay below the energy of the reactants. This is the only energetically favorable path from [image: image]HAlOP to AlOH/P.
When starting with the PH/AlO reactants instead, there is once again very strong stabilization from the addition of these reactants. HPOAl is able to follow the same motif of a hydrogen migration followed by the loss of a phosphorus atom to form AlOH/P. Additionally, HPAlO is able to follow the same previously discussed hydrogen migration and ring closing mechanism to form [image: image]HAlOP and then proceed on to eventually form AlOH/P. HPAlO is also able to bend such that the hydrogen migrates onto the oxygen in one step to form PAlOH. The transition state for this process exists 13.9 kcal mol−1 lower than the transition state to form [image: image]HAlOP. The phosphorus can then dissociate from PAlOH to form AlOH/P with a loss of 30.1 kcal mol−1 of energy.
3.4 Sulfur
Finally, the reaction pathways for the sulfur-containing reactant pairs SO/AlH and SH/AlO are shown in Figure 4. The sulfur reactant pairs follow the same pattern as the magnesium pairs with the SH/AlO pair 35.4 kcal mol−1 lower in energy than SO/AlH. Both sets of reactant pairs are able to follow the motifs present in the phosphorus pathway (Figure 3). Beginning with the reactions of SH/AlO, the initial intermediates, HSOAl and HSAlO, are flipped energetically compared to the analogs with Mg, Si, and P. Where previously the species with the terminal aluminum would be lower in energy, the S-analog shows the terminal oxygen as 15.7 kcal mol−1 lower in energy. This could be due to oxygen and sulfur both being in the chalcogen family and their strong propensity to form bonds with one another (Doerksen and Fortenberry, 2020). The similar chemistry between these two elements minimizes the stabilization effects of the additional bond with oxygen shown in Figures 1–3. Both HSOAl and HSAlO are able to proceed on to form AlOH/S without exceeding the initial energy of SH/AlO. The hydrogen migration transition states to move the hydrogen onto the oxygen are both [image: image]40 kcal mol−1 above the energy of the respective intermediate structure. It should be noted that unlike in the phosphorus pathway, HSAlO does not form [image: image]HAlOS. The molecule, instead, bends to move the hydrogen all the way over to the oxygen in one step. A scan of the bending coordinate in this manner at step sizes of [image: image] confirms that no minima exist on this pathway. Additionally, the AlOHS structure preceding the loss of a sulfur atom differs from the Si/P-analogs by the [image: image] symmetry as opposed to the [image: image] symmetry of the Si/P-analogs.
[image: Figure 4]FIGURE 4 | Reaction pathway for the formation of AlOH from AlO + SH and AlH + SO. Relative energies are expressed in kcal mol−1. Color scheme as follows: Al (grey), S (yellow), O (red), H (white). Lines on the pathway are bold where the S dissociation occurs. All molecules in this pathway are singlets except for SH and AlO which are both doublets.
Depending upon the orientation of the reactants when SO and AlH collide, there are three possible initial intermediates: HAlSO, [image: image]HAlOS, or HAlOS at −42.4, −86.6, and −53.1 kcal mol−1 respectively. As with the phosphorus pathway, HAlSO precedes [image: image]HAlOS. The transition state to close the ring and form [image: image]HAlOS is even more low-lying than the P-analog at only 0.7 kcal mol−1 above HAlSO. [image: image]HAlSO can then open to form HAlOS. As is the case with the Mg/Si-analogs, this ring-opening transition state ([image: image]HAlSO_TS) bends out of the plane of the molecule. This transition state has a very shallow potential as it only lies 0.1 kcal mol−1 higher than HAlOS. HAlOS and [image: image]HAlOS can both undergo a hydrogen migration to form AlOHS and ultimately lose the sulfur atom. As shown previously with Si and P, losing the S atoms before the penultimate intermediate structure causes the hydrogen migration to form AlOH from HAlO to exceed the energy of the reactants by 16.7 kcal mol−1. As long as the sulfur loss occurs as the last step, all of the hydrogen migration transition states and subsequent intermediates exist at least 22.8 kcal mol−1 under the energy of SO/AlH.
4 ASTROPHYSICAL IMPLICATIONS
Based on the previously discussed detections of the initial diatomics, MgH has a known presence in a variety of locations while MgO has yet to be detected in regions of high dust nucleation. This suggests MgH and AlO as the more likely pair of starting materials for AlOH creation in this manner. However, MgO and AlH cannot be discounted completely as the difficulty in detecting MgO could be related to MgO quickly reacting in the manner described here or creating larger magnesium structures such as Mg2O (Costantini et al., 2019; Flint et al., 2024). In the event these AlH/MgO and MgH/AlO reactants are present in a high-temperature region, such as the atmosphere of a hot exoplanet, the reactions in Figure 1 will likely still occur. The higher temperature will provide the reactants more energy to cascade through the pathways, submerging the barriers even further below the energy of the reactants.
While SiO is observed more readily than SiH in circumstellar and interstellar regions, SiO is so low in relative energy (Figure 2) that it will likely not contribute to the formation of AlOH. Thus, SiO is likely to participate in the formation of larger silicates instead of AlOH (Flint and Fortenberry, 2023). While SiH has fewer instances of detection than SiO, SiH has been found in locations where AlO has also been detected such as VY Canis Majoris (Tenebaum and Ziurys, 2009). This, along with the lone energetically favorable path of formation stemming from SiH, suggests reactions of SiH with AlO to be the most likely method to form AlOH with silicon diatomics. SiH has also been the focus of other theoretical reaction pathways including the possible formation of SiS (Fortenberry and McGuire, 2024), and detection of molecules in pathways where it could be invoked imply its (as-of-yet undetected) presence. High temperature environments such as hot and ultra-hot exoplanets can reach temperatures up to and exceeding 2,500 K (Garhart et al., 2020; Baxter et al., 2020; Jones et al., 2022), which could potentially provide sufficient energy to the reactants to overcome the barriers. A Boltzmann population analysis indicates a temperature of 4,600 K would be requisite to provide enough energy to the SiO/AlH reactants for 1% of the reactants to surpass the energy barriers shown in Figure 2 and form AlOH. Along a similar vein, for 1% of the HAlO intermediate to surpass the HAlO_TS barrier and form AlOH, the environment would need to be at a temperature of 4,200 K. The most extreme member of the ultra-hot Jupiter classification and the hottest known exoplanet to date is KELT-9b with an equilibrium temperature of 4,050 [image: image] 180 K (Jones et al., 2022; Gaudi et al., 2017) As the barriers present in the Si pathways are so large as to require temperatures over 4,000 K to form an appreciable amount of product, the high temperatures are unlikely to have a significant impact on the viability of these reactions unless the reactions are taking place in an environment as hot as KELT-9b. In general, the main contribution from elevated temperatures in hot exoplanets is simply providing the reactants with more energy to proceed through the pathways already containing fully submerged barriers.
The complete lack of detection of PH suggests that the PO/AlH reactants will be more likely to react and form AlOH. However, the nondetections of PH could be due to the hydride reacting extremely quickly to form larger structures. Hence, the PH/AlO reactants should not be fully discounted. The PO/AlH reactants show a pathway that prevents the formation of AlOH with the HAlOP_TS barrier 15.6 kcal mol−1 above the energy of the PO/AlH reactants. According to a Boltzmann population analysis, this barrier is small enough for temperatures of 1,700 K to allow for 1% of the reactants to surpass the barrier and form AlOH. Hot Jupiters have equilibrium temperatures in the range of 1,500–2,000 K (Baxter et al., 2020), suggesting such exoplanets as suitable environments for the PO/AlH reactants to progress through the [image: image]HAlOP intermediate toward AlOH, presuming PO and AlH are both present.
The detections of both SH and SO support the viability of each set of reactants to form AlOH. While much of the sulfur in space is believed to be tied up in FeS (Costantini et al., 2019), the likelihood of the sulfur reactants participating in the formation of AlOH is lower than the magnesium or silicon reactants. However, the greater understanding of how SH and SO react with other species will aid in future studies of the sulfur diatomics in inter- and circumstellar regions, such as the proposed formation of SiS using SH (Fortenberry and McGuire, 2024).
5 CONCLUSION
This work proposes a series of gas-phase routes of formation for AlOH in CSEs of AGB stars from a combination of third row diatomic hydrides and oxides. Nearly every combination of reactants explored has at least one energetically favorable route of formation to the AlOH/X products. Each pathway follows a series of similar motifs for the rearrangements while the phosphorus and sulfur pathways begin to add more paths that are unavailable to magnesium and silicon. In truth AlOH is likely formed from a mixture of these pathways depending upon the abundance of various required starting materials. While some of the proposed reactants have not yet been identified in CSEs or other astronomical regions of space, these reactions can not be completely discounted as the abundances of those diatomics may be low due to quick reactions to form other species. Future kinetic studies are necessary to determine the rates of the rearrangements occurring during these proposed reaction pathways and predict the fastest path. Additional observations of AGB stars where some of these diatomic molecules could exist are crucial to try to confirm the existence of these diatomics in such environments.
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