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Introduction

Modafinil is a widely used nootropic whose mechanism is controversial, but there is evidence that oxidative stress and free radicals may be involved in its eugeroic and cognitive enhancement properties. [START_REF] Zare | Wake-Promoting Agents, Insights into Clinical Use and Molecular Perspectives[END_REF][START_REF] Kim | Practical Use and Risk of Modafinil, a Novel Waking Drug[END_REF][START_REF] Gerrard | Mechanisms of modafinil: A review of current research[END_REF][START_REF] Ornell | Modafinil Effects on Behavior and Oxidative Damage Parameters in Brain of Wistar Rats[END_REF][START_REF] Farhoudi | An analytical review on probable anti-parkinsonian effect of modafinil[END_REF][START_REF] Froestl | Cognitive Enhancers (Nootropics). Part 3: Drugs Interacting with Targets other than Receptors or Enzymes. Disease-modifying Drugs[END_REF] We have previously shown [START_REF] Fong | Modafinil and modafinil analogues: free radical mechanism of the eugeroic and cognitive enhancment effect[END_REF][START_REF] Fong | Modafinil mechanism of action: Inhibition of the dopamine monoamine transporter DAT by modafinil like and piperidine-based analogues and the role of free radicals in the eugeroic effect[END_REF] that it is very likely that modafinil exerts some or part of its eugeroic cognitive enhancement effect and neurocognitive deficits by a free radical intermediate formed by a dissociative electron transfer (DET) or attachment (DEA) reaction [START_REF] Maran | Dissociative electron transfer[END_REF][START_REF] Saveant | Dissociative electron transfer[END_REF] The possibility of modafinil exerting its eugeroic and cognitive effect by a free radical mechanism has been investigated by examining the behaviour of modafinil after transfer or attachment of an electron in water, or by abstraction of hydrogen radical by a ROS radical such as those typically found in the brain. These bioreduction processes may arise in the brain from hydrated electrons, hydroxyl radicals, superoxide species for example, and or mitochondrial sources or cytochrome sources. COVID-19 is associated with oxidative stress, peripheral hyper inflammation, neuro-inflammation and "brain fog" especially in individuals with a more severe form of the disease and with long COVID. COVID-19 is thought to exacerbate the production of free radicals and reduce antioxidant action. High levels of oxidative markers in patients with COVID-19 have been observed, and oxidative stress may be associated with the severity of COVID-19 infections. It is thought the virus can cause brain infection, and the release of inflammatory and/or oxidative markers can cause neuro-inflammation and tissue damage. [START_REF] Eduard | Oxidative Stress, and Neuroinflammation in the Depression Route[END_REF] 

Results

The anion radical formed from the attachment of an electron to modafinil is shown to exhibit extension and then cleavage of the diphenylmethyl carbon to sulphoxide (C---S) bond, as shown in the transition state in Figure 1 and Figure 2 (radical structure B). This DEA mechanism also occurs in the substituted modafinil analogues (C 6 H 4 X) 2 -CH-S(=O)-Z [START_REF] Ornell | Modafinil Effects on Behavior and Oxidative Damage Parameters in Brain of Wistar Rats[END_REF][START_REF] Farhoudi | An analytical review on probable anti-parkinsonian effect of modafinil[END_REF] and is driven by the delocalized resonance stabilization of the excess electron over the (C 6 H 4 X) 2 -CH-S(=O)-moiety in the HOMO. There is a decrease of negative charge on the benzylic (C 6 H 5 ) 2 -CH-atom and a decrease of positive charge on the S atom when elongation of the C---S bond occurs upon the attachment of an electron to modafinil in water. We have previously shown [START_REF] Farhoudi | An analytical review on probable anti-parkinsonian effect of modafinil[END_REF][START_REF] Froestl | Cognitive Enhancers (Nootropics). Part 3: Drugs Interacting with Targets other than Receptors or Enzymes. Disease-modifying Drugs[END_REF] that the free energy of activation ΔG * act for the water solvated modafinil transition state (TS), C---S bond length 3.39 Å, shown in Figure 1 is -84.2 kcal/mol assuming a ΔG for the hydrated electron of -34.6 kcal/mol. [START_REF] Cg Zhan | The Nature and Absolute Hydration Free Energy of the Solvated Electron in Water[END_REF] The ΔG * act for the vertical electron addition to the starting conformation of modafinil to form radical A in water is -3.9 kcal/mol, followed by the adiabatic relaxation of the radical anion to form B with a ΔG * act of -80.3 kcal/mol, resulting in an overall ΔG * act of -84.2 kcal/mol for the TS shown in Figure 1(a). The elongated benzylic methine C---S bond is 3.39 Å in Figure 1 compared to the starting compound with the bond length of 1.93Å before dissociative electron attachment. 

Discussion

We have shown that modafinil can form two major radical species, one by abstraction of a H• to form radical species C, or alternately by DEA to form species B in Figure 2. However experimental evidence about the formation of radical species from modafinil would add clarification to the likelihood that modafinil can form free radicals when it exerts its known eugeroic and cognitive enhancement effects in the brain.

De [START_REF] De | Invitro Antioxidant Capacity and Free Radical Scavenging Activity of Various Anti Depressant Drugs[END_REF] has measured the in vitro free radical scavenging activity of modafinil using various laboratory assays: nitric oxide, lipid peroxidation (LPO), DPPH (2,2-diphenyl-1-picrylhydrazyl), ferric ion, and phosphomolybdenum. [START_REF] Rl Prior | Standardized Methods for the Determination of Antioxidant Capacity and Phenolics in Foods and Dietary Supplements[END_REF] The formation of a radical from modafinil by hydrogen atom transfer or abstraction is likely radical C in Figure 2, with the nitric oxide and LPO assays being closest to representing biological conditions. Modafinil was shown to be particularly reactive to nitric oxide compared to other anti-depressant drugs. Modafinil was also reactive to DPPH, ferric ion and phosphomolybdenum assays which detect single electron transfers such as in electron attachment to form radical A in Figure 2.

The nitric oxide balance leads to the dysfunction of mitochondria and the enhancement of apoptosis and oxidative stress. Nitric oxide synthase (NOS) generates secondary free radicals that can initiate pathological events, along with the cell signaling properties of NO, O 2 -and H 2 O 2 . In humans, nitrite is metabolized to nitric oxide and other reactive nitrogen oxide species. The Nitrate-Nitrite-NO biochemical pathway participates in cell signaling, hypoxia-dependent response, and regulation of blood flow, and possibly in the reduction of nitrite to nitric oxide in the mitochondria. The Griess assay detects the formation of NO from nitrite.

Lipid peroxidation assays measure end products of lipid peroxidation. Lipid peroxidation is the oxidative degradation of lipids through the formation of free radicals such as HO• or HOO• etc.

In the case of modafinil, the lipid peroxidation assay would result in radical C in Figure 2. The in vitro free radical scavenging assay activity of modafinil determined by De [START_REF] De | Invitro Antioxidant Capacity and Free Radical Scavenging Activity of Various Anti Depressant Drugs[END_REF] indicates that modafinil can form free radicals with ease under the assay conditions, either by H• abstraction or by a single electron attachment process.

Jung [START_REF] Jung | Simple Synthesis of Modafinil Derivatives and Their Antiinflammatory Activity[END_REF] determined the anti-inflammatory effects of modafinil derivatives in cultured BV2 cells by measuring the inhibition of nitrite production and expression of iNOS and COX-2 after lipopolysacharide stimulation. Nitrite was used as a measure of NO production (Griess reaction) as a marker of inflammation induction. The anti-inflammatory abilities of modafinil and its derivatives were better than aspirin. Free radicals are well known to be involved in inflammatory diseases in the human body. [START_REF] Biswas | Role of free radicals in human inflammatory diseases[END_REF][START_REF] Zager | Modulating the immune response with the wake-promoting drug modafinil: A potential therapeutic approach for inflammatory disorders[END_REF] It has been suggested that modafinil with its antiinflammatory properties could be a safe and effective agent in treating fatigue and neurocognitive deficits in patients with long COVID. [START_REF] Pliszka | Modafinil: A Review and Its Potential Use in the Treatment of Long COVID Fatigue and Neurocognitive Deficits[END_REF] Dowling [START_REF] Dowling | Outsmarted by nootropics? An investigation into the thermal degradation of modafinil, modafinic acid, adrafinil, CRL-40,940 and CRL-40,941 in the GC injector: formation of 1,1,2,2-tetraphenylethane and its tetra fluoro analog[END_REF] has shown that modafinil in acetonitrile, dichloromethane and ethanol solution undergoes thermal degradation to diphenylmethanol and 1,1,2,2-tetraphenylethane in the GC injector port of a GC-MS at 250-280 o C injection. It was found that 1,1,2,2-tetraphenylethane was the major degradation product in a GC ion trap EI-MS at 275 o C injection. The formation of 1,1,2,2-tetraphenylethane in particular is consistent with the formation of the bi-radical species B in Figure 2.

The ease of bond cleavage of the benzylic methine C---S bond of modafinil by dissociative electron attachment was confirmed by observing that this process occurs in the gas phase as well as in water. The electron impact mass spectrometry study of modafinil gives the main ionization fragmentation pathway involving a fragment m/e of 167, ie the (C 6 H 5 ) 2 CH ion. [START_REF] Dubey | A novel study of screening and confirmation of modafinil, adrafinil and their metabolite modafinilic acid under EI-GC-MS and ESI-LC-MS-MS ionization[END_REF] 

Conclusions

It has been shown that modafinil can easily form free radical species either by: (a) abstraction of a hydrogen radical from the methine position by ROS typically found in the brain under oxidative stress, or (b) by dissociative electron attachment which results in bond elongation of the benzylic methine C---S bond to form a C•---•S bond following hydrated electron attachment. There is experimental evidence from in vitro free radical scavenging assays and BV2 cells that modafinil can form free radicals in solution. Thermal degradation of modafinil in a GC ion trap EI-MS provides evidence that a C•---•S bond process can be facile and indirect evidence of a dissociative electron attachment mechanism in the gas phase. It appears that the dissociative electron attachment mechanism could subsequently form more radical species emanating from modafinil, but the abstraction of a hydrogen radical from modafinil forms a more stable radical species. Both mechanisms could possibly influence the eugeroic effect and other neurocognitive deficits such as long COVID in the brain.

Materials and methods

All calculations were carried out using the Gaussian 09 package. Energy optimisations were at the DFT/B3LYP/6-31+G(d,p) (6d, 7f) level of theory for all atoms. Selected optimisations at the DFT/B3LYP/6-311+G(d,p) (6d, 7f) level of theory gave very similar results to those at the lower level. Optimized structures were checked to ensure energy minima were located, with no negative frequencies. The TS shown in Figure 1 had a single negative vibrational frequency. Anion optimisations, energy and thermodynamic calculations were conducted at the DFT/B3LYP/6-31+G(d) (6d, 7f) with empirical dispersion GD3BJ level of theory with optimised geometries in water, using the IEFPCM/SMD solvent model. Similar results were obtained at the DFT/B3LYP/6-311+G(d,p) (6d, 7f), HF/B3LYP/6-31+G(d) (6d, 7f), DFT/M062-X/6-31+G(d) (6d, 7f) and DFT/wB97XD/6-31+ G(d) (6d,7F) levels of theory. It was found that the free energy of ΔG * for bond elongations was not only dependent upon the particular conformation of modafinil and the studied analogues, but also on the level of theory. That is, ΔG * determined at the DFT/B3LYP/6-31+G(d) (6d, 7f) level of theory were lower than those conducted at a DFT/B3LYP/6-31G(d,p) (6d, 7f) level of theory. This observation is consistent with a greater delocalization of the excess electron in the HOMOs using diffuse basis sets, and we have shown it is the location of the HOMO that determines bond elongation in the transition state upon electron attachment. [START_REF] Fong | Modafinil and modafinil analogues: free radical mechanism of the eugeroic and cognitive enhancment effect[END_REF][START_REF] Maran | Dissociative electron transfer[END_REF] The modest dependency on basis set and diffuse functions in DET processes have been previously noted. [START_REF] Soriano | A quantum mechanics-molecular mechanics study of dissociative electron transfer: The methylchloride radical anion in aqueous solution[END_REF] However, only the degree (%) of
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 12 Figure 1. Adiabatic transition state for dissociative electron attachment of modafinil in water, C-S bond length 3.39Å

  

elongation of bonds in the TSs of the DEA reactions are dependent on basis sets or functionals. The wB97XD, M062-X and empirical dispersion GD3BJ functionals are known to better account for long range dispersion effects than the B3LYP functional.

Modafinil UV spectrum maximum calculated 259nM in water, compares to the experimental value 260nM [23]