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Abstract.
We report on the development of a modelling consortium for chemistry in indoor environments that connects models over a range of spatial and temporal scales, from molecular to room scales and from sub-nanosecond to days, respectively. Our modeling approaches include molecular dynamics (MD) simulations, kinetic process modeling, gas-phase chemistry modeling, organic aerosol modeling, and computational fluid dynamics (CFD) simulations. These models are applied to investigate ozone reactions with skin and clothing, oxidation of volatile organic compounds and formation of secondary organic aerosols, and mass transport and partitioning of indoor species to surfaces. MD simulations provide molecular pictures of limonene adsorption on SiO2 and ozone interactions with the skin lipid squalene, providing kinetic parameters such as surface accommodation coefficient, desorption lifetime, and bulk diffusivity. These parameters then constrain kinetic process models, which resolve mass transport and chemical reactions in gas and condensed phases for analysis of experimental data. A detailed indoor chemical box model is applied to simulate α-pinene ozonolysis with improved representation of gas-particle partitioning. Application of 2D-volatility basis set reveals that OH-induced aging sometimes drives increases in indoor organic aerosol concentrations, due to organic mass functionalization and enhanced partitioning. CFD simulations show that concentrations of ozone and primary product change near the human surface rapidly, indicating non-uniform spatial distributions from the occupant surface to ambient air, while secondary ozone product is relatively well-mixed throughout the room. This development establishes a framework to integrate different modeling tools and experimental measurements, opening up an avenue for development of comprehensive and integrated models with representations of various chemistry in indoor environments. 

1. Introduction.
The chemistry taking place in buildings is complex, extensive and under studied.1 Many thousands of species can participate in the chemical transformations in indoor air as precursors, intermediates or products.2, 3 This chemistry can form indoor aerosols and alter their composition, while countless different kinds of indoor materials and occupants act as sinks, sources and provide surfaces for chemical transformations.4-8 Increased efforts have been made in indoor measurements by deploying state-of-the-art instruments such as aerosol mass spectrometry, proton transfer reaction mass spectrometry, and chemical ionization mass spectrometry, which were traditionally developed for and applied to outdoor air measurements. 9-14 However, extrapolation of these observations beyond the specific systems or buildings studied is hampered by the vast number of buildings, each comprised of its own unique microenvironments and occupant activities.1, 15 Mathematical models, well vetted by experimental results, can help overcome these limitations and allow for predictions to broader classes of indoor environments.16-21 To fully describe indoor chemistry, the models must be able to span vast time and spatial scales; this, we believe, requires a collaborative network of modelling expertise that itself interacts closely with experimentalists.
There have been many advances in indoor air chemistry, both in terms of indoor measurements and laboratory experiments as well as in model development.22 These advances have provided insight into the complex mechanisms that underpin indoor air chemistry, but have also facilitated model simulations and analysis of indoor chemical processes. Nazaroff and Cass (1986)19 developed an indoor gas-phase chemistry model that also included deposition of reactive species such as ozone. This model was well ahead of its time because it made dynamic predictions of some species that had not yet been measured indoors. Nazaroff and Cass (1989)23 were also the first to develop a model to predict aerosol concentration and fate indoors, considering ventilation, filtration, deposition onto surfaces, direct emission and coagulation. Later investigators have developed increasingly detailed models of gas chemistry, particle composition and indoor secondary organic aerosol (SOA) formation.5, 24-27 Studies like these have identified reactive species, such as organic peroxides, that warrant further experimental attention.24 Models improve aerosol-phase representation by a better understanding of different aerosol fractions by season or region, as well as by exploring whether the assumption of equilibrium is relevant for typical buildings with short residence times and/or large temperature variations.15, 28, 29 In addition, the impacts of the wide variety of indoor sources such as cooking and cleaning on indoor aerosol composition warrant further investigation. 
Surfaces are one of the least well understood of the different compartments indoors,1 yet have long been known to be an important source of volatile organic compounds (VOCs)30, 31 and sink of reactive and low-volatility molecules.32-36 Chemistry in hidden spaces (e.g. between walls, in ventilation systems) are also poorly understood partly due to complex surface processes. Recent studies broaden the list of chemicals that participate in surface chemistry and the mechanisms that control those interactions.37 A gas molecule that enters a room has ample opportunities to interact with surfaces before leaving by air exchange.15 For lower volatility molecules, sorption to surfaces can substantially increase their lifetimes and, hence, the opportunity to react with other molecules, potentially altering indoor chemistry and leading to the formation of aldehydes, ketones, carboxylic acids and SOA.2, 38-41 For instance, using a detailed chemical model for indoors 42 showed that aldehyde emissions following ozone deposition onto soft furnishings, painted walls and other internal surfaces could reduce indoor oxidant concentrations and also cause a shift towards the formation of organic nitrates indoors. Different indoor surfaces can be quite variable in their initial reactivity, but aging and soiling of surfaces may make them more similar than different with time.43, 44 Attempts to model the processes characteristic of painted drywall, vinyl flooring, concrete, and carpet have shown that relatively simple models can adequately match experimental results probing primary emissions,45, 46 sorption/desorption47-49 and ozone deposition.18, 50 Several models of the skin exist, focusing on dermal absorption51, 52 and effects of clothing on dermal uptake.53 A skin model was developed that combines physical processes (i.e., reversible adsorption, diffusion) with chemical reactions of ozone with skin lipids.54 
It is known that human activities and occupancy in general can alter the composition of indoor contaminants. Cooking emissons increase indoor concentrations of aerosols, oxidants and VOCs.55, 56 Cleaning, in particular, can lead to very high concentrations of indoor air pollutants, with some being so highly reactive that they dominate oxidation pathways indoors, leading to production of reactive gaseous species and also SOA.13, 57 A recent study shows that human skin oils can be chlorinated rapidly via heterogeneous uptake of HOCl, which may potentially lead to irritation of the skin.58 Occupant activities clearly have an impact on indoor chemistry yet models that incorporate these processes are only in the early stages of development.
Human occupants themselves can be a dominant source of volatile organic compounds indoors10-12 and also add to the reactivity of surfaces via desquamation (skin shedding) and transferring skin oils to surfaces.59 The importance of chemistry associated with ‘passive’ (that is, when not cleaning, cooking etc.) human occupancy for indoor air quality  was first recognized in aircraft cabins.60, 61 The presence of just one or two occupants can significantly affect indoor gas-phase composition and air chemistry.10 Per square meter, skin is far more efficient at removing ozone than most other indoor materials, and the consequent formation of oxidation products such as higher chain aldehydes following ozone-skin interactions can alter the indoor air composition as well as the importance of different chemical pathways.62 This impact on chemical oxidant levels in indoor air, as well as the formation of secondary pollutants, could be particularly important in highly occupied spaces such as classrooms11, 12, 62 or aircraft cabins.63, 64 Computational fluid dynamic models demonstrate that chemistry occurring at human skin and clothing surfaces alter the composition of air very near the body and breathing zone.65, 66 There is a clear need to understand these processes at the molecular level, which controls the release of the oxidation products of squalene and other skin-oil related compounds, to the fate of these products at the building-level. 
Indoor chemistry models have provided useful insights thus far, but there has been little concerted effort to coordinate the different types of models into a coherent, dynamic, and revealing whole.15 This effort requires expertise in chemistry, engineering and building science, expertise in modelling approaches that operate across time and space scales and active integration of building and people related factors such as air exchange rate, ventilation strategy, occupant behavior and their activities.

2. Mission and objectives.
The Modelling Consortium for Chemistry of Indoor Environments (MOCCIE) was initiated in 2017 within the Chemistry of Indoor Environments (CIE) Program of the Alfred P. Sloan Foundation. MOCCIE brings together modelling experts from a number of different fields to begin to develop comprehensive, integrated physical-chemical models that include a detailed representation of gas-phase, particle-phase, and surface chemistry in indoor environments and how occupants, indoor activities, and buildings influence indoor processes. Such models are used to: 1) assess gaps in our fundamental understanding of indoor chemistry processes; 2) help guide measurements through identification of parameters responsible for model uncertainties, indicating key species to quantify and expected concentrations of species so that experimentalists are aware of the detection limits required for quantification, and improving design of experimental/fieldwork studies; 3) assist in interpretation of data from laboratory and field experiments including the House Observations of Microbial and Environmental Chemistry (HOMEChem) study. Eventually such models can be used to predict when indoor air chemical processes might adversely affect health and wellbeing, to aid in the design and effective operation of buildings, and to inform the evaluation and redesign of consumer products that are used in homes. 
MOCCIE combines models that represent the chemistry of indoor environments over a range of spatial and temporal scales, from sub-nanometer to tens of meters and from sub-nanosecond to days, as shown in Fig. 1. For instance, some reactive species (such as OH radicals) exist for only ~1 s indoors, while others can persist for hours (e.g. VOCs) to years (e.g. semi- and low-volatile organic compounds). Similarly, there are large variations in spatial scales. We consider processes taking place within or at the surfaces of materials and human skin, the peri-human environment, the room, zone, or building scale, including the heating, ventilating, and air conditioning (HVAC) system. Our approaches include molecular dynamics (MD) simulations, kinetic process modeling, gas-phase chemistry modeling, thermodynamic modeling, and computational fluid dynamics (CFD) modeling.
Modeling studies are conducted by MOCCIE to explore three relevant and highly important themes for indoor air quality: 1) Impact of reactions of indoor oxidants with skin and clothing on indoor chemistry; 2) Impact of VOC chemistry, organic aerosol behavior, and SOA formation on indoor air quality; 3) Mass transport and partitioning of species to indoor surfaces and materials. Interactions of indoor oxidants with skin, cleaning-related emissions of VOCs, and surface interactions are important processes, each strongly affecting chemical composition and distribution in indoor environments. These themes are useful as they encompass the necessary range of spatial and temporal scales that allow us to employ and test all of the models for relevant indoor scenarios. We integrate modelling closely with field measurements and laboratory experiments as detailed in Sect. 4. 
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Fig. 1. The different temporal and spatial scales involved in modelling indoor air chemistry applied to cross-cutting themes (in italic) in the modelling consortium MOCCIE.

3. Modelling approaches
3.1. Molecular dynamics simulations 
Atomistic MD simulations consist of numerically integrating the classical equations of motion (e.g., Newton’s second law of motion) for all of the atoms in the system under consideration. In the majority of MD simulations, the forces on the atoms are derived from the gradient of an empirical potential energy function, or “force field”, that contains terms describing bond stretching, bond angle bending, torsions around rotatable bonds, and van der Waals and electrostatic interactions. In so-called ab initio MD simulations, electronic degrees of freedom are explicitly taken into consideration by calculating the forces “on the fly” from the electronic structure, thus enabling the modeling of chemical reactions. Typically spanning length scales of up to tens of nm and time scales of up to a few s, atomistic MD simulations as applied by the Tobias group represent the first step on the staircase linking the broad range of space and time spanned by the MOCCIE (Fig. 1).
MD simulations have been used extensively to gain atomic-scale insights into the composition, morphology, physical and transport properties, and chemical dynamics at gas-particle interfaces of aerosol particles in the outdoor atmosphere. For example, MD simulations revealed that, contrary to longstanding conventional wisdom, certain reactive ions in marine aerosol particles adsorb to the particle-air interface and, hence, are available for surface reactions with gas-phase oxidants.67-70 Additional examples include force field-based MD simulation studies that have provided atomic-scale views of the adsorption, uptake, and desorption of atmospheric gases (e.g., H2O, O3, OH, HO2, H2O2, and HNO3) on water and aqueous solutions,71-75 organic liquids,76 and organic thin films on liquid and solid surfaces.77-80 Ab initio MD simulations have been used to gain mechanistic insights into atmospherically relevant electron transfer, proton transfer, and photochemical reactions in the gas phase and at liquid and solid interfaces.81, 82 Ab initio MD simulations have also been used recently to investigate the role of acid-base chemistry and water uptake in the formation of new particles in the atmosphere from amine and acid precursors.83-85

3.2. Kinetic process modeling 
For the description of heterogeneous and multiphase chemistry on the surface and in aerosol particles, the kinetic double-layer model for surface chemistry (K2-SURF)86 and the kinetic multi-layer model for surface and bulk chemistry (KM-SUB)87 have been developed. These models are based on a kinetic model framework with a double-layer surface concept and universally applicable rate equations and parameters for mass transport and chemical reactions at the gas-particle interface.88 The models treat explicitly all steps of mass transport and chemical reaction of semi-volatile species in the gas phase, at the surface and in the condensed phase. These models consist of multiple layers in the condensed phase and exclude assumptions of steady state and homogeneous mixing, which are typically applied in the traditional resistor model approach of multiphase chemistry.89 This kinetic multi-layer modeling approach has been applied to simulate ozone reactions with human skins by treating chemical reactions and mass transport of ozone, skin lipid squalene, and oxidation products at the skin and in the gas phase (KM-SUB-Skin model).54 It enables the spatial and temporal concentration profiles of species in the skin oil and underlying skin layers to be resolved. 
The kinetic multilayer model of surface and bulk chemistry of the skin and clothing (KM-SUB-Skin-Clothing) was recently developed, which explicitly resolves mass transport and chemical reactions in the gas phase, in clothing, in the gap between clothing and skin and in the skin (Fig. 2).90 The model includes different layers: a gas phase, a boundary layer, the clothing, the gap between the clothing and skin, a sorption layer, the skin oil, the stratum corneum, the viable epidermis, and a layer of blood vessels. Bulk diffusion of all species was treated based on Fickian diffusion. In the clothing, diffusion was slowed down due to partitioning of chemical species to skin oils and other substances covering the fibers. This treatment was implemented based on human envelope models by Morrison et al. that included 1) improved treatment of skin lipids in dermal uptake of unreactive chemicals53 and 2) clothing, its history and how it releases these chemicals when worn.52, 53 Contact transfer between the upper layer of the skin and the clothing was also included. A simplified squalene ozonolysis mechanism was implemented in the model as well as ozone reactions with other reactive species, such as skin lipids and laundering species, in skin and clothing. Required kinetic parameters included surface accommodation coefficients, desorption lifetimes, gas-phase and bulk diffusion coefficients, partitioning coefficients, contact transfer rates and reaction rate coefficients. Several parameters in the model, such as the surface accommodation coefficient, Henry’s law constant, desorption lifetime, and the bulk diffusion coefficient of ozone in skin oil were constrained by MD simulations. Other parameters in the model were kept consistent with literature values, while unknown parameters were constrained by reproducing experimental measurements.
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Fig. 2. A schematic of the interactions of O3 with skin and clothing.90 O3 can react with skin lipids such as squalene forming volatile and semi-volatile carbonyl products such as 4-OPA and 6-MHO. These products may further react in the gas phase, clothing or skin. O3 and carbonyls can diffuse through clothing, which consists of fibers and air, and partition to oil in the clothing. They can also diffuse across the air gap separating the clothing from the skin, through the skin and into the blood.

3.3. Gas-phase chemistry modeling 
The Carslaw group has developed a detailed indoor chemical box model (INDCM) to study the chemistry of indoor environments.21, 24, 42, 62, 91, 92 The focus is on the mechanistic details and, as such, the INDCM contains around 20,000 reactions and 5,000 species. The mechanism is based on the near-explicit Master Chemical Mechanism.93, which retains the chemical detail following degradation of VOCs indoors until the final oxidation products of carbon dioxide and water are formed. It is therefore possible to trace the direction of a reaction very precisely from the preliminary emission of a VOC through the production of a myriad of multigenerational products. As well as detailed chemistry, the INDCM also contains terms that describe indoor emissions, deposition to and from surfaces and people, exchange with outdoors and photolysis, the latter from attenuated outdoor sunlight plus indoor lighting. The INDCM can be used to simulate different indoor environments (e.g., home, school, office) and for different outdoor locations (e.g., urban or remote areas). 
The INDCM can be used to yield much information about the formation of secondary pollutants indoors, as well as the loss routes for the primary pollutants, However, there are few indoor measurements available to evaluate the model performance. For instance, Carslaw et al. (2012)24 showed that following cleaning, gas-phase limonene-oxidation products were dominated by carbonyls, whilst the SOA composition was dominated by organic nitrates including peroxyacyl nitrates for the conditions studied. Using the INDCM has also produced useful insight into the chemical mechanisms behind cleaning activities and particularly radical reactions,24, 91, 94 the composition of SOA92 and surface chemistry following ozone deposition onto materials and skin.42, 62

3.4. Thermodynamic models of aerosol composition 
The Waring group developed techniques to model indoor OA behavior, character, and SOA formation. Their work introduced the use of the 2D volatility basis set (2D-VBS)95, 96 within indoor aerosol and gas-phase modeling. This work is part of a larger effort of the Waring group to develop a simulation package titled IMAGES (Indoor Model of Aerosols, Gases, Emissions, and Surfaces), which includes aerosol and gas-phase kinetic and thermodynamic behavior; emission models of varying complexity accounting for indoor point, surface, and human emissions; and sorptive and film interactions of VOC and SVOC with surfaces. Building-specific and indoor emission inputs are cast as probability distributions representing typical U.S. residential and office buildings, facilitating Monte Carlo operations, with information on outdoor aerosol components and criteria pollutants in 16 U.S. cities spanning different climate zones.
The 2D-VBS framework lumps organic material (OM) that partitions thermodynamically between gas and particle phases into bins mapped onto a 2D space representing their volatility by effective saturation concentration (C*, µg m-3) and degree of oxygenation by O:C ratio (or average oxidation state). Once a VBS is mapped, the mass and fraction of compounds in the OA phase can be predicted with equilibrium gas-to-particle partitioning theory.97 Using the 2D-VBS allows for modeling transformations (e.g. functionalization, fragmentation)95, 98, 99 that age the OM in a given set, for instance by reactions with OH in both phases.
This modeling approach not only allows for chemical aging of lumped OM to be simulated, but constraining the O:C of OA provides insight into other characteristics of OA. These include the OA density,100 hygroscopicity,101 and phase state.102, 103 The enthalpy of vaporization of organics is correlated with saturation concentration,104 so resolving organics into the VBS also facilitates strong prediction of the effects of varying temperature on OA volatility and partitioning. Future work will continue to use and expand the 2D-VBS framework in IMAGES to assess and/or include impacts on OA of indoor cleaning; NOX on indoor OA aging; indoor OA phase state, thermodynamic partitioning, and water content; loss of SOA-forming vapors to indoor surfaces; kinetic partitioning; and more complex particle reactions.

3.5. Computational fluid dynamics (CFD) modeling 
[bookmark: _Hlk5791731]The Rim group has developed a CFD model that simulate surface reactions and gas-phase chain reactions in indoor environments. The CFD model solves time- and space-resolved concentrations iteratively based on heat, momentum, and mass balances in the discretized space with specific convergence criteria.66, 105 The model results reveal non-uniform indoor airflow distribution and transport of oxidants and reactants under different ventilation conditions.106
[bookmark: _Hlk6162310][bookmark: _Hlk5791768][bookmark: _Hlk6161429][bookmark: _Hlk5794881]Fig. 3 shows a CFD model that simulates the perihuman environment where reactive surface and gas phase chemistry lead to ozone reactions. The computational grids and the boundary conditions are treated to predict local velocity gradient near the human body and recirculating indoor airflow with reasonable accuracy.107 Validation of the CFD model has been performed based on vertical velocity profile of the buoyancy-driven plume above the head, considering that accurate simulation of the occupant turbulent plume is critical for predicting mass transfer around the human body.65 The KM-SUB-Skin-Clothing model results (i.e., ozone deposition rates and SVOC emission rates) are inputted into the CFD model. Based on these conditions, the CFD model results provide the detailed effect of thermal stratification near the simulated occupant and reveal spatial distributions and concentration gradients of ozone, primary products, and secondary products.66
To examine the spatial distributions of ozone and ozonolysis products, mass transport equations considering chemical reaction are applied to each cell of the simulation domain.90,108  
	
	(E1)


Where  is air density,  is air velocity,  is the mole fraction of chemical species,  is the reaction source term,  is molecular diffusion coefficient, and  is source term. The model calculated the effects of convection, diffusion (both molecular and turbulent), chemical reaction, and source emissions. In the species transport equation, the chemical reaction source term () is modeled as shown below:   
	
	(E2)


Where  is the number of chemical species in reaction r,  is the molecular weight of ith species and  is the molar rate of creation and destruction of ith species in reaction r. The net source of chemical reactions is calculated as the sum of species, which is generated or reduced by chemical reactions occurring in each cell of the simulation domain.
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Fig. 3. Illustration of the geometry input to the computation fluid dynamics model for (a) chemical reactions near and at the human surface; (b) the computational mesh generated for the heat and mass transfer in the vicinity of the occupant.

4. Main Results
4.1. Ozone-skin-clothing interactions
Human skin contains a variety of lipids with unsaturated acyl chains109 that readily react with ozone, producing volatile and semi-volatile oxidation products10, 11, 60, 110, 111 The KM-SUB-Skin model contains a number of transport, thermodynamic, and kinetic parameters, some of which are estimated by educated guessing. However, the uncertainty in several of the parameters can be reduced by restraining the parameters with force field-based MD simulations. For example, MD simulations of ozone in squalene (a proxy for skin oil) can be used to estimate the diffusion constant of ozone (Fig. 4a), and simulations of ozone entering the surface of liquid squalene from the gas phase can be used to estimate the surface mass accommodation coefficient, Henry’s law constant, and desorption lifetime of ozone (Fig. 4b).90 In ongoing work, MD simulations are used to calculate corresponding quantities for ozone and volatile squalene oxidation products in a more realistic, multi-component model of skin oil containing triglycerides, wax esters, free fatty acids, cholesterol esters, and squalene.
[image: ]
Fig. 4. (a) Ozone (red) diffusion in bulk squalene (carbon atoms colored orange, hydrogen atoms white). The diffusion constant of ozone in squalene is calculated from the slope of the ozone mean-squared displacement as a function of time, via the Einstein relation.90 (b) Fates of trajectories of ozone molecules directed at the surface of a slab squalene from the gas phase. The surface mass accommodation coefficient can be calculated from the statistics of fates of hundreds of ozone impingement trajectories, and the desorption lifetime from the statistics of the times that ozone resides on the surface of squalene before desorbing.90 The Henry’s law constant for ozone entering squalene can be calculated using an enhanced sampling method wherein external forces are used to pull the ozone molecule from the gas phase through the squalene-air interface and into the bulk squalene liquid.90, 112 The black lines denote the edges of the simulation cell, which is subjected to three-dimensional periodic boundary conditions.

The KM-SUB-Skin-Clothing model was able to reproduce measurements of gas-phase ozone and squalene ozonolysis products for a wide range of scenarios including clothed people in a room being exposed to ozone10 and both soiled and laundered clothing exposed to different ozone concentrations in different chamber sizes and with different air-exchange rates.63, 64, 113 Using the model, which had been constrained to these measurements, it was possible to demonstrate that soiled clothing could increase carbonyl concentrations indoors to ppb levels, depending on the air-exchange rate and that clothing would scavenge ozone efficiently thereby protecting the skin below it. Outputs from the model, such as the yields of products, were used as inputs in a CFD model, which allowed analysis of spatial distribution of ozone, and primary and secondary carbonyl products throughout a room. The CFD modeling demonstrated that primary product concentrations is elevated in the breathing zone compared to the rest of the room.90 Overall, the novel combination of MD simulations to constrain parameters, the kinetic model, and the CFD simulations resulted in insights into how to improve indoor air quality, reduce exposure and design future experiments.90
[bookmark: _Hlk6167941]Fig. 5 presents spatial concentration distributions of ozone, primary product, and secondary product around the human surface. Ozone concentration is stratified vertically as the ozonized air is drawn up and across the reactive human surface by the thermal plume (Fig. 5a). Ozone concentration decreases with height as ozone in the supplied air is consumed by the reactive surface. This pattern results in breathing zone ozone concentration lower than the ambient room concentration. Due to the ozone interaction with the human surface, the primary product (6-MHO) is generated directly from the human surface (Fig. 5b). This, in turn, causes elevated 6-MHO concentration in the breathing zone, up to twice higher than the ambient air. The 6-MHO reacts with ozone, which create secondary oxidation products (4-OPA) in the ambient air. 4-OPA is relatively well-distributed throughout the room compared to 6-MHO (Fig. 5c).90    
A previous study shows that human surface condition (soiled clothing vs. laundered clothing) has a greater impact on consumption of ozone and reaction product formation in the perihuman environment, compared to ventilation strategy or ventilation rate.66 Ozone deposition velocity is in the ranges of 8-10 m h-1 over the modelled air changes per hour (1-10 h-1) for skin oil and soiled clothing; however, it is only ~2 m h-1 for laundered clothing. Therefore, the oxidation product concentrations in the breathing zone will be higher with soiled clothing than laundered clothing.   
[image: ]
Fig. 5. CFD simulation results of spatial distributions and concentration gradients of (a) O3, (b) 6-MHO, and (c) 4-OPA. The simulation room is designed with the same conditions as the previous experiment.10 The volume of the room is 28.5 m3 and air change rate is 1 h-1. The supply ozone concentration is set to 33 ppb. The human surface temperature is 35 °C and the supply air temperature is 25 °C. Based on the KM-SUB-Skin-Clothing model90, the human surface boundary concentrations are 1.5 ppb for ozone, 7.1 ppb for 6-MHO, and 2.6 ppb for 4-OPA under the soiled clothing condition.   

4.2. Gas-phase chemistry and SOA formation
The main focus of the INDCM development has been on improving the representation of gas-to-particle partitioning and to provide input for constraining the 2D-VBS model. For example, the INDCM has been used to simulate SOA evolution (aging) indoors. Previously, the INDCM considered 48 gas-to-particle partitioning for limonene oxidation products.24 As part of the MOCCIE project, an additional ~300 partitioning reactions have been added to represent SOA formation following α-pinene oxidation. The vapour pressure for each of the partitioning species was calculated at 298 K using the EVAPORATION model114 with the boiling point estimation of Nannoolal et al.115 
[bookmark: _Hlk5779591][bookmark: _Hlk5776946]	The model was used to simulate the reaction of 10 ppb of α-pinene with 50 ppb of ozone until all of the α-pinene had been reacted away (~20 hours): the ozone concentration diminished to ~43 ppb over this time. OH was then added at a concentration of ~1×106 cm-3 and the chemical evolution of the resulting mixture was followed for 10 hours. The species were grouped into 14 volatility bins according to their log10C* value.95 The lower numbered bins represent those species that are very condensable and the highest numbered bins contain very volatile species. For instance, bin 14 contains three radical species (methoxy, methyl peroxy and acetyl peroxy radicals), while bin 1 contains a peroxide with 8 carbon atoms, 2 carbonyl groups and 2 hydroxyl groups). We then investigated the evolution of the concentrations in each bin over time (Fig. 6).
Over the 10 hours, the concentrations in each bin vary, depending on the number of species, the volatility, and the concentrations. The highest concentrations were predicted for bins 6-9. Bin 9 is dominated by pinonaldehyde, which was produced when the initial addition of α-pinene to the system reacts with O3. Over the next 10 hours, this reservoir of pinonaldehyde is reduced and transformed to the products that increase in bin 6 over time: most importantly two peroxide species that are formed 2 and 4 steps down the oxidation chain from pinonaldehyde. More work is underway to better understand these transformations under different sets of realistic conditions indoors and how they affect the SOA aging process.
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[bookmark: _Hlk5776717]Fig. 6: Evolution of the mass concentration [µg m-3] in different volatility bins at 298.15K, over the 10 hours that the -pinene-ozone oxidation mixture ages through reaction with OH. The lower numbered bins represent the most condensable species, whilst the highest numbered bins contain the most volatile species. The legend shows the volatility bin numbers, the number of species in each bin, and the log10C* range for each bin.

The 2D-VBS model was used to simulate whether OA and OM aging reactions by OH indoors can substantially alter OA concentrations,116 since aging (i.e., functionalization or fragmentation in 2D-VBS) alters OM volatility. To do so, OA concentrations and SOA fractions were first modeled in a daylong time-averaged Monte Carlo operation using residential input probability distributions,27 and OA concentrations from simulations that considered aging were compared against those that did not to quantify OA mass increases due to OH aging (ΔCOA). Aging had a mostly negligible impact on indoor OA mass loading under the assumptions of the daylong time-averaged Monte Carlo scenarios, where aged OA concentrations were within one percent of the baseline in 93% of simulations (Fig. 7a). Insufficient time-averaged indoor OH concentrations in conjunction with brief residence times typical of indoor air are largely responsible for the small observed ΔCOA. Of the cases which experienced more significant ΔCOA, the exposure to OH (i.e., the product between residence time and OH concentration) approached 106 h molec cm-3, although these cases failed to produce a ΔCOA > 6%.
Because indoor OA tends to be lightly oxidized, functionalization tends to dominate over fragmentation. Consequently, when ΔCOA is not negligible, net condensation of gas-phase organics (leading to ΔCOA > 0) is more likely to occur than net aerosol evaporation (leading to ΔCOA < 0). Moreover, a sufficiently high temperature encourages net condensation after OH aging, because a higher temperature increases the volatility of all OM, thereby increasing the concentration of gases available to condense upon functionalization. Fig. 7a demonstrates the effect of this interplay between OH exposure and indoor temperature on changes to OA mass loading.
Using these insights, two particular cases likely to promote OA concentration increases by OH-induced aging were simulated. The first case was a warm (28 ºC) sunlit room conceived with a steady OH source from photolyzed HONO (emission rate of 10 ppb h-1) and an air exchange rate of 0.2 h-1, with other parameters set to median values as in the Monte Carlo operation, which produced a ΔCOA of 20%. The second case (Fig. 7b) simulated a transient cleaning event in a similarly warm room with a similar air exchange rate by setting OH to 106 molec/cm3 for 2 h (OH concentrations of 4×106 cm-3 have been observed while using a limonene-containing cleaner117). At end of the OH-formation pulse, the condensation of functionalized gases alone produced 4.6 μg/m3 of SOA. This accounts for more of the total SOA fraction than fresh SOA production via terpene oxidation (3.5 μg/m3), and produced a ΔCOA = 36%. These two cases demonstrate that increases in OA mass loading due to indoor OH-induced aging may be an important aspect to consider under certain conditions. 
[image: ]
Fig. 7. (a) The dependence on OH exposure (x-axis) and temperature (y-axis) of the difference between aged OA concentration compared to baseline (unaged) OA concentration (ΔCOA, marker color) over the daylong time-averaged Monte Carlo set. (b) SOA concentration plotted over 24-hours after start of a high-OH pulse (gray bar, OH = 106 cm-3). At peak concentration, the SOA formed by aging chemistry (condensation of functionalized gaseous OM) is greater than fresh SOA formed from oxidation of terpenes. 

4.3. Surface interactions 
Reports of the applications of MD simulations to processes relevant to indoor air chemistry have recently begun to emerge from MOCCIE. The first two were aimed at elucidating the nature of the interactions between VOCs and glass (silica, SiO2), a common indoor surface. These studies were motivated by the fact that a broad range of organic compounds from a variety of sources are present in the indoor environment.1 and these compounds can form films on indoor surfaces,1, 118 which could influence their reactivity to gas-phase oxidants and the propensity of the oxidation products to form SOA.4, 38, 39, 119 
A concerted vibrational spectroscopic and MD simulation study revealed an unexpected mode of interaction between limonene, a common indoor VOC found in cleaning products,119, 120 and the surface of silica.121 Infrared spectra displayed the loss of the silica free O–H stretching band and the growing in of a red-shifted O–H stretching band as the silica surface was exposed to limonene. The latter was tentatively assigned to hydrogen-bonding interaction between the silica surface O–H groups, which is unexpected because limonene is a hydrophobic organic molecule. Ab initio MD simulations revealed that the limonene molecule has two predominant configurations on the silica surface (Fig. 8a), and that the silica O–H groups are capable of forming π-hydrogen bonds with the double bonds of limonene in both configurations. Additional spectroscopic measurements and ab initio MD simulations showed that silica also forms π-hydrogen bonds with cyclohexene and benzene, but not cyclohexane. Of all the molecules considered, limonene interacted with the silica surface most strongly, via a combination of π-hydrogen bonds and relatively strong dispersion interactions. Overall, this study provided new insights into the nature of the interaction of hydrophobic molecules with hydrophilic surfaces, and paved the way for on-going combined experimental and simulation studies of the interactions of other common indoor VOCs with silica and other prevalent indoor surfaces.
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Fig. 8. Limonene adsorption on SiO2. (a) π-hydrogen bonding interactions (denoted by dashed lines) of limonene with the surface of hydroxylated silica from an ab initio MD simulation.121 The chiral carbon atom of limonene is colored green, the sp2 carbon atoms blue, the sp3 atoms cyan, and the silicon, oxygen, and hydrogen atoms of silica are colored yellow, red, and white, respectively. (b) Schematic of the K2-SURF model, which includes adsorption and desorption as well as inter-conversion of adsorbed limonene of C* down and C* up orientation. (c) Temporal evolution of adsorbed limonene concentrations on SiO2 as a function of time for three different limonene equilibrium pressures, 8 (light grey), 16 (dark grey) and 25 (black) mTorr. Error bars represent the standard deviation between triplicate replicates of the same experiment. Adapted from Ref. 122 with permission from the Royal Society of Chemistry. 

The kinetics of reversible adsorption and desorption of limonene on silica were investigated using a novel combination of vibrational spectroscopy, MD simulations, and kinetic modeling.122 IR measurements of the time and pressure dependence of limonene adsorption/desorption were accurately reproduced by a kinetic model (K2-SURF),86 which included mechanistic details of the adsorption process and thermodynamic and kinetic parameters extracted from force field-based MD simulations and electronic structure calculations. Processes included in the K2-SURF model were the adsorption and desorption flux of limonene to the surface, the interconversion of different limonene configurations on the surface and the changing pressure in the reaction cell (Fig. 8b). MD simulations provided input parameters for K2-SURF, which include the surface mass accommodation and the activation energies between different adsorbed limonene configurations. Reassuringly, the limonene desorption enthalpy obtained by fitting the model to the spectroscopic data, ~55 kJ mol–1, was in excellent agreement with the value obtained from the MD simulations. This study established a conceptual framework to integrate experimental measurements with theoretical and kinetic modeling for gaining the quantitative, molecular-scale understanding of the adsorption of gas-phase species on indoor surfaces. This approach could be applied to a range of different indoor species and surfaces and will ultimately be required for a complete description of indoor chemistry.
	Given that a large amount of semi-volatile organic compounds (SVOCs) may partition into indoor surfaces,123, 124 multiphase chemical processes on indoor surfaces would have significant impact on the fate of  SVOCs in indoor environments. A recent experimental study suggests that the lifetimes for OH heterogeneous oxidation of monolayer-thick indoor organic films will be on the timescale of weeks to months.125 Following up on this work, we recently developed analytical equations to resolve molecular and turbulent diffusion as well as chemistry in indoor boundary layer chemistry. A kinetic multi-layer modeling approach is also applied to account for uptake coefficients of species onto indoor surfaces as well as heterogeneous and multiphase reactions in indoor surface organic films. Cooking activities and subsequent deposition of cooking-emitted aerosols may lead to the formation of surface organic films containing cooking oils and polycyclic aromatic hydrocarbons (PAHs). Our recent modeling study combined with laboratory experiments suggests that the fate of PAHs in organic films is driven by diffusion limitations and phase separation in organic films, controlling the chemical lifetime of PAHs in indoor environments.126 Further work is under way to investigate the role and impact of chemical processes in the boundary layer and surface films on indoor air composition.

5. Conclusions
In the development of the modelling consortium for chemistry in indoor environments (MOCCIE), we initiated integration of a variety of models with a range of spatial and temporal scales with the aim of working towards the development of an overarching comprehensive indoor chemistry model. These models are applied to investigate reactions of ozone with skin and clothing, oxidation of volatile organic compounds and behavior and formation of organic aerosols, and mass transport and partitioning of indoor species onto and into surfaces. 
Fig. 9 shows interconnections through integration of different models for skin chemistry, bridging a wide range of scales from molecule to building. MD simulations are conducted to provide a molecular picture of ozone interactions with skin lipids, providing kinetic parameters including surface accommodation coefficient, desorption lifetime, Henry’s law constant, and bulk diffusivity. These parameters are directly inputted into the kinetic multi-layer model for surface and bulk chemistry in the skin, which has been coupled with a human envelope clothing model to resolve gas diffusion between and through the clothing, partitioning of SVOCs, as well as chemical reactions of ozone with skin oils on clothes. This model enables the estimation of SVOC emissions following skin-oxidant interactions, which can be used to constrain the INDCM model. 
[bookmark: _Hlk6168326]The INDCM model was applied to simulate α-pinene ozonolysis with improved representation of gas-particle partitioning. The simulated SVOC concentrations from the INDCM will inform the 2D-VBS for simulating SOA concentrations. Application of 2D-VBS reveals that functionalization dominates over fragmentation and indoor OH-induced aging could be important for increase in organic aerosol concentrations. Using the ozone deposition rates and SVOC emission rates predicted by the KM-SUB-Skin-Clothing model as the CFD model inputs, the CFD model provides spatial distributions of oxidants and reactants in indoor environments. The results show that ozone is depleted in the human surface boundary layer. The results also reveal that the primary oxidation product is concentrated near the human surface and in the breathing zone, while the secondary oxidation product is relatively well-distributed throughout the room. Note that the connections of different models are bidirectional; for example, the skin model can be used to design MD simulations and CFD modeling can provide an oxidant concentration gradient near the skin or clothing that can be used in skin and human envelope models.
Collaboration with experimentalists is key for the development and application of MOCCIE models. While MOCCIE makes use of available experimental data from the literature, MOCCIE interacts and collaborates closely with experimentalists within the Sloan CIE program and beyond. For example, interconnections of MD simulations and kinetic modeling with experimental results were achieved in the investigations of VOC adsorption onto SiO2 surfaces121, 122 and modelling the HOMEChem data is under way. Our initial studies establish a conceptual framework to bridge different modeling tools and experimental measurements. Our models should be able to inform experiments by guiding measurements through identification of key species and important parameters, making predictions of expected indoor concentrations, and assisting in interpretation of laboratory experiments and field observations. We will continue our efforts to apply this approach to laboratory experiments and indoor field observations with our ambition to develop a comprehensive and integrated model for chemistry in indoor environments. 
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Fig. 9. Integration and interconnections of different models in this consortium towards development of a comprehensive indoor chemistry model.
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