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PATHWAYS FOR THE OXIDATION OF SARIN IN URBAN 

ATMOSPHERES 

By Scott Elliott, Gerald E. Streit, Jeffrey S. Gaffney, James E. Bossert, Michael Brown, 

Jon Reisner, and Laurie A. McNair 
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Terrorists have threatened and carried out chemical/biological agent attacks on targets in 

major cities. The nerve agent sarin figured prominently in one well-publicized incident. 

Vapors disseminating from open containers in a Tokyo subway caused thousands of 

casualties. High-resolution tracer transport modeling of agent dispersion is at hand and will 

be enhanced by data on reactions with components of the urban atmosphere. As a sample 

of the level of complexity currently attainable, we elaborate the mechanisms by which sarin 

can decompose in polluted air. 

A release scenario is outlined involving the passage of a gas-phase agent through a city 

locale in the daytime. The atmospheric chemistry database on related organophosphorus 

pesticides is mined for rate and product information. The hydroxyl radical and fine-mode 

particles are identified as major reactants. A review of urban air chemistry/microphysics 

generates concentration tables for major oxidant and aerosol types in both clean and dirty 

environments. Organic structure-reactivity relationships yield an upper limit of lo-” cm3 

molecule-’ s-’ for hydrogen abstraction by hydroxyl. The associated midday loss time scale 

could be as little as one hour. Product distributions are difficult to define but may include 

nontoxic organic oxygenates, inorganic phosphorus acids, sarin-like aldehydes, and 

nitrates preserving cholinergic capabilities. Agent molecules will contact aerosol surfaces in 

on the order of minutes, with hydrolysis and side-chain oxidation as likely reaction 

channels. 

Major uncertainties in our analysis concern the inductive influence of fluoride on electron 

distributions and hydroxyl rates, the particle sticking coefficient, and the rate of aerosol- 

phase losses. Potential products vary widely in toxicity and persistence. Molecular 

modeling could shed light on the hydroxyl rate constants. Atmospheric chemistry-style 

laboratory approaches could be used to enrich understanding of kinetics and mechanisms. 

Both vapor-phase and surface chemistry experiments are envisioned. Sarin decay schemes 



will soon be inserted into high-resolution models of urban air transport but may require full 

coupling with photochemistry. Because the nerve agent terrorism issue is immediate and 

civilian in nature, our research derives mainly from the open scientific literature. Meshing 

our results with defense sources is the next priority. 
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Introduction 

The threat of terrorist release of chemical or biological warfare agents has become a fact of 

modern life in cities of the developed world. Attempts have been made to spread sarin and 

anthrax in high-profile capitals (TSSI, 1997; Marshall, 1997). Hoaxes have been 

perpetrated as well as but only serve to heighten awareness that terrorist attacks could 

become real. A handful of relevant incidents is documented in Table 1. The major economic 

zones of the northern hemisphere have all seen exposure. Full mobilization of local 

emergency and security forces tends to be a response minimum. There is general agreement 

that effective terrorist attacks with chemical/biological agents could lead to large loss of life 

and property in urban centers (Department of Commerce, 1994; TSSI, 1997). 

The likelihood of chemical/biological terrorism has led several groups of scientists to study 

agent dispersion in the urban environment. For example, our colleagues around the 

Department of Energy complex are planning a tracer-transport-type simulation of releases in 

urban microscale models (Daisey et al., 1997). For some of the agents, intricate 

transformations will take place in the complex physicochemical arena of the urban 

atmosphere. Photochemical decay will produce an array of intermediates, some of which 

will themselves be dangerous and may be more persistent than precursors. The enormous 

variety of urban oxidants and organics, from both the gas and particulate phases, can serve 

as reaction partners along the destruction sequences (Finlayson Pitts and Pitts, 1997). To 

illustrate the scope of these issues, we have elected here to elucidate degradation pathways 

for the nerve agent sarin, also known as GB (Harris et al., 1982; Gunderson et al., 1992). 

Sarin is selected for numerous reasons: 

(1) It is one of the few chem/bio agents that has actually been released during peacetime 

into a major urban zone (Table 1; Ember, 1995). 

(2) Recent military applications have been substantiated in several parts of the world 

(United Nations, 1986; McCarthy, 1997). 

(3) The chemical structure is similar to a class of organophosphorus pesticides (Zapf, 

1993) for which the atmospheric-chemistry has been partially investigated (Atkinson et 

al., 1989; Winer and Atkinson, 1990). 

(4) Although sarin transformations in the urban atmosphere will be very involved, they 

are more amenable to quantification than those of biological agents; urban air chemistry 

and physics are developed fields. 

* 
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We take as our goal here the definition of uncertainties in channels for sarin breakdown 

within the air of modern cities. The conceptual techniques we will use include estimation of 

gas-phase rate constants through energy correlation and particle contact rates from surface 

area models. The methods are strongly grounded in current urban atmosphere chemistry 

studies. For example, they have been applied across the spectrum of vapor and condensed 

organics. A short list of the hydrocarbon gases so analyzed might hit upon the major 

olefinic species (Atkinson and Carter, 1984; Atkinson and Lloyd, 1981; Paulson and 

Seinfeld, 1992). As a sample of the level of intricacy which can be faced, schematics for 

permutations of the gas phase of propylene and isoprene oxidations are offered in Figures 1 

and 2. Sarin is a heavier, more complex molecule. Large organics and their oxidation 

intermediates will interact with the aerosol system by virtue of low volatility. The role of 

secondary species in formations of urban particles has been topical over several decades 

and constitutes another worthwhile analog (Grosjean and Friedlander, 1975 and 1980; 

Grosjean et al., 1978; Pandis et al., 1993; Odum et al., 1997). A major contribution to the 

carbonaceous fraction of the aerosol comes from multifunctional hydrocarbon oxygenates, 

which tend to be generated during breakdown of ring structures. Products from smog- 

chamber-type experiments on several double-bonded cyclics and an aromatic are listed in 

Figure 3. 

The focus of the present work concerns bulk gas-phase and aerosol properties of the sarin 

nerve agent, along with those of its photochemical progeny/reactants. Our thinking is that 

transport, and also boundary activities such as deposition, will be covered during coupling 

to fluid dynamics models. We will adopt the open, mainstream scientific literature as our 

initial departure point. The intent is to generate quickly a useful and verifiable 

reaction/transformation catalog; our feeling is that time may be of the essence. The 

Stockholm International Peace Research Institute (SIPRI) (see Robinson, 1980) has taken a 

similar position in considering destruction of chemical weapons stockpiles. A search of 

unclassified sources has been completed and constitutes the basis for our work. It is of 

course only fitting that military publications on the weapons of mass destruction should be 

more difficult to obtain and filter. We are still compiling references from less accessible 

defense archives. It is as yet unclear that this information can be incorporated, but our plan 

is to update the mechanisms when and if it becomes possible. An auxiliary argument can be 

cited for beginning with peer-reviewed journals and standard sources; military and defense 

documents on sarin behavior tend to stress battlefield conditions (Hoeber and Douglas, 

1978; Robinson and Trapp, 1991). Our task here is to translate to the urban atmosphere. 

4 
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Our text begins by providing background information on the nerve agents as a class of 

organic molecules, and on sarin in particular. Some anecdotal information is given on 

military and accidental applications over the several decades since development. The recent 

release of sarin on a Tokyo subway line is then described in detail (Ember, 1993; Ohbu et 

al., 1997; TSSI, 1997). From the attack profile we construct a potential scenario for a 

terrorist sarin attack which involves significant photochemistry and aerosol physics. Next, 

the chemistry of related pesticides is reviewed. The combination of their relatively high 

toxicity and importance to domestic agriculture have garnered much attention for their 

atmospheric transport and transformations. It becomes clear that oxidation of toxic 

substances in the atmosphere can lead to activation (Lewis and Lee, 1976; Wolfe and 

Seiber, 1993; Seiber and Woodrow, 1994), and useful reactivity data are gained for 

organophosphorus compounds (Winer and Atkinson, 1990). General physicochemical 

features of urban atmospheres are also described. Portraits are sketched of the oxidant and 

particulate fields typical of city air (Finlayson Pitts and Pitts, 1997). 

Q 

Eventually, major sarin release mechanisms and breakdown pathways are outlined. 

Emphasis is placed on gas-phase oxidation reactions because crude rate estimates can be 

deduced through classical structure-reactivity relationships (e.g., Gaffney and Levine, 

1979; Heicklen, 1981). Time constants for diffusion to aerosols are estimated as well in 

order to place limits on losses taking place through the variety of heterogeneous processes 

available. 

Conclusions resulting from these exercises can be summarized as follows. We estimate 

rates for reactions of sarin with major urban oxidants such as the hydroxyl radical and 

ozone and also for direct photolysis. Comparisons with structural groups in related 

molecules suggest that the dominant gas-phase decay channel will be hydroxyl attack on the 

interior hydrogen of the isopropyl group (Winer and Atkinson, 1990). Methyl hydrogens 

more distant from the oxygen atom linkage to phosphate are numerous but may not be 

strongly activated through induction. During sunlit periods, the first abstraction may occur 

with a time constant on the order of an hour. However, large uncertainties in hydroxyl rate 

and in oxidant concentrations suggest an upper limit of more than a day. Removal of the 

interor hydrogen atom may lead to production of a three-carbon oxygenate such as acetone 

and phosphate species similar to sarin hydrolysis products (Verweij et al., 1979). Other 

decomposition yields are possible. Attack of hydroxyl on the methyl groups will lead to 

aldehydes and nitrates through channels which are known standards in atmospheric 

chemistry (Finlayson Pit@ and Pitts, 1997). Because the structures will be sufficiently 
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close to that of the parent nerve agent, toxicity is a concern. A key in the transfer of toxicity 

down the oxidation sequence is retention of a fluorine atom/fluoride-leaving group 

(Metcalf, 1982). Hydroxyl may also add to the central phosphorus atom. We have thus far 

been unable to estimate the rate, but it is unlikely to exceed that for overall abstractions. 

Contact with the surface of the aerosol is faster than gas-phase oxidation, but real mass 

transfer cannot be estimated because reaction rates in and on particles are unknown. 

Products of hydrolysis or nucleophilic substitutions (Harris et al., 1982; Metcalf, 1982) in 

particle aqueous phases may be safe, but if sarin is stable in the slowly depositing fine 

fraction, long range transport is facilitated (Seinfeld, 1986). Ozone reaction and photolytic 

decay are probably slow processes. Coating of particles by secondary organics complicates 

phase transfer. 

In the final section of the text we discuss some ramifications and extensions of our 

findings. The potential is assessed for coupling of our sarin chemistry and its attendant 

uncertainties into a new generation of urban microscale flow programs (Daisey et al., 

1997). A major assumption made in our initial portrait of vapor phase channels is that a 

sarin injection does not alter oxidant concentrations. In fact, local nonlinearities may 

influence hydroxyl in the near field, and the effect is ripe for microchemical simulations. 

Techniques for reducing error bars in our rate estimates are itemized. We can envision more 

sophisticated exploitation of the structural correlations with gas-phase rates as well as 

experiments in the laboratories of urban atmosphere chemistry. The latter work could 

encompass both gas phase and heterogeneous transformations (Finlayson Pitts and Pitts, 

1997; Ravishankara, 1997). A problem is that lab work on nerve agents will be even more 

tedious than the study of customary reactions (Zapf, 1993). It may be quite some time 

before the open chemistry community could generate useful rate data. Again then, we may 

be led to consider the defense literature and research establishment resources. 

The Nerve Agents and Sarin 

Full chemical structures for some of the organophosphorus nerve agents are given in 

Figure 4 (Department of Commerce, 1994), with schematic forms appearing in Table 2 

(Vetweij et al., 1979). The latter illustration also clarifies the close structural relationships 

with pesticides such as parathion and malathion. The agents sarin, soman, and VX may be 

thought of as derivatives of methylphosphonic acid, the pesticides of common phosphoric 
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acid or its thion (double-bond S) analog (Verweij et al., 1979). Note that tabun does not 

contain the phosphorus methyl group. 

The compounds are termed nerve agents because of their catastrophic effect upon the 

human nervous system (Harris et al., 1982; Robinson, 1992). The central P atbm is 

capable of phosphorylating the esteratic site of the enzyme cholinesterase (ChE); it can react 

there to produce a phosphorus ester. The enzyme thus constrained is irreversibly inhibited. 

It can no longer remove’the neurohormone acetylcholine (ACh) from the synapse region 

between nerve cells. Accumulation of ACh blocks normal nervous function. The symptoms 

are termed cholinergic and include nausea, ocular pain and dysfunction (Rengstorff, 1985; 

Nohara and Segawa, 1996; Kato and Hamanaka, 1996), convulsions, coma, and death 

(Foye, 1975; Metcalf, 1982). The nerve compounds constitute a subset of the more general 

family of organophosphorus cholinesterase inhibitors, which includes pesticides (Gearien, 

1982). The basic effects such as tremors, convulsions, and paralysis are common to all 

higher organisms and also to insects (Metcalf, 1982). There are longer term human 

symptoms of nerve gas exposure classified as noncholinergic (Jamal, 1995; Tshikawa, 

1997). Carcinogenicity is a possibility. Investigations of the Gulf War syndrome suggest 

that chronic low exposures can affect memory (Wickelgreen, 1997). 

Normal ChE function (A) and the mode of inhibition (B) are both shown in Table 3 (Fest 

and Schmidt, 1973; Metcalf, 1982; Foye, 1975). The initial reactions in each sequence 

amount to the well-known S,2 process (bimolecular nucleophilic substitution); they can be 

interpreted as the replacement of a free ester with an active site ester. From the enzyme 

standpoint, a nucleophilic serine hydroxyl group attacks an electrophile entering the interior 

of the protein secondary structure. Support is provided by an imidazole ring attached to a 

neighboring histidine residue and by dicarboxylic amino acids as well. With acetylcholine 

as the electrophile, an initial equilibrium hold is established between one of the car-boxy1 

groups and the positively charged nitrogen atom (Gearien, 1982). The free ester is then 

broken apart by serine.Water restores the original enzyme form and yields acetic acid. The 

hydrolysis is complete within microseconds. 

The cholinesterase inhibitors come equipped with S,2-leaving groups. The serine hydroxyl 

displaces this substituent. But hydrolysis to return enzyme functions is a slow process, 

perhaps requiring days. Factors determining the degree of inhibition include the 

electrophilicity of the phosphorus center, the strength of the P-X bond, and substituent 

steric effects. Details of the overall esterase mechanism, such as the nature of hydrogen 

B 7 

. 



transfer, remain controversial (Gearien, 1982). In most proposed schemes the transition 

state bears the form CH, EC(O-)OR. For the nerve agents the ChE reaction is sometimes 

used as a sensitive mode of detection (Lundin, 1968 and 1976). Self-injection of antidote 

has been developed as a safety technology by the military (Dunn and Sidell, 1989). The 

antidotes are chemically configured to hydrolyze the phosphorus ester. 

The cholinesterase inhibitors as a class were discovered in the 1930s through the chance 

observation of cholinergic effects of diethyl phosphorofluoridate in humans (Metcalf, 

1982). The sarin structure, termed isopropyl methyl phosphonofluoridate, is quite close to 

this original precursor. Nerve agents were in fact developed before the OP pesticides, in 

part because of the adequacy of existing biocontrol methods. Germany possessed 

considerable capabilities before 1940 (SIPRI, 1980). The agents were not used in World 

War II, but considerable energy has since been devoted to update the early Geneva 

convention to accommodate them (SIPRI, 1980; United Nations, 1986). In weapons 

manuals, explosion is often recommended for the dissemination of agent droplets 

(Rothschild, 1964; Dunn and Sidell, 1989). Actual military applications have been limited 

(Hoeber and Douglass, 1978). Iraq probably spread sarin and other agents over Kurdish 

towns in the 1970s (Ember, 1993), and analytical evidence points to its use in the Iran and 

Gulf wars (United Nations, 1986; McCarthy, 1997). Accidental exposures may be more 

numerous (SIPRI, 1980; Rengstorff, 1985, Nozaki et al., 1995). Serious efforts have been 

made to study contact with the chemical agents which may have occurred in connection 

with their production in the Axis countries of World War II. It has been established that the 

US. Air Force mistakenly dumped large quantities of G agents on pastoral lands near Salt 

Lake City, Utah, during the Cold War (Hoeber and Douglass, 1978). As many as 10,000 

sheep may have died as a result. 

Physical properties of the nerve agents have been compiled many times (e.g., Vojvodic and 

Binenfeld, 1980; Rothschild, 1964; U.S. Army, 1975; Harris et al., 1982). A summary is 

provided in Table 4. The compounds are clear or lightly colored yellow brown liquids at 

room temperature. Note that their relative volabilities could be predicted in part from their 

molecular weights. Substituent’s effects also enter in, of course. The consistency of some 

of the liquids is roughly that of gasoline. As might be expected, then, a spill on the ground 

results in rapid evaporation. Sarin is among the more volatile of the G agents. The major 

environmental loss process which has so far been considered for sarin is generalized 

hydrolysis in aqueous media and on moist surfaces (Figure 5). Hydrolysis products were 

the substances identified in bomb craters at Kurdish villages several years after the original 
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Iraqi attacks (Ember, 1993). As a means of detection, hydrolysis can be forced, then 

followed by derivitization to increase volability (Verweij et al., 1979). Basic solutions are 

most effective and can be used in decontamination procedures, although the simple 

expedient of permitting evaporation works as well (Rothschild, 1964). Handy points of 

reference are the following: sarin decomposes in one or two days in room temperature 

distilled water and is most stable in the,pH range 4-6.5 (Harris, 1982). 

Many experts today believe that terrorists have pushed conventional weapons to the limits 

of usefulness and that chemical and biological warfare agents represent the future for rogue 

political activities. Chemical weapons are at their most effective when deployed against 

untrained personnel because within the realm of the military, antidote and protective 

technologies are well-developed. Both average citizens and first respondents are at risk in 

today’s cities. Nerve agent production represents a nontrivial endeavor for small terrorist 

groups (Mikulak, 1980; Zapf, 1993). Air-tight synthesis areas and elaborate personal 

protection equipment are preferred. However, the recent release of sarin by a cult in Tokyo 

demonstrates considerable feasibility (Ember, 1995). The production was apparently 

carried out inside a standard laboratory fume hood. 

The Tokyo release will serve as the foundation for our model scenario here, and we will 

describe it in some detail. Our information is gleaned from medical, counter-terrorism, and 

news sources made public shortly after the the story broke (Ember, 1995; Okumura et al., 

1996; TSSI, 1997; Yasuda et al., 1997). An extremist political/religious group sponsored 

the sarin synthesis. The agent was placed in small paper bags, which were left open and set 

inside subway cars. Direct contact was made with the liquid by janitorial staff, and this led 

to rapidly to a handful of deaths. Dispersal of satin in the vapor phase caused ocular and 

other nonfatal cholinergic symptoms in thousands of individuals. At least 5,000 people 

were admitted to area hospitals. Inhalation was likely the major mode of entry. Both early 

diagnoses and later chemical analyses confirmed the identity of the agent. The potency of 

sat-in as a cholinesterase inhibitor is underscored by the huge casualty count. 

We propose now a reasonable generic scenario for a terrorist release of nerve agent which 

couples a likely modus operandi with the potential for significant atmospheric 

photochemical transformations. Tokyo shows that satin is a weapon of choice. This is 

probably because of its toxicity and relative ease of production. Simple explosives could 

readily have been employed to disseminate droplets, but they were not used. Sat-in is 

known to act as an effective ChE inhibitor after passage through vapor phase. Furthermore, 
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even after the creation of droplets through a detonation, evaporation would lead to 

casualties. We focus, then, on vapor-phase transport and transformations. The Tokyo 

release took place in daytime. Terrorists seek broad television coverage of their acts, and 

daylight optimizes the visual imagery. We study a hypothetical outdoor attack. Indoor 

release is of course a possibility, but photochemistry will then be limited. Intermediate 

situations can be envisioned such as dispersal on a train platform. In an area that is well 

ventilated with free urban air, the arguments we construct remain relevant. If we restrict 

ourselves to outside incidents, a morning release may be anticipated. Natural light is 

present, but prior to the lifting of the low nocturnal inversion layer, vertical mixing is 

minimized. We assume that although wet removal is efficient for the nerve agents and 

related compounds are efficiently washed out of the atmosphere (Lewis and Lee, 1976), 

rain is not a factor. Terrorists are likely to consult daily weather reports for planning 

purposes. 

Some miscellany can be mentioned to end our section on sarin itself. It will be of interest to 

atmospheric and physical chemists that some of the organophosphorus nerve agents exist in 

stereoisomeric forms which can be separated chromatographically (Smith and Schlager, 

1996). Molecular orbital theory has been used to investigate the toxicity of a series of 

agents and related compounds. Politzer and Jayasuriya (1986) have performed calculations 

on sarin with replacements for the fluorine substituent in an attempt to pinpoint analogs of 

lowered toxicity which would nonetheless permit the formation of antibodies. 

Related Pesticides 

The organophosphorus pesticides which we will study for guidance are extremely varied in r 
their structures, toxicities, vapor pressures, and other properties. The skeleton in Table 2 

can be permuted at both the organic R substituents and at the leaving group X. Variation 

has been a key to the commercial success and current widespread application of the OP 

compounds (Zabik and Seiber, 1993). The chemistry can be tailored to adjust volatility, 

stability in the environment (hydrolysis is the usual emphasis), and effectiveness against 

insects. It has been estimated that at least ten million toxic species of the Table 2 form could 

be synthesized (Metcalf, 1982). Structures of the most common are illustrated in Figure 6. 

The major biological effects are as discussed above for cholinesterase inhibitors in general 

(Schrader, 1963; Zapf, 1993). Crucial factors in the inhibition process remain the ability of 
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the phosphorus atom to esterify in the ChE active site, and the willingness (or otherwise) of 

the leaving groups. Vapor pressures have been reviewed by Taylor and Spencer (1990). 

A vital distinction between the OP nerve agents and pesticide compounds should be 

highlighted early on. As shown in Table 2, there are two major pesticide structures with 

phosphorus double bonded to a sulfur or to an oxygen atom. These are known respectively 

as the thion and oxon forms (Glotfelty et al., 1987; Wolfe and Seiber, 1993). The thions 

are the more widely used. Since their central phosphorus sites are less electrophilic than 

those in the oxons, they are relatively nontoxic (Metcalf, 1982). The thions are ingested by 

insects and then hydrolyzed to the oxon (activated) within the gut. However, oxidation to 

oxon can also take place in the atmosphere prior to consumption (Klisenko and 

Pismennaya, 1979; Atkinson et al., 1989). Lower electrophilicity also means that the thions 

hydrolyze more slowly in the environment (Seiber et al., 1989). 

Early research on insect control substances tended to emphasize first the chemical 

synthesis-structure issues (Schrader, 1963), then engineering details of application (Lewis 

and Lee, 1976; Metcalf, 1982). Atmospheric transport and transformations were important 

only commercially as losses of commodity. Dissemination methods were therefore refined 

to a degree. In one group of techniques liquid sheets are ejected from specialized spraying 

devices, then break down into filaments and finally drops. Crop dusting aircraft can be 

used for efficient delivery (Lewis and Lee, 1976; Metcalf, 1982). The droplet size and 

distribution is often optimized to around 30 lo to minimize drift. The pesticide compounds 

can be mixed with oils to reduce evaporation. In an interesting parallel to the Utah nerve 

agent incident, the collision of two crop dusters in Colorado once mistakenly released large 

quantities of pesticide aerosol onto grazing land (Lewis and Lee, 1976). In this case it was 

cattle that were poisoned. 

In the 196Os, it began to be recognized that pesticides were subject to long range transport, 

with serious human and ecological ramifications. A complex sequence of evaporation, 

revolatilization, and resuspension steps is involved (Woodrow et al., 1983; Woodrow et 

al., 1986). Early concerns revolved around DDT and its decay products (Cory et al., 1970; 

Metcalf, 1982), and it rapidly became clear that they were sufficiently stable to mobilize on 

the regional scale (Wania and MacKay, 1993). Programs for extensive environmental 

monitoring were established (Kutz et al., 1976). 
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As the OP substances have increased in popularity, so has the number of studies of their 

fate (Smith et al., 1978; Woodward et al., 1990; Sanders and Seiber, 1984). Human level 

concerns range from risk of local long term exposure to acute accidental contact by farm 

laborers (Wilson et al., 1985; Woodrow et al., 1990; Brown et al., 1993). Parallels 

between anecdotal descriptions of memory loss in agricultural workers and in veterans 

were among the original pieces of evidence for chronic effects from Gulf War exposure to 

the nerve agents (Wickelgreen, 1997). Large scale effects on natural ecosystems are 

possible (Wilson et al., 1991). The agricultural network in California’s central valley has 

perhaps received the closest scrutiny. The OP pesticides have been observed at high 

concentrations in tule fogs there (Glotfelty et al., 1987 and 1990; Schomberg et al., 199 1). 

Foothills of the Sierra Nevada mountain range appear to be strongly impacted (Cory et al., 

1970; Woodrow et al., 1990; Aston and Seiber, 1996). It has been realized that parts of 

Yosemite National Park and the scenic valley of the Merced River were sprayed directly in 

the fifties and sixties (Cory et al., 1970). The organophosphorus compounds, their oxon 

oxidation intermediates, and smaller decay products have been measured in or on 

organisms at several major trophic levels. Example species include the crops themselves, 

grasses, pine trees, amphibians, and the red-tailed hawk. 

Much progress has been made in the understanding of surface processes in pesticide 

cycling, and the organophosphorus species have not been excluded. Deposition and 

resuspension are now thoroughly parameterized (Spencer et al., 1973; Nash and Beall, 

1977; Seiber et al., 1979; Woodrow et al., 1986; Woodrow et al., 1990). Standard eddy 

methods have been adapted to estimate fluxes (Majewski et al., 1989; Taylor and Spencer, 

1990). Transfer across the water-air interface can be related to a series of known vapor 

liquid equilibria (Lewis and Lee, 1976; Sanders and Seiber, 1984). Investigation of 

atmospheric chemical transformations has been less complete, but is of value to us here as 

we attempt to define loss mechanisms for sarin. 

For the nerve agents, most of the information available on chemistry transport is military in 

origin. Very little atmospheric chemistry has been dealt with in the open literature. The 

closely related OP pesticides, while understudied, provide at least a starting point. An early 

reference to pesticide transformations comes in Smith et al. (1978). Methyl parathion 

photolysis and hydrolysis rates are given along with a discussion of biodegradation. The 

term photolysis may refer to overall photolytic decomposition. Klisenko and Pismennaya 

(1979) identified a major oxidation reaction for the thion phosphorus esters as conversion 

to oxon, but they did not speculate on a mechanism. Woodrow et al. (1977 and 1983) 
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In the late 1980s atmospheric kinetics experiments were applied to compounds serving as 

models for the atmospheric behavior organophosphorus species. Tuazon et al. (1986) 

measured the rate of reaction for the hydroxyl radical with trimethylphosphate (TMP). 

Winer and Atkinson (1990) extended this work to a series of thion and other sulfur 

substituted TMP analogs. Some of the results are reproduced in Table 6. The values will be 

discussed in depth below, in light of induction effects along the carbon chains of a variety 

of organic molecules. The two kinetics groups also investigated direct photolysis of the 

model species and reactions with ozone. Photolysis was in general slow. All ozone rate 

constants were less than or equal to 3 x 10-l” cm3 molecule-’ s-r. Reactions were also 

conducted with the nitrate radical, but it is most important at night. Our standard sarin 

scenario spans morning to midday. The rate constant for an NO, reaction with trimethyl 

phosphate was less than lo-r5 cm3 molecule-’ s-‘. A rough average nocturnal nitrate 

placed chemical conversions in air in the context of long range transport and called for 

study of rates and reactions. These authors performed gross-studies of major oxidation 

paths for parathion. Their concepts are illustrated in Figure 7. Broad spectrum lamps were 

used for laboratory photolysis experiments. Elementary steps were not elucidated. 

Woodrow and coworkers listed their major conclusions as (1) parathion is removed from 

lower tropospheric air in about ten minutes during the day and (2) the presence of ozone is 

crucial to any loss reactions (Table 5). Finlayson Pitts and Pitts (1986 and 1997) have since 

speculated by analogy with simple aromatics such as benzene and toluene (Davis et al., 

1975; Hansen et al., 1975; Tully et al., 1981) that hydroxyl radical addition to the 

conjugated ring structure may have ejected p-nitrophenol (Figure 8). The compound has 

been observed in many environmental samples. Under some circumstances ozone and the 

hydroxyl may be correlated, but the possibility of direct ozone reaction with the thion does 

not appear to be precluded. 

Exact mechanisms for thion ester pesticide decay remain unclear to the present day 

(Finlayson Pitts and Pitts, 1997; Atkinson et al., 1989). Note however that since sarin is an 

oxon, the details prior to oxidation of the P-S bond are not strictly relevant. Wolfe and 

Seiber (1993) and Seiber and Woodrow (1994) state that despite the lack of mechanistic 

information, it is clear many atmospheric breakdown products of the pesticides are highly 

toxic. Other authors make this point in different forms (Coats, 1990). For example, Metcalf 

( 1982) discusses the possibility that close oxidation derivatives of the cholinesterase 

inhibitors are toxic. He reminds his readers that the first OP pesticide was the symmetrical 

species tetraethylpyrophosphate. 



concentration is 3 x 10’ molecules cm3, so that the associated removal constant is many 

days in any case. Winer and Atkinson (1990) single out hydrogen abstraction by the 

hydroxyl as the major atmospheric loss channel for most of the organophosphorus 

pesticides. Thions were converted to oxons with a yield of around lo%, perhaps 

explaining results such as those of Woodrow et al. (1983) or Seiber et al. (1993). Product 

identification in the studies was restricted to measurement of oxons (Atkinson et al., 1989). 

The f&e of the majority of the pesticide analogs is unknown. 

Near surface hydroxyl concentrations are on the order of lo6 to lo7 cmm3 expressed as an 

average during daytime in mid-latitude agricultural areas (Winer and Atkinson, 1990). 

Thion pesticides are thus expected to be short-lived (on the order of hours). Recent field 

work is somewhat consistent with the expectations, but there are indications that 

extrapolations from the analogs carry a level of uncertainty. For example, Brown et al. 

(1993) recorded malathion decay in a few days. Models of the pesticide chemistry/transport 

remain primitive. Teske et al. (1996) inserted a parameterized expression for a droplet size 

distribution with settling into a Gaussian plume dispersion model. Microphysics, 

evaporation, and chemistry were not included. 

The Urban Atmosphere 

Studies regarding the dispersion of chemical warfare agents in the atmosphere have come 

mainly from the military perspective (United Nations, 1986; Dunn and Sidell, 1989; Shih et 

al., 1991). Battlefield situations of the last few decades have been distant from major cities 

and therefore from their air quality problems and specialized pollutant’s personalities. Most 

known civilian releases fall under the heading of accidents associated with 

military/industrial production (Kurata, 1980; Lohs, 1980). Connections with the details of 

atmospheric chemistry have been minimal (e.g., Ministry of Foreign Affairs of Finland, 

1985), and we have located no information on the rich set of transformations which are 

conceivable in urban air. 

We now undertake a brief review of photochemistry and aerosol microphysics in the city 

environment in order to fill in some of these voids. Our motivation is to identify the major 

reactants among vapor-phase oxidants and across the particle spectrum. The trimethyl 

phosphate and pesticide analog kinetics (Winer and Atkinson, 1990) suggest that gas-phase 

species most reactive with sarin will be the hydroxyl radical and ozone. Their 
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concentrations in modem cities will be much higher than in the free continental troposphere 

or in air near agricultural centers. Transfer of the pesticides to particles other than fog/cloud 

droplets (Glotfelty et al., 1987) has not drawn attention. However, it is again the case that 

urban concentrations of interactants will be high, expressed as number densities or 

available surface area. Our treatment will lead to a table of midday levels for major oxidants 

and particles to give rates for sat-in loss pathways. We will rely heavily on our own studies 

of two important modern mega-urban areas, Los Angeles and Mexico City (e.g. MARI, 

1994; Elliott et al., 1997a and b). They will function as examples of polluted atmospheres 

in the first and developed worlds. 

Excluding remote marine areas where nitrogen oxide (NO,= NO + NO,) mole fractions fall 

below 10 pptv, the chemistry of the earth’s troposphere can be considered a slow 

,combustion process producing a broad spectrum of oxidants (Crutzen, 1973 and 1988). 

Organics sourced from the biosphere decompose in the presence of molecular oxygen to 

give water and CO, as ultimate products. Intermediates of note are ozone and the hydrogen 

oxide radicals (HO, z OH + HO,). The nitrogen oxides catalyze the 0s generation by 

breaking organic peroxy radical O-O bonds. RO, + NO + RO + NO, and the NO, 

photolyzes to yield atomic oxygen which promptly combines with 0,. Along the organic 

oxidation sequences hydrogen atoms are removed by oxygen to form HO, and augment 

HO, levels. Sunlight initiates the entire process by photolyzing ozone to give the high- 

energy atom OID. The excited oxygen attacks water vapor to give two hydroxyl radicals and 

these are capable of extracting hydrogens from alkanes. Hydroxyl can also begin the 

breakdown of unsaturated hydrocarbons through addition of double bonds; ozone can add 

across them (Finlayson Pitts and Pitts, 1997). 

Simpler organics tend to be longer lived and so dominate the photochemistry in nonurban 

areas. Methane and ethane are prominent examples (Blake and Rowland, 1986 and 1988). 

They survive in the atmosphere for months or longer on a global average basis, but 

although the initial hydroxyl attack is slow, much of the subsequent decomposition occurs 

on a time scale of hours to days. Contributions to global oxidant budgets are significant 

(Singh and Zimmerman, 1992). The methane destruction series is summarized in Table 7 

for moderate NO, conditions. Fundamental steps producing hydrogen oxides and ozone are 

similar for larger hydrocarbons. They are reviewed in references such as Crutzen (1988), 

Jacob et al. (1989), and Elliott et al. (1996). The variety of organics becomes much richer 

moving toward the major input areas of forests and cities (Singh and Zimmerman, 1992). 

The molecules also increase in size and complexity. The figures and tables in evidence in 
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our introduction here offer some feeling for the level of detail which must be considered. It 

is convenient to group all the species possessing C atom skeletons together and refer to 

them as nonmethane hydrocarbons, or NMHC. 

Sources of the nitrogen oxides tend to correspond geographically with and scale to 

emissions of NMHC (Liu et al., 1987; Penner et al., 1991). NO, is emitted by productive 

ecosystems and created through equilibration of N2 and 0, with NO at the high 

temperatures of the internal combustion engine. Ozone production tracks the NOJNMHC 

couple, but in a highly nonlinear fashion (Liu et al., 1987; Lin et al., 1988). In the remote 

marine atmosphere with the N oxides present at < ppb, 0, may accrue at ppb per day (Liu 

et al., 1992; Pickering et al., 1993). Similar rates apply as surface NO, is convected into 

the free troposphere during thunderstorms (Pickering et al., 1991). Downwind of major 

metropolitan areas generation can be in tens of ppb per day (Liu et al., 1987; Elliott et al., 

1996). Within cities NO, may reach hundreds of ppb (MARI, 1994), perhaps a thousand 

times the concentration in ozone-producing regions of the clean troposphere. Daily ozone 

production on the other hand, maximizes in the hundred ppb regime. Part per million 0s 

concentrations are not observed, even in the most polluted areas. On the global scale the 

currency of ozone production, which is buildup in a single photoperiod, is often plotted 

against nitrogen oxide concentrations alone because of the relationship with NMHC (Liu et 

al., 1987). For urban zones it tends to be visualized in a three-dimensional space against 

independent NO, and organic axes (Dodge, 1977; MARI, 1994). The resulting ozone 

concentration contours are termed isopleths. 

The HO, radicals and the hydroxyl in particular are fleeting species present at exceedingly 

trace levels (c pptv). Naturally, they are very difficult to measure or to simulate. This is 

true both remotely and in cities. Laser based detection methods have yielded values on the 

order of 10h to lo7 cmm3 for OH in polluted air (Hubler et al., 1984; Hard et al., 1984). 

Model results are in rough agreement, but uncertainties must be considered large. We adopt 

here the range for moderate to heavy pollution conditions indicated in the review by 

Finlayson Pitts and Pitts (1986). More recent work has not altered their conclusions 

substantially. 

Although the photochemistry generalizations we have constructed apply across the global 

atmosphere and its urban compartments, major cities show strong differences in pollutant 

character. Urban areas tend to evolve by acquiring people, then wealth, and within a few 

decades the desire to cleanse themselves. Los Angeles, California, is a much-studied 
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megacity lying toward the end of this trajectory. After a period of megapollution effects 

peaking about 1970 (Seinfeld, 1986; Finlayson Pitts and Pitts, 1997), regulations are 

beginning to reduce oxidant levels. Mexico City is arguably the world’s largest 

metropolitan area and is still growing rapidly. Pollutant concentrations tend to be several 

times as large as the Los Angeles experience at its worst, and emissions profiles are quite 

distinct from the domestic. It has recently been found that leakage of liquefied petroleum 

gas (LPG) injects large quantities of propane, butane and light olefins into air of the Valley 

of Mexico (Ruiz et al., 1993; Blake and Rowland, 1995). LPG is used extensively for 

home heating and cooking. Although both the megacities we deal with owe their serious air 

pollution dilemmas to their basin-type geography, seasonalities are diametrically opposed. 

Los Angeles smog is most objectionable in the summer when the sun rises highest in the 

sky. At 19” latitude, Mexico City is flush with sunlight all year. Episodes there tend to 

correlate with winter inversions. 

Typical levels for major components of the gas-phase photochemistry system are collected 

in Table 8. Nitrogen oxide and ozone concentrations are rounded values from Turco (1997) 

and MAR1 (1994). NMHC figures are taken from Mayrsohn ( 1975), Dodge (1977), and 

Ruiz Santoyo et al. (1993). Most of the species listed undergo strong diurnal cycles. Many 

are sourced in the morning during the traffic peak, then dilute upward as the nocturnal 

inversion lifts. Molecules produced by the action of sunlight do not appear until early 

morning. The likely sarin interactants ozone and hydroxyl fall in this category. Hydroxyl is 

especially reactive and thus short-lived. It decays quickly in the dark. 

The bulk of the urban aerosol is secondary in nature; i.e., it is formed from the 

condensation of photochemistry products. Gas-phase transformations which yield 

involatiles thus serve as a conceptual bridge to our discussion of particles. Sulfur dioxide is 

released into city air through the combustion of impure, fossil carbon fuels (among other 

mechanisms; Seinfeld, 1986). Sulphur trioxide is formed by the reaction of SO, with he 

hydroxyl to form the HOSO, adduct, followed by an 0, attack to abstract the proton 

(Stockwell and Calve& 1983). The trioxide reacts rapidly with ever-present water vapor to 

form sulfuric acid, which effectively has no vapor pressure. Organic chains containing 

more than five carbon atoms produce involatile oxygenates as they decompose (Pandis et 

al., 1992 and 1993). In some cases this is due to sheer size (molecular weight). In others 

multiple functionality is a factor as when unsaturated rings come apart (Schwartz, 1974; 

Grosjean and Friedlander, 1980). Most recently it has been demonstrated that the aromatics 

in whole gasoline vapor produce a large fraction of organics found in particles (Odum et 



al., 1997). Partial combustion products from engine operation also include higher 

molecular weight hydrocarbons. The exception proving the secondary rule is ammonia. It 

is produced in the U.S. largely by the cattle in feedlots (Russell et al., 1983; Watson et al., 

1994). Cattle are also a major source in Mexico City, but releases are especially 

voluminous because the sanitation infrastructure is weak. The wastes of human beings and 

domestic animals including pets and rats are thought to be the most significant ammonia 

sources. 

A reasonable conceptual starting point in understanding the secondary aerosol is the 

assumption of thermodynamic equilibrium. Gas concentrations in excess of vapor 

pressures are reduced through phase transformations. The removed portion becomes 

particulate, and in simple models the changes are instantaneous. The approach is 

exemplified in the series of codes from Los Angeles, California-based groups (Stelson et 

al., 1979; Stelson and Seinfeld, 1982a and 1982b; Pandis et al., 1993 Odum et al., 1997). 

Sulfuric acid is removed immediately and is neutralized by ammonia, which is often in 

excess (Russell et al, 1983). The remaining ammonia and nitric acid produced from NO, 

equilibrates into ammonium nitrate (Watson et al., 1994). The constant governing removal 

from the vapor is about 20 ppb’ at 20 degrees C. Thus NH, and HNO, are able to coexist 

in the gas phase at the several ppb level. An abundance of one or the other, however, leads 

to titration. Concentration of the species in excess remains constant while that of the 

counterpart is lowered to ppb or less. Large and multifunctional organic oxygenates are 

given a collective vapor pressure of 10 pptv, above which they condense. The aerosol 

becomes a complex internal mixture of inorganic salts and hydrocarbons (Pandis et al., 

1992, 1993, and 1995). 

Thermodynamic arguments can explain major features of urban aerosol observations. Some 

gravimetric quantities readily measured on filters are the total suspended particulate (TSP) 

and respirable suspended particulate (RSP) masses. The two are distinguished by a cutoff 

at 1 to 3 microns in particle diameter. Large objects sediment under the influence of gravity 

at greater than 0.1 to 1 cm s-’ and so do not penetrate into the lungs. In polluted Los 

Angeles neighborhoods RSP rises from tens of p,g m-’ to on the order of 100 pg m-” over 

a typical summer morning (Hidy, 1975; Turco, 1997). Condensation of 10 ppb each of 

ammonia and nitric acid yields 35 p,g mm3 of ammonium nitrate. Secondary organics are 

superimposed and can constitute 10 to 30% of RSP (Pandis et al., 1993). The aerosol 

system in Mexico City has also been intensely scrutinized through measurements (Aldape et 

al., 1991a and 1991b, 1993; Miranda et al. 1992 and 1994). The diurnal pattern indicated 
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by RSP and visibility data is qualitatively similar. Even at sites in residential areas distant 

from dust suspension, mass can be several times as large as in Los Angeles. Furthermore, 

the organic-rich atmosphere of Mexico City is likely to result in higher particle hydrocarbon 

fractions. 

Many refinements to early equilibrium models have been conceived. The ammonium salts 

are solid under dry conditions but take on water at greater than about 50% relative 

humidity. Visibility data and others suggest a rough doubling in particle size (Ho et al, 

1974; Tang, 1980a and 1980b). It can be computed that aqueous solutions are formed with 

ionic strengths on the order of 10 molal. Models for the concentration dependence of 

activity coefficients can be applied and iterated to minimize the total free energy of the salt 

system (Saxena et al., 1983; Bassett and Seinfeld, 1983). Dozens of ionic reactions can be 

included. Sometimes ammonium nitrate and sulfate salts are segregated, while at others 

mixed salts are incorporated. An essential device in investigations of the atmospheric 

aerosol is the distribution of particles over a logarithmic distribution of some reflection of 

size. Aerodynamic diameter is the property usually chosen (Herdan, 1960; Fuchs, 1964; 

Friedlander, 1977; Lawrence Berkeley Laboratory, 1979). We will bin decadally into the 

regimes 0.0 1 to 0.1 w and 0.1 to 1 lt. The two coincide roughly with RSP and provide 

resolution sufficient for our purposes here. With sizes discriminated, the Kelvin effect can 

be injected into the equilibrium salt calculations. Surface tension tends to raise partial vapor 

pressures over smaller droplets (Bassett and Seinfeld, 1984). The net effect is a shift in 

ammonium nitrate upward through the size series. Sulfate is so low in volatility that it is 

trapped in the bins of first condensation. 

Theories of aerosol dynamics permit us to comprehend the urban size distribution 

quantitatively and to evaluate its time evolution. RSP objects move through air relative to 

one another and surfaces in the Brownian sense (through a random walk sequence). 

Diffusion coefficients have been tabulated to describe the rates (Seinfeld, 1986). Flow of 

small particles to the surfaces of larger ones can be integrated under the assumption of 

diffusion control, and the coefficients derived enter into coagulation kernels, which are rate 

constants for particle collisions (Fuchs, 1964). Objects of diameter < 0.1 lt are created in 

profusion within the automobile engine and aftermath, as hot saturated vapors cool 

(Kittelson and Dolan, 1980). The distributions are tight, however, and coagulation leads 

rapidly into the 0.01 to 0.1 l-t regime. Measurements indicate that particle number densities 

in the 0.0 1 to 0.1 lt range are on the order of 1 O6 cmb3 near strong roadway sources in Los 

Angeles (Hidy, 1975; Whitby and Sverdrup, 1980). Coagulation kernels are large and a 



time constant for self-collision is only on the order of hours (Pandis et al., 1995). The 

particle distribution is skewed further into the 0.1 to I p regime. At this upper end of the 

RSP, Brownian diffusion rates are low and densities have been reduced by mass balance 

considerations. Coagulation shuts itself off, and because the chain of events terminates in 

the 0.1 to 1 lt regime, it is known as the accumulation mode. In Los Angeles particle 

concentrations drop to about 105 cm-” over 0.01 to 0.1 l..t moving away from major traffic 

corridors, and are lo3 cmV3 as a rule in the accumulation decade. Rough concentrations are 

placed in Table 8 along with the gas-phase oxidant results derived earlier. At the liquid 

water density of 1 g cmd3, masses are 1 to 20 pg mV3 for 0.0 1 to 0.1 p and 40 to 80 pg m-l 

for 0.1 to 1 lt so that consistency is achieved with gravimetry. Larger values in Mexico 

City are reflected in a factor of two enhancement. In many references size distributions for 

the urban aerosol are expressed in the volume units pm’ cmW3. As a matter of note here, 1 

pm” cmW3 is identically equal to 1 pg m-” for the liquid water mass density. 

The thermodynamic portrait of the aerosol must ultimately be adjusted to account for 

kinetics. Equilibrium is not achieved instantaneously. Rather condensables make their way 

to and from particle surfaces at well-defined rates. Two transport regimes must be 

distinguished. Concentration gradients cannot form above the surface of particles of 

dimension smaller than the gas-phase molecular mean-free path h. At STP the value of h is 

about 0. I l-t (Pandis et al., 1995). In our 0.01 to 0.1 p. particle bin, gas kinetics describe 

approach to a particle. The overall constant rate is given by 4 nrZp np l/4 vng (Seinfeld, 

1986), where r is the radius, n is a number density, and v is the molecular velocity. The 

subscripts p and g signify a particle size bin and the gas partial pressure in the bulk phase. 

A time constant for efficient removal at the surface is ‘I: = (4 7rrZp np l/4 v)-‘. This is 

conveniently re-expressed in terms of the overall surface area density and an effective 

directional velocity l/4 v = v’; T = (sv’)-‘. A rough value for v is 300 m s-’ in air. The time 

scale is then 30 seconds at lo5 particles cm-’ over the 0.01 to 0.1 ~1 bin. From 0. I to 1 lt 

gradients must be accounted for. As for collision/coagulation, flow to individual particles 

can be integrated through the radius space under the principles of diffusion control (Pandis 

et al., 1995). The contact rate for instantaneous removal at all surfaces is then 4 7trp Dn, ns 

where D is the molecular diffusivity of the vapor (- 0.1 cm’ s-l). The time constant 

becomes (4 RrP DnJ’ and for a density of 1 O3 particles cmm3 at 0.1 to 1 p is again on the 

order of one minute. 

Full theoretical developments for the condensation process incorporate imperfect removal at 

the surface through the sticking coefficient parameter a, and transition near size 0.1 l-t from 
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the gas kinetic to the continuum regime (Seinfeld, 1986). The theories also account for 

back flux by defining a gas-phase concentration n, at the surface. Our qualitative results 

agree with more detailed analyses in references such as Turco et al. (1989) and Pandis et al. 

(1995). The simplest equation bridging into the continuum is 4 nr, Dn, (ng - nJ (1 + K, / 

a)-’ where K, is the Knudsen number h / rr, (Turco et al., 1989). This collapses to the 

kinetic version with a sticking adjustment for rp c h. It also extends the transition to larger 

sizes for small a. In other words, if the surface reaction efficiency is small, gradients are 

negligible even over large objects. Condensation time scales computed explicitly as 

functions of particle density and size are elaborated in Figure 9 for a sticking coefficient 

value of 0.1 (Pandis et al., 1995). The constants are a bit longer than for our assumption of 

unit surface efficiency, but are still in the neighborhood of minutes. 

Vapor Phase Oxidation 

From our outline of pesticide atmospheric chemistry, it is apparent that the hydroxyl radical 

is likely to be a major reactant for the nerve agents (Winer et al., 1990; Finlayson Pitts and 

Pitts, 1997). Over the suite of organophosphorous compounds studied, including analogs 

specifically designed for kinetic experiments, interactions with ozone have been slow and 

direct photolyses undetected. An upper limit rate constant for ozone with trimethyl 

phosphate was 3 x 1Cr19 cm3 molecule-’ s-’ at room temperature. In a major city with 100 

ppb 0, present and an overall number density of 2.5 x lOI molecule cmm3, removal 

requires many days. 

While it is occasionally acknowledged in the open literature that hydroxyl may react with 

the agents, little consideration is given to rate and mechanism. Typical examples of the 

treatment of atmospheric chemistry for the nerve gases include documents from the 

Ministry of Foreign Affairs of Finland (1985) and Barden et al. ( 1993). These references 

state in a paragraph or so that OH is a major oxidant and that losses may occur. Time scales 

and product distributions are not given. We will attempt to improve this situation by 

drawing on standard techniques developed for estimation of rate constants for hydroxyl 

attack. We will also consult the broad atmospheric database on organic decay sequences. 

A key to the understanding of OH gas kinetics is recognition that the radical behaves as an 

electrophile (Gaffney and Levine, 1979; Gaffney et al., 1986). For example, in its addition 

to organic double bonds, hydroxyl seeks n-type electrons. As may be expected, then, 

correlations with electron capture cross sections constitute a predictive tool for OH attack 

21 



(Gusten, 1984). Bond dissociation energies are less relevant. A classic hydroxyl reaction 

mechanism is abstraction of the hydrogen atom from a carbon skeleton. Reactivity of a site 

is determined by the electron donating or withdrawing capabilities of nearby substituents. 

Donation speeds up the abstraction process; withdrawal slows it down. 

Within the sarin structure let us focus initially on the isopropyl group. It can be viewed to 

first order as a small organic accompanied by a phosphorus ester attachment. The ester in 

turn may be ether or alcohol-like in its substituent effects. Atmospheric chemists have 

constructed numerous correlations of hydroxyl rate constants across organic frameworks 

(e.g., Atkinson, 1987). Log transformation is performed, and the results are sometimes 

referred to loosely as linear free-energy relationships. The linearity is actually with 

enthalphy of activation (transition state theory); the term structure-reactivity may thus be 

preferred. The electron donation and withdrawal influences are strongly in evidence. 

Organic chemists laid the ground work for explanations of the phenomena in extensive 

solution phase experiments. In their jargon the communication of kinetic or thermodynamic 

information along carbon chains is an induction process. 

We will now review the structure-reactivity studies briefly, in order to offer credible 

estimates for the rate of hydroxyl attack on sarin. Atmospheric sources are consulted for the 

constants themselves. Organic references on inductive effects are sampled to ground our 

values theoretically. We will work mainly from tabular data. However, it should be noted 

that modern molecular modeling software permits the individual chemist to probe the 

electronic distributions of arbitrary molecules. Application of the latest of these programs to 

the problems of satin atmospheric chemistry would seem to be timely. 

Partial (single) hydrogen atom abstraction rate constants are organized in Table 9 to reflect 

substituent influences. Sources for the data are Gaffney et al. (1986) and some standard 

references on atmospheric kinetics (Atkinson ,1986 and 1988; Demore et al., 1990). The 

trimethyl phosphate data are appended (Winer and Atkinson, 1990). Units in the table are 

lCr’* cm3 hydrogen“ s-l. The nitrate group is portrayed as a strong electron withdrawer. A 

rule of thumb is that nitrate and simple fluorides act similarly. The alkyl and oxy-organic 

compounds are net donors relative to hydrogen. Trimethyl phosphate activates somewhat 

more strongly. Moving downward through the table it is seen that hydrocarbon side chains 

enhance abstraction. Data become scarce as the donor/withdrawer moves away from the H 

atom of interest. 
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Hammett relations developed by organic chemists shed considerable light on the process of 

electron donation and withdrawal. The experiments on substituted benzoic acid derivatives 

are best known (Fieser and Fieser, 1961; Roberts and Caserio, 1977). A series of acid 

dissociation constants is provided in Table 10. Similar trends have been documented for 

kinetic reactivity and spectroscopic properties of the aromatics. Major results are most 

obvious for the ortho (first) substitution position. The halogen atoms and NO, withdraw 

electrons along the benzene ring and so promote acidity. Note that effects of the methyl and 

ether groups are ambiguous. In the para (third or opposite) substitution position they 

reduce acidity, and overall they are nearly neutral against hydrogen. The meta and para 

substitutions provide the best analogies with Table 9. Positional differences around 

aromatic rings have quantum mechanical explanations beyond the scope of the present 

work. Resonance structures can be written as rationalizations and show that pure induction 

in nonaromatics probably is best modeled by meta compounds. Resonance to the meta 

location is limited. 

The inductive influences have also been documented in solution for straight chain 

hydrocarbons. Here the alkanoic acids and their halogenates serve as examples, and 

withdrawal again leads to high dissociation constants. Some approximate pka values for 

species of the form XC(O)OH are for different X; CH3CH,CH,, 4.7; CH,CH,, 5.0; CH,, 

4.7; H, 3.7; ClCH,, 3.0; C&H, 3.3; Cl,C, 1.0; CF,, strong. The effect scales with the 

number of halogen atoms. Models describe shifts in the distributions of bonding electrons 

along the carbon backbone toward the withdrawing substituent. Again the results are 

consistent with understanding donation/withdrawal and gas phase abstraction rates by the 

hydroxyl. 

Taken at face value, these arguments suggest that the hydrogen atom central to the 

isopropyl group on sarin will be activated toward the gas kinetic limit. If the phosphorus 

ester functions as an organic oxygenate, abstraction by the hydroxyl takes place at lo-‘* to 

IO-” cm3 molecule“ se’. The methyl hydrogens are expected to react more slowly, but on 

the other hand are more numerous and so are favored statistically. A wild card is the 

fluorine atom attached to the phosphate group. It is a strong electron withdrawer. Note in 

Table 6 of the pesticide section that oxygen-substituted members of the OP family are less 

reactive than sulfur counterparts. The sarin molecule is sufficiently unique, however, that 

structure-reactivity relationships provide little guidance on its fluorine moiety. We are 

restricted to the establishment of upper limits for the various partial hydroxyl rate constants. 



Likewise, product distributions are difficult to evaluate. The pesticide analog experimenters 

identified only a small (- 10%) yield of stable oxon product derived from thion form 

reactants (Atkinson et al., 1989). All other possibilities remain open. Loss of the central 

hydrogen in the sarin isopropyl will rapidly be compensated by the attachment of molecular 

oxygen to form a peroxy radical. In nitrogen oxide-rich urban atmospheres, NO then 

abstracts one of the paired 0 atoms to leave an oxy radical. The steps are illustrated for 

methane in Table 7 but apply to larger alkanes and alkyl groups as well (Finlayson Pitts and 

Pitts, 1986; Liu et al., 1987; Jacob et al., 1989, Elliott et al., 1996). The fate of the central 

alkoxy must be considered highly uncertain. A general guess is that breakage of the C-O-P 

linkage ensues. The isopropyl group then becomes a benign oxygenate such as acetone. 

Methyl group rearrangement to the phosphorus fragment is not out of the question. 

Hydrogen abstraction from the several methyls situated on the molecule results through the 

standard oxidation sequence in radicals of the form R-CH,O. Molecular oxygen removes 

yet another H atom from them to produce a family of adehydes. Organic oxy and peroxy 

radicals are always subject to combination with NO, to produce nitrates a fraction of the 

time. The mechanisms are somewhat complex (Finlayson Pitts and Pitts, 1986). 

Isomerization can accompany the encounter of RO, with NO, yielding RONO, (Darnall et 

al., 1976). The peroxys can simply combine with NO,. The best known example is PAN 

or peroxyacetyl nitrate (Temple and Taylor, 1983). It is derived from ethane oxidation and 

is the chief lacrimator in urban smog. The organic nitrates can comprise a major reservoir 

for NO, in polluted air (Singh and Hanst, 198 1; Hov et al., 1983; Atherton and Penner, 

1988 and 1990). Nerve agent decay could lead in part through nitrate derivatives, especially 

in the more polluted cities of the developing world. The wide range of product possibilities 

for the oxidation of sarin in urban environments is illustrated schematically in Figure 10. 

Any standard phosphorus acids which arise during sarin decomposition are nontoxic and 

so are not a concern (Verweij et al., 1979) but where the P-containing fragment retains its 

fluoride-leaving group danger may remain (O’Brien, 1960). The degree tends to be very 

uncertain. Analogs to sarin used for laboratory experiments are themselves hazardous 

(Sivam et al., 1984; Das Gupta et al., 1988; Tripathy et al., 1989; Little et al., 1988 and 

1989). Pyrolysis and incineration products maintain a measure of toxicity (Vojeric and 

Binenfeld, 1980). Entire classes of organophosphorus compounds related to the nerve 

agents are thought to be potent toxins (SIPRI, 1980; Metcalf, 1982). Some comparisons 

with the OP pesticides are worth re-emphasizing in the present section. Millions of 

permutations of the Figure 6 form act as biocides through cholinesterase inhibition 

(Metcalf, 1982). Pesticide activation during atmospheric decay is not restricted to 
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thion/oxon conversion; it extends to the transformation of side chains (Coats, 1990; Wolfe 

and Seiber, 1993). Risks from exposure to inhibitor oxidation products are poorly defined, 

whether breakdown begins with nerve agents or commercial chemicals (Boskovic and 

Kusic, 1980; Jamal, 1995; Ishikawa, 1997; Finlayson Pitts and Pitts, 1997). Some of the 

more serious symptoms may be long term. 

The bulk of the effort in the gas phase oxidation section has been expended on reactions of 

organic side chains because they are well-known to atmospheric chemists. Inorganic 

pathways are conceivable, but we have not searched exhaustively for the data necessary to 

evaluate them. Hydroxyl attack upon the phosphorus atom can be imagined. A methyl 

group could be displaced. The carbon-to-phosphorus bond tends to be a weak one. At this 

point, however, consideration of the chemistry of the phosphorus site must be categorized 

as speculation. A concerted study of the inorganic chemistry of sat-in in the atmosphere is 

yet another option for future research. 

Urban concentrations of the hydroxyl radical rise to near the midday maxima in Table 8 

within a few hours after sunrise. We thus expect the sarin lifetime against OH attack to fall 

over the morning toward a limiting minimum of one hour in confined spaces within highly 

polluted cities. The fluorine effect is an open matter and means that the removal could be an 

order of magnitude slower. In clear urban air (low in OH) the agent may ventilate before 

beginning to oxidize even if abstraction proceeds at the upper end rate 18” cm3 molecule-’ 

se’. The partial hydrogen hydroxyl rate constant for ethane is about 0.05 x 1O-12 cm3 _ 

hydrogen-’ s-’ at room temperature. This suggests the isopropyl group methyl may react at a 

total of 0.3 x 10” cm3 molecule-’ s-‘, which does not alter our major conclusions here. 

Aerosol Reactions 

Our preliminary sarin release scenario invokes evaporation from an open container at 

ambient temperature. Dilution follows rapidly in the vapor phase. The agent is so highly 

toxic that it is still dangerous if it is breathed or otherwise ingested. The Tokyo subway 

attack demonstrates this vividly. However, unless temperature reductions ensue satin is 

necessarily present at less than its vapor pressure. No thermodynamic driving force exists 

for condensation of the pure substance. Interactions remain possible with extant condensed 

phases of the urban aerosol. We now catalog heterogeneous processes available to the 

nerve agent and place limits on their rates. 
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Time constants for sarin to contact particles are computed in a manner identical to that 

outlined above for more typical aerosol components. The agent could be depleted from the 

vapor into condensed phases in as little as a few seconds if rapid reactions take place. The 

diameter decades 0.014 1 p and 0. l-l lt are competitive in sustaining collisions with the 

trace vapor except perhaps near busy roadways during a traffic pulse. The removal time 

scales inversely with the surface sticking coefficient a. 

At humidities above about 50% the inorganic salts comprising the bulk of the fine-mode 

aerosol are expected to deliquesce (acquire liquid water). The particulate phase thus 

constitutes a strong aqueous ionic solution. Sarin hydrolysis reactions are relatively well- 

known (Figure 5). They occur within the tissues of poisoned organisms (Shih et al., 1991) 

and are critical to basic military decontamination procedures (Yang et al., 1992; Yoza et al., 

1997). It is often the hydrolysis products which are detected to provide evidence of sarin 

application (Verweij and Boter, 1975; Verweij et al., 1979 Dagostino and Provost, 1992). 

For example, the phosphorus acid derivatives were preserved on Kurdish soils for many 

months after Iraqi attacks and eventually lent support to claims that local civilians had been 

victimized (Ember, 1993). The hydrolyses rapidly create nontoxic products. However, 

they are likely to be slow at the pH of the urban aerosol (Ellin et at., 1981; Harris et al., 

1982; Seinfeld, 1986). 

Many other reaction types are possible. Gas-phase oxidants enter the aerosol and 

accumulate there (Jacob and Hoffman, 1983; Jacob, 1986). They seek reduced species 

such as organics, and the sarin side chains would be prime targets. At high-ionic strengths, 

nucleophiles abound. The tendency to undergo substitution in solution is a key property of 

cholinesterase inhibitors (Metcalf, 1982; Gearien, 1982). SN would undoubtedly transpire 

in aqueous particles (Lohs, 1980). Pesticides have been known to photolyze in atmospheric 

aqueous phases (Brown et al, 1993). Multifunctional organic oxygenates surround particles 

in the fine mode, behaving as surfactants (Pandis et al., 1993). Affinity for hydrophobic 

end groups could enhance the initial sarin sticking probability. The effect has actually been 

observed for parathion on fog droplets (Glotfelty et al., 1987). Schomberg et al. (199 1) 

have speculated that pesticides are actually harbored in colloidal complexes in fog water. 

Heterogeneous decomposition of organic nitrates and especially PAN-like compounds may 

constitute a significant recycling source for NO, in cities (Ravishankara, 1997). Sarin 

breaks down rapidly on wetted laboratory glass surfaces (Ward et al., 199 1). 
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