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Abstract. Within the German Tropospheric Research Programme (TFS) numerous kinetic and
mechanistic studies on the tropospheric reaction/degradation of the following reactants were carried
out:

• oxygenated VOC,
• aromatic VOC,
• biogenic VOC,
• short-lived intermediates, such as alkoxy and alkylperoxy radicals.
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At the conception of the projects these selected groups were classes of VOC or intermediates for
which the atmospheric oxidation mechanisms were either poorly characterised or totally unknown.
The motivation for these studies was the attainment of significant improvements in our understanding
of the atmospheric chemical oxidation processes of these compounds, particularly with respect to
their involvement in photooxidant formation in the troposphere.

In the present paper the types of experimental investigations performed and the results obtained
within the various projects are briefly summarised. The major achievements are highlighted and
discussed in terms of their contribution to improving our understanding of the chemical processes
controlling photosmog formation in the troposphere.

Key words: chemical mechansisms, boxmodel, laboratory studies, smog chamber, tropospheric
chemistry.

1. Introduction

A fundamental goal of the German Tropospheric Research Programme (TFS) was
the improvement of knowledge about chemical processes related to the forma-
tion of photooxidants in the troposphere. This knowledge is directly applied in
the chemical modules used in chemistry and transport models (CTM). Existing
chemical mechanisms designed for that purpose, e.g., the regional atmospheric
chemistry mechanism, RACM (Stockwell et al., 1997), or the RADM2 model
(Stockwell et al., 1990), which is still one of the chemical modules most frequently
used in CT modelling in Europe, often do not incorporate actual kinetic and mech-
anistic data. The description of the degradation of aromatic and biogenic VOC, in
particular, is one of the most important and also weakest aspects of the models,
which requires extensive improvement. In addition, a large number of oxygenated
VOC are expected to gain importance in tropospheric chemistry in the near future.
These compounds, which are anticipated to improve air quality, are likely to find
increased use as alternative solvents or fuel additives because of environmental
legislation by National Governments and the EU. At present, most classes of oxy-
genated VOC are not appropriately represented in currently established chemical
models.

The TFS programme included a group of projects, designed to better char-
acterise the tropospheric behaviour of oxygenated, aromatic and biogenic VOC
in laboratory and outdoor chamber studies. In addition, experimental studies on
intermediates occurring in the tropospheric degradation of VOC, e.g., alkoxy and
alkylperoxy radicals, were also performed. Based on the data obtained from the
experiments, tropospheric degradation mechanisms of selected compounds have
been considerably improved or established for the first time. The major results are
outlined below.

The final outcome of these investigations will be an improved chemical mech-
anism for application in CT modelling studies related to ozone prognosis and
abatement strategies.
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2. Experimental and Modelling Details

Due to the nature of the present paper, it is not possible to describe in detail all the
experimental techniques and facilities employed in the various studies. Neverthe-
less, in order to give a broad overview of the experimental approaches, the different
set-ups used in the investigations are briefly cited below.

2.1. EXPERIMENTAL TECHNIQUES

Bimolecular rate coefficients for the reactions of OH radicals with a number of aro-
matic, oxygenated and biogenic VOC were obtained using either the relative rate
technique (Sauer et al., 1999a) or the absolute method (Becker et al., 1999a, b). For
the former technique, measurements of the decay of VOC concentrations relative to
a reference compound in a static photoreactor were performed. The latter method
uses the time-dependent measurement of the relative OH radical concentration by
laser-induced fluorescence in a flow tube system.

In a couple of additional kinetic experiments related to aromatic VOC, OH
radicals were measured as function of reaction time using resonance fluorescence
(Knispel et al., 1990) or cw-UV laser long-path absorption (Bohn et al., 1999).

Product studies on the OH-initiated oxidation of selected VOC were performed
in photoreactor experiments. Generally, mixtures of VOC, NOx , air and an OH-
radical precursor (photolysis of CH3ONO, HONO or H2O2) were irradiated by
natural or artificial light sources in suitable reaction chambers, either in a 1000 l
quartz glass laboratory reactor (Barnes et al., 1994) or in the European Photore-
actor EUPHORE in Valencia, Spain. A detailed description of this outdoor facility
is given in Becker (1996) and Barnes and Wenger (1998). Time-resolved concen-
trations of reactants and reaction products were determined by means of long-path
FTIR spectroscopy or gas chromatography (e.g., Sauer et al., 1999a, Thüner et al.,
1999).

Rate coefficients for the reactions of a series of alkoxy radicals with O2 and
for their thermal decomposition or isomerisation were obtained using photolytic
generation of alkyl radicals in the presence of O2/NO combined with simultan-
eous detection of NO2 and OH concentration-time profiles. From these profiles,
rate coefficients were derived by numerical simulation using an explicit chemical
mechanism. Details of this experimental arrangement can be found in Hoffmann et
al. (1992).

A series of experiments on the atmospheric fate of selected alkoxy radicals were
performed in a temperature-controlled quartz photoreactor (v = 200 l, Libuda et
al., 2000). Alkoxy radicals, RO, were generated by cw photolysis of the corres-
ponding iodides, RI, in the presence of O2 and NO, using N2 as buffer gas. Rate
coefficient ratios of the competing reactions of RO, i.e., unimolecular decay or
isomerisation versus reaction with O2, were derived from the product distributions,
which were obtained by long-path IR absorption using an FT-IR spectrometer.
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The experiments related to the degradation of 2-butylperoxy radicals were car-
ried out in a flow system, in which the peroxy radicals were produced in situ in
a mixture of VOC, NO, N2 and O2. OH radicals were produced by photolysis of
HCHO. The O2 mixing ratio was kept low so that the radicals as well as their
decomposition and isomerisation products were transformed into alkyl nitrates
and nitrites by reaction with the excess NO in the system. After cryogenic pre-
concentration, the products were separated by gas chromatography and detected
after conversion to NO by a chemiluminescence detector.

Ozonolysis experiments were carried out in a static reactor in the absence and
presence of water vapour, with reactant concentrations in the low ppm range.
Products were analysed with a combination of long-path FTIR spectroscopy, GC-
FID and HPLC. H2O2 and organic hydroperoxides were collected using a coil
collector and detected using peroxidase-catalysed decomposition in the presence of
p-hydroxyphenyl acetic acid and fluorescence detection of the biphenyl derivate.
Further details can found in Sauer et al. (1999b) and Grossmann (1999).

A number of experiments with respect to the influence of biogenic VOC on
tropospheric ozone formation were carried out in the European Photoreactor in
Valencia, Spain.

2.2. MODELLING TECHNIQUES

The computer simulations related to oxygenated and aromatic VOC degradation
mechanisms were carried out using the box model SBOX (Seefeld and Stockwell,
1999). This FORTRAN programme incorporating the Gear algorithm (Gear, 1971)
was operated either on an SGI Origin 200 workstation running under IRIX 6.5 or
on a SUN Sparc Station with SunOS 5.5.1. The programme uses the public domain
library VODE (Brown et al., 1989) to integrate the ordinary differential equations.
Other box model calculations were performed using the commercial programme
package FACSIMILE (AEA Technology).

3. Results and Discussion

3.1. TROPOSPHERIC OXIDATION OF OXYGENATED VOC

Oxygenated compounds such as specific ethers and diethers are either currently
in use or are being considered as gasoline/diesel fuel additives and solvents. For
example, fuel reformulation by addition of methyl tert-butyl ether leads to a sig-
nificant reduction of carbon monoxide and hydrocarbons in the exhaust gas and
increases the octane number. In addition, it has been shown that the partial replace-
ment of aromatic VOC in gasoline fuels by oxygenated VOC leads to a significant
reduction of the ozone formation potential of exhaust gases and therefore should
diminish tropospheric ozone formation resulting from automobile exhaust (Becker,
1998).
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Diethers and acetals are currently under discussion as potential additives to
diesel for the reduction of particle emissions. The increased employment of oxy-
genated VOC inevitably results in increased emissions into the atmosphere. The
major sink of these compounds in the troposphere is reaction with OH radicals.
Consequently, an accurate knowledge of the kinetics and degradation reaction
pathways of the OH-initiated oxidation of oxygenated VOC is a prerequisite for
a reliable estimation of the effect of these compounds on photosmog formation.

3.1.1. Experimental Studies

Bimolecular rate coefficients for the reactions of atmospherically relevant oxygen-
ated VOC with OH radicals and Cl atoms were obtained. The experiments were
performed at 298 ± 2 K using either the relative rate (RR) technique in 760 Torr
air or the laser photolysis/laser-induced fluorescence (LP/LIF) method in argon
in the pressure range 50–400 Torr. The reactions studied by LP/LIF showed no
pressure dependence within the range investigated. The rate coefficients obtained
are summarised in Table I.

Product studies of the reactions of OH radicals with selected oxygenated VOC
in 760 Torr air were carried out in the presence of NOx . Three different types
of ethers were examined: monoethers, ethylene glycol ethers and formaldehyde
acetals (see Table II). The main oxidation products of the OH-initiated oxidation
of all these compounds are formates. Minor products of the gas-phase oxidation
of formaldehyde acetals are carbonates and aldehydes. The three main oxidation
products of each compound investigated in the presence of NOx are listed in
Table II together with their molar yields.

Photolysis studies on the formates and carbonates given in Table II showed that
under tropospheric conditions, the photolysis of these compounds is negligible. In
addition, as shown in Table II, the OH reactivities of formates and carbonates are
significantly lower than those of their precursors. On the other hand, all esters,
formates and carbonates as well as a large number of formaldehyde acetals are
highly soluble in water, which will facilitate the removal of these species from
the troposphere by wet deposition. However, the transport of esters and acetals
from the urban sources to remote areas might play a role. From the observed
laboratory behaviour it can be concluded, that the contribution of the oxygenated
VOCs, which are oxidised to formates and carbonates, to photosmog formation will
probably be low. However, oxidation of some oxygenated organics investigated
leads to high aldehyde yields, e.g., all di-n-alkoxy methanes except dimethoxy
methane (see Table II). Due to the high photolysis frequencies of aldehydes in the
troposphere and their large contribution to the radical budget, the air quality bene-
fits gained by the widespread use of such oxygenated VOCs needs to be carefully
weighed against the potential negative effects caused by the accompanying increase
in aldehyde production.
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Table I. Bimolecular rate coefficients for the reactions of OH radicals and Cl atoms with selected
oxygenated VOC at room temperature and atmospheric pressure. The LP/LIF measurements were
carried out in the range 50–400 Torr. None of these reactions was found to be dependent on total
pressure

Reactant kOH kClW Method a Reference

(10−12 cm3 s−1) (10−11 cm3 s−1)

dimethoxy ethane (27.0 ± 1.0) – RR Barnes and Donner, 2000

1,4-dioxane (12.4 ± 0.4) – RR Maurer et al., 1999

dimethoxy methane (4.89 ± 0.19) (14.1 ± 1.4) RR Thüner et al., 1999

diethoxy methane (18.4 ± 1.6) – RR Thüner et al., 1999

di-n-propoxy methane (26.3 ± 4.9) – RR Thüner et al., 1999

di-i-propoxy methane (34.7 ± 2.0) – LP/LIF Becker et al., 1999a

di-n-butoxy methane (34.7 ± 4.2) – RR Thüner et al., 1999

(33.9 ± 4.6) – LP/LIF Becker et al., 1999b

di-sec-butoxy methane (42.5 ± 1.3) – LP/LIF Becker et al., 1999a

1,3-dioxolane (10.4 ± 1.6) (16.2 ± 1.5) RR Sauer et al., 1999a

1,3,5-trioxane (6.42 ± 0.61) (9.56 ± 0.51) RR Platz et al., 1998

methoxy ethyl formate (5.12 ± 1.60) – RR Barnes and Donner, 2000

methoxy methyl formate (1.33 ± 0.16) (3.38 ± 0.17) RR Hass, 2000

ethoxy methyl formate (3.71 ± 0.22) – RR Barnes and Donner, 2000

n-butoxy methyl formate (8.00 ± 0.07) – RR Barnes and Donner, 2000

methylene diformate – (0.056 ± 0.004) RR Sauer et al., 1999a

ethylene diformate (0.477 ± 0.061) (0.35 ± 0.01) RR Maurer et al., 1999

di-n-butyl carbonate (7.07 ± 1.20) – RR Barnes and Donner, 2000

diethyl carbonate (1.79 ± 0.10) – RR Barnes and Donner, 2000

dimethyl carbonate (0.378 ± 0.084) (0.204 ± 0.042) RR Hass, 2000

ethylene carbonate ≤ 0.1 (0.534 ± 0.080) RR Sauer et al., 1999a

a RR: Relative Rate Technique; LP/LIF: Laser Photolysis/Laser-Induced Fluorescence.

3.1.2. Chemical Modelling

Explicit reaction mechanisms for the OH-initiated degradation of selected oxy-
genated VOC in the presence of NOx were developed using a simple box model.
Table III summarises the compounds investigated within TFS/LT3. The reac-
tion schemes developed were optimised by fitting the model to the experimental
concentration-time profiles for selected reactants, commonly the reactants, primary
products, NOx and O3. The simulations were focused on indoor photoreactor
experiments using methyl nitrite photolysis as the precursor for OH radicals.

The reactions describing the inorganic chemistry of the systems investigated as
well as the photolysis reactions were taken from the RACM mechanism of Stock-
well et al. (1997). The NO2 and CH3ONO photolysis frequencies were taken from
comparable measurements in the photoreactor. All other photolysis frequencies
were calculated relative to JNO2 using the algorithm of Madronich (1987).

Figure 1 shows, as an example, the degradation mechanism for 1,3-dioxolane in
the presence of NOx . The given branching ratios were obtained by chemical mod-
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Table III. Oxygenated VOC investigated on which the chemical modelling
work in TFS/LT3 was focused. For these compounds, explicit OH-initiated
degradation mechanisms in the presence of NOx were developed

Class of compound VOC Reference

aliphatic diethers dimethoxy methane Geiger and Becker (1999)

dimethoxy ethane Geiger and Becker (1999)

di-n-butoxy methane Maurer et al. (2000)

cyclic diethers 1,4-dioxane Geiger et al. (1999)

1,3-dioxolane Sauer et al. (1999a)

Figure 1. Reaction scheme for the OH-initiated degradation of 1,3-dioxolane in the presence
of NOx .

elling. Figure 2 illustrates the excellent agreement obtained between measured and
simulated concentration-time profiles for a typical photoreactor experiment. The
results for the modelling studies related to the other oxygenated VOC summarised
in Table III are not shown here in detail. For these studies, the simulations are of
similar high quality.

An assessment of the influence of oxygenated VOC on tropospheric photochem-
istry has been made by using a chemical box model and taking dimethoxy methane
(DMM) as an example. For this purpose, the condensed RACM mechanism (Stock-
well et al., 1997), expanded by the explicit dimethoxy methane chemistry (Geiger
and Becker, 1999), was used to simulate a set of typical urban and sub-urban
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Figure 2. Comparison of experimental (symbols) and simulated (curves) concentration-time
profiles: 1,3-dioxolane (�), CH3ONO (�), NO (�), NO2 (�), ethylene carbonate × 20 (◦)
and methylene glycol diformate × 20 (�). Error bars are only shown for the primary products.
Initial mixing ratios (ppm): 1,3-dioxolane (1.14), NO (4.50), NO2 (0.28) and CH3ONO (3.20)
in 760 Torr air at 298 ± 2 K.

scenarios. The procedure was designed to determine the relative reactivities of
VOC and dimethoxy methane for multiple day periods. Single day scenarios are
typically used to calculate incremental reactivities. However, this procedure may
not give a complete picture since less reactive compounds have a long residence
time in the atmosphere. Another important consideration is that the concentration
of their oxidation products may build up over a multiple day period. Therefore,
single day simulations may underestimate, for example, the reactivity of ethane.
The maximum ozone incremental reactivity and maximum incremental reactivities
scenarios were determined for time periods from one to six days. Details are given
in Stockwell et al. (2001).

The simulation results were used to calculate ozone formation potentials as
maximum ozone incremental reactivities (MOIR) and maximum incremental react-
ivities (MIR, Carter, 1994). It was found that the change in ozone production was
linear with respect to the changes in the emission rates for ethane and dimethoxy
methane for the conditions employed, as demonstrated in Figure 3. The MOIR and
MIR values increased for ethane and dimethoxy methane as the level of pollution
and the length of the simulation was increased but the MIOR and MIR values of
ethane increased faster than those for dimethoxy methane. On this basis, dimethoxy
methane has an ozone forming potential on a per mass basis that is only somewhat
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Figure 3. MIR calculations for ethane and dimethyoxymethane. The maximum ozone con-
centrations were plotted as functions of the total VOC emissions for the 5 day MIR
scenario.

greater than that of ethane if scenarios for multiple days are considered. The results
show that reactivity should be evaluated by calculations involving multiple day
scenarios.

3.1.3. Conclusions

Laboratory and model studies within the TFS/LT3 suggest that the partial replace-
ment of aromatic VOC in gasoline fuels by oxygenated VOC should lead to a
significant reduction of tropospheric ozone formation resulting from automobile
exhaust gases. The same observation is valid for solvents, where aromatic hy-
drocarbons are widely used. It can be concluded from the results of the project
that particularly those oxygenated additives or substitutes, which are oxidised to
low reactive degradation products, might be highly effective for the reduction of
ozone formation. Accordingly, compounds yielding photochemically unstable al-
dehydes (e.g., see Table II) should not be used as additives or surrogates. Structure
activity studies based on present results now allow the estimation of the suitability
of the oxygenated VOCs investigated as additives or substitutes with respect to
tropospheric ozone formation.
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3.2. TROPOSPHERIC OXIDATION OF AROMATIC VOC

On the basis of model calculations aromatic hydrocarbons, mainly BTX (benzene,
toluene and the xylene isomers), are predicted to contribute up to as much as 40% to
the formation of O3 and other photooxidants in urban areas (Derwent et al., 1998).
However, the reliability of these predictions is very much dependent on the accur-
acy of the degradation mechanisms utilised in the chemistry modules incorporated
into chemistry-transport models (CTM). The modules, which were currently in use
at the conception of the TFS project, contained many speculative kinetic and mech-
anistic elements. Consequently extensive efforts were made within the framework
of the TFS research project to elucidate the aromatic hydrocarbon photo-oxidation
mechanisms.

Reaction with OH radicals dominates the tropospheric oxidation processes of
aromatic hydrocarbons. The reactions proceed by (i) OH radical addition to the aro-
matic ring to form a hydroxycyclohexadienyl radical, i.e., an OH-aromatic-adduct,
which can thermally decompose back to reactants or undergo further reactions to
products and (ii) H-atom abstraction from one of the C–H bonds of alkyl substitu-
ent groups. The later process results in the formation of ring-retaining aromatic
aldehyde products and accounts for ≤10% of the overall process (e.g., Atkinson,
2000). Subsequent reactions of the OH-aromatic-adducts are much more complex
and various different mechanisms have been proposed to account for the observed
products and experimental observations (Klotz et al., 1997).

Work on the primary reaction steps for several OH-aromatic-adducts has been
performed using long-path detection of both OH and the OH-adducts (Bohn and
Zetzsch, 1999). Results obtained for benzene, toluene and toluene-d8 are consistent
with a reversible, peroxy-adduct-forming addition of O2 to the OH-aromatic-
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adduct with equilibrium constants of (2.7 ± 0.4) × 10−19, (3.3 ± 0.3) × 19−19

and (3.1 ± 1.2) × 19−19 cm3 for the OH-benzene, OH-toluene and OH-toluene-d8

adducts, respectively. The reaction sequence is illustrated for toluene below.

From fits of the experimental data rate coefficients have been determined for the
self-reaction of the OH-aromatic-adducts and their reaction with HO2 radicals. The
effective loss rate for both radical species in equilibrium, i.e., the OH-adduct and
the OH-adduct-peroxy radical, was found to be of the order of 1 ms for toluene
under tropospheric conditions compared to 2.5 ms in the case of benzene. Based
on these lifetimes, the work supports that reactions of the adduct-peroxy-radicals
with NO will not be significant under atmospheric conditions even if comparatively
fast rate coefficients are assumed. This implies that the expected products of the
reactions of NO with the adduct-peroxy-radicals, namely 2,4-hexadienedial-type
compounds are unimportant in the atmosphere. However, under conditions where
NO levels are significantly higher than in the troposphere, such as product studies
under laboratory conditions, these reactions may be important.

Further reactions of the OH-aromatic-adducts can lead to ring-retaining or ring
cleavage products. Phenolic compounds are major ring-retaining products formed
by abstraction of a ring H-atom with O2. Work was performed in the EUPHORE
photoreactor on the quantification of phenol yield from the photooxidation of ben-
zene and o-, m- and p-cresol from the photooxidation of toluene using in situ
DOAS and FT-IR spectrometry. The work has helped to reduce the uncertainty
concerning the cresol yields in the literature (Klotz et al., 1998a). The studies
also clearly demonstrated that NO3 radical chemistry plays an important role in
chamber simulation experiments and needs to be carefully considered in their
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interpretation. This is also confirmed by field studies carried out in a German
city, which indicate that the reactions of NO3 with phenolic compounds also occur
during daytime (Kurtenbach et al., 2000).

A phenol yield of 50% has been observed from the photooxidation of benzene,
which is twice as large as previously reported values. However, this result still
requires validation using independent methods.

It has been postulated that reaction of the OH-aromatic-adducts with O2 could
also result in the formation of arene oxides (Klotz et al., 1997), e.g., for toluene:

To prove or disprove this proposal, comprehensive studies were performed on
the atmospheric chemistry of benzene oxide/oxepin and toluene-1,2-oxide/2-
methyloxepin. These studies included measurements of photolysis frequencies,
rate coefficients for reactions with OH and NO3 radicals (see Tables IV–VI), and
also product analyses (Klotz et al., 1997, 1998b, 2000). However, it is presently
still unclear whether arene oxides will be important in the oxidation mechanism
of aromatic hydrocarbons; current experimental and theoretical evidence suggests
that arene oxides may only be produced with minor yields.

Product studies have been performed on the reactions of OH and NO3 radicals
with phenol and the cresol isomers. It has been shown for the first time that re-
action with OH leads to the formation of dihydroxybenzenes in high yield and
nitrophenols and benzoquinones in relatively low yields. As observed in other
studies (Atkinson, 1994), reaction with NO3 was found to result predominantly in
the formation of toxic nitrophenols. Rate coefficients have also been determined,
for the first time, for the reaction of OH with a series of dihydroxybenzenes and
benzoquinones. The rate coefficients for the dihydroxybenzenes are typically (1–
2) × 10−10 cm3 s−1 and those for the benzoquinones (2–5) × 1011 cm3 s−1 (Olariu
et al., 2000).

The atmospheric chemistry of many known and postulated carbonyl ring-
cleavage products has also been investigated. This work included kinetic and
product studies of the OH and NO3 radical reactions with hexadienedials and
butenals. The photolytic properties of these compounds and some α-dicarbonyls
have also been studied under natural sunlight conditions. Tables IV–VI summarise
some of the new kinetic and photolytic data obtained within the TFS programme.
Details of the investigations can be found in the listed publications.
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Although much new and encouraging information concerning the mechanisms
of the atmospheric oxidation of aromatic hydrocarbons emerged from the TFS
project, vital information concerning the actual nature of the ring-opening process
which is necessary for realistic model construction is still uncertain.

3.2.1. Conclusions

In conclusion, the work on the primary reaction steps of the aromatic hydrocar-
bons has shown quite distinctly that the OH-aromatic adduct-peroxy radicals will
not react with NO under atmospheric conditions. This correlates well with end-
product studies where little difference was observed in the product distribution with
and without NOx in the system. The results also indicate that formation of arene
oxides is probably not an important initial reaction pathway, however, the actual
importance still needs to be quantified. Much new mechanistic information has
been obtained on ring-cleavage products, which will enable immensely improve
the description of the chemistry of these species in the models.

The yields of phenolic ring-retaining products have been determined with high
precision. It has been shown for the first time that further reaction of the phenolic
compounds with OH results predominantly in the formation of dihydroxybenzenes.
In agreement with other studies, reaction with NO3 was found to produce mainly
nitrophenols. The results are in agreement with field measurements of the p-
cresol/toluene ratio made in a German city, which indicate that reactions of NO3

with phenolic compounds also occur during daytime. Since toxic nitrophenols are
formed in these reactions, more detailed studies on the sources and atmospheric of
chemistry phenols should be a future research priority.

3.3. TROPOSPHERIC OXIDATION OF BIOGENIC VOC

The chemistry of biogenic hydrocarbons adds a considerable amount of uncertainty
to tropospheric chemistry models. Whereas the chemistry of isoprene oxidation
has been incorporated into most chemistry models, it was only very recently that
schemes for the oxidation of terpenes became available both in compressed form
(RACM, Stockwell et al., 1997) and in form of an explicit mechanism (Master
Chemical Mechanism, MCM, Jenkin et al., 1997). Since the chemical nature of
biogenic hydrocarbons is very diverse and detailed oxidation schemes are far too
complicated to be used in most applications, some kind of simplification (‘lump-
ing’) is necessary. In general, chemical lumping can be made by two different
approaches:

• Intermediate radicals (mostly peroxy radicals) are not explicitly treated and
reactions are expressed in a way that only stable products are formed as a
result of a specific oxidation step. This procedure obviously underestimates
the radical production as well as the ozone formation.
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• Another approach to reduction in reaction complexity is to group the stable
products and radical intermediates into a limited number of classes which is
normally equivalent to a ‘downsizing’ of the products.

The latter approach is used in the RACM mechanism by Stockwell et al. (1997) that
will be discussed in the following section due to its wide acceptance as a chemical
module for CT model applications.

3.3.1. Ozonolysis Reactions

In order to represent ozone-alkene reactions in a manner suitable for tropospheric
modelling the following approach has been developed: Following the initial addi-
tion of the ozone molecule to the double bond a carbonyl compound and a Criegee
intermediate (CI) is formed.

R2C=CR2 + O3 → primary ozonide (R1)

primary ozonide → R2COO∗ + R2CO . (R2)

In analogy to the reactions of CI in the aqueous phase, it is commonly accepted
that essentially three pathways exist (Atkinson, 2000, Calvert et al., 2000). Other
pathways have been discussed but only for specific alkenes and with a relative yield
of less than 5%. Two of the pathways lead to the decomposition of the exited CI,
whereas the third pathway forms, after collisional stabilisation, the ‘stabilised CI’,
which can undergo reactions with atmospheric trace gases.

For both the hydroperoxide (R4) and the stabilisation (R5) channel, several specific
products exist, which can be used as reaction tracers. Hence, the relative import-
ance of the Reactions (3)–(5) can be experimentally assessed, which is helpful for
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the development of mechanisms. For the hydroperoxide channel the tracer mo-
lecule is the OH radical. Its formation yield has been measured for most alkenes
(Paulson, 1999, Rickard et al., 1999, Calvert et al., 2000). The extent of stabilisa-
tion is known for a limited number of alkenes from the study of Hatekeyama et al.
(1984) and from a more extensive experimental investigation using the formation
of H2O2 and hydroxyalkylhydroperoxides (R2C(OH)OOH) from the reaction of
the stabilised Criegee intermediate with water vapour (Becker et al., 1990, 1993;
Thamm et al., 1996; Neeb et al. 1997; Sauer et al., 1999b; Grossmann, 1999;
Bauerle and Moortgat, 1999; Grossmann et al., 2000):

R2COO + H2O → R2CO + H2O2 (R6a)

→ R2C(OH)OOH . (R6b)

It should be noted that under atmospheric conditions the fate of the stabilised CI is
reaction with water vapour, Reaction (R6). Under laboratory conditions, a variety
of other product channels have been observed (Neeb et al., 1996, 1998). As expec-
ted from the kinetics of Reactions (R3)–(R6), the OH radical formation yield shows
a negative correlation with the degree of stabilisation as determined from measured
H2O2 (and H2SO4) yields (see Figure 4, Grossmann, 1999). Yields for stabilisation
(Ystab) and OH radical formation (YOH) can be directly used for the development of
individual alkene and terpene oxidation schemes for condensed chemical models
(e.g., the RACM mechanism, Stockwell et al., 1997), as exemplified below for
2,3-dimethyl-2-butene (Neeb and Moortgat, 1999):

(CH3)2C=C(CH3)2 + O3 → (CH3)2CO + YOH × CH3COCH2O2

+ (1 − YOH − Ystab) × CO2 + 2 CH3

+ Ystab × H2O2 + (CH3)2CO .

(R7)

However, 2,3-dimethyl-2-butene is a symmetric molecule with comparatively
simple degradation products, mechanism development for biogenic alkenes will be
considerably more complicated. Additional problems are (i) the presence of more
than one double bond; (ii) formation of two Criegee intermediates in Reaction (R2)
and (iii) the formation of products, which are not explicitly defined in the chemical
code.

The mechanism of the terpene–ozone reactions is sufficiently well understood to
allow the development of simplified oxidation schemes for a few biogenic alkenes
such as α-pinene and β-pinene (Jenkin et al., 2000, Winterhalder et al., 2000).
Although reasonably good results are obtained using the simplified approach de-
scribed above, other aspects of alkene-ozone reactions still lack an explanation,
e.g., the formation of pinonaldehyde as a major product in the ozonolysis of α-
pinene. The major uncertainties in the evaluation of the relative importance of the
ozone-alkene reactions are the large differences in the values of the rate coefficients
reported in the literature.
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Figure 4. Yields of H2O2 and hydroxy alkyl hydroperoxides (HAHP) versus the OH yield for
selected alkenes and terpenes.

3.3.2. Conclusions

In conclusion, the laboratory studies confirm that the OH radicals and hydroper-
oxides are formed via different energy states of the Criegee intermediate produced
in the ozonolysis. Excited Criegee intermediates produce OH radicals via unim-
olecular decomposition, whereas stabilised Criegee intermediates react with water
vapour to form (depending on structure) H2O2 and hydroxyalkyl hydroperoxides
(HAHPs). Considerable yields of H2O2 and HAHP have been observed for exocyc-
lic monoterpenes (see Figure 4), together with an associated increase in the yield of
the co-product RCOR’ (see Reaction (R6a)). With respect to the mechanism of the
OH production (hydroperoxide channel, Reaction (R4)), extensive investigations
have shown, that the co-product fragment [R′CHC(O�)R] is oxidised to an RO2

radical, which might further influence the tropospheric oxidation capacity.

3.3.3. Does the RACM Mechanism Predict Reactivities of Biogenic VOCs
Correctly?

Several smog chamber runs have been carried out in the outdoor simulation
chamber EUPHORE in Valencia, Spain (Becker, 1996) with the biogenic alkenes
isoprene, α-pinene and limonene, either as single VOCs or as additive to a three-
component VOC mixture (base mix: n-butane, ethene, toluene) used as a simplified
surrogate representative of a hydrocarbon mix in polluted ambient air. The initial
carbon and NOx concentrations of 2 ppmC and 200 ppb, respectively, as well as
the proportions of the base mix VOCs were kept constant in all experiments.
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Figure 5. Comparison of �[O3]-�[NO] in a base mixture experiment and in studies with
added isoprene (47.5 ppb (1), 59.6 ppb (2)), limonene (16.9 ppb) and diethoxy methane (DEM,
80.0 ppb). Base mixture: 212 ± 16 ppb n-butane, 208 ± 13 ppb ethene, 64 ± 4 ppb toluene.

Figure 5 shows plots of �[O3]-�[NO] against irradiation time for the surrogate
base mixture and for the base mix with added isoprene, limonene or di-ethoxy
methane (DEM). Whereas addition of isoprene or α-pinene (not shown in Figure 5)
led to an increase of the rate of ozone formation, no such effect was observed in
experiments with added limonene.

The experiments were simulated using a box model with the RACM mechanism
from Stockwell et al., 1997. Good agreement between simulated and measured
concentration-time profiles (of ozone, NO, NO2 and VOCs) has been obtained
for the base mix runs and also for experiments with added α-pinene and li-
monene. In contrast, the ozone formation in experiments with added isoprene is
under-predicted by RACM. This is also the case for experiments performed on
isoprene/NOx and α-pinene/NOx mixtures.

The product formation from the reaction of isoprene with OH in the RACM has
been modified and updated using results from recent laboratory studies (Kwok et
al., 1995; Chen et al., 1998; Gierczak et al., 1997; Ruppert and Becker, 2000). The
modifications led to improvement in the agreement between simulated and meas-
ured data for the runs. The strongest influences on ozone formation were caused
by the decrease of the organic nitrate yield from 0.153 to 0.08 and the increase of
the reactivity of the reaction products by introducing a new product species, HCB,
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representing unsaturated hydroxycarbonyls. The modifications caused the number
of species and reactions in RACM to be increased by 2 and 5, respectively.

The mechanism for α-pinene was similarly extended by introducing pinonal-
dehyde as a separate product, which is formed in reactions of α-pinene with OH,
O3, and NO3. Further degradation of pinonaldehyde occurs by reaction with OH
and photolysis (Nozière et al., 1999). In the mechanism the radical yield from the
reaction of α-pinene with O3 increased, since it was assumed that a second radical
has to be formed parallel to each OH (see below). The modified mechanism, which
currently contains 10 additional species and 12 additional reactions as compared
to the RACM, significantly improves the simulation of the EUPHORE chamber
experiments. However, it should be emphasised, that although the simulations have
been improved, more mechanistic information is still required, especially for the
ozonolysis and for further reactions of the products.

3.3.4. Conclusions

From the results obtained within the TFS project and from a comparison of the
RACM degradation schemes for the three biogenic VOCs with recent experimental
data, there is evidence that RACM under-predicts the reactivity of the biogenics. If
this is true as the present work suggests, 3D-modelling studies using RACM could
lead to erroneous conclusions with respect to

• predicting reactivity scales for biogenic VOCs,
• NOx versus VOC sensitivity and reduction scenarios,
• anthropogenic versus biogenic influence on ozone formation,
• peak ozone levels at rural areas (e.g., levels would be under-estimated

downwind of cities).

However, in the ‘complexity’ of the 3D model, these effects may be masked or
compensated by other errors. Nevertheless, for certain applications and conditions
more specific and possibly more detailed mechanisms for biogenic VOCs are re-
quired, so that the more reactive character of the biogenic VOCs compared to the
anthropogenic VOCs is properly reflected. The mechanisms need to be updated
frequently and evaluated against comprehensive smog chamber data sets.

3.4. REACTIONS OF SELECTED ALKOXY AND ALKYLPEROXY RADICALS

Alkoxy and alkylperoxy radicals are important intermediates in the radical chain
of the tropospheric degradation of alkanes and similar compounds (e.g., ethers, al-
cohols). Peroxy radicals mainly react with NO forming NO2 and an alkoxy radical,
which promotes tropospheric ozone formation. The structure of the alkoxy radicals
determines the relative importance of the possible loss processes, i.e., reaction with
O2, isomerisation or decomposition. The two latter pathways strengthen the overall
conversion of NO to NO2 and, therefore, the formation of ozone.
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Table VII. Rate coefficients for selected alkoxy radical reactions,
T = 293 K, p = 37.5 Torr (Hein et al., 1998, 1999, 2000a)

Radical Reaction k (cm3 s−1) or (s−1)

1-butoxy O2 reaction (1.4 ± 0.7) × 10−14

isomerisation (3.5 ± 2) × 104

2-butoxy O2 reaction (6.5 ± 2) × 10−15

decomposition (3.5 ± 2) × 103

1-pentoxy O2 reaction ≤ 1.0 × 10−13

isomerisation ≥ 5.0 × 104

2-pentoxy O2 reaction ≤ 6.5 × 10−14

isomerisation (1.8 ± 1) × 105

3-pentoxy O2 reaction (7.2 ± 4) × 10−15

decomposition (5.0 ± 2.5) × 103

3.4.1. Rate Coefficients for the Decomposition/Isomerisation of a Series of
Alkoxy Radicals and Their Reactions with O2

The reactions of 1-butoxy, 2-butoxy, 1-pentoxy, 2-pentoxy and 3-pentoxy radicals
were studied using time-resolved and simultaneous measurement of NO2 and OH
concentrations in pulse laser-initiated oxidation studies followed by numerical sim-
ulations of the concentration profiles. Alkoxy radicals were selectively produced by
excimer laser photolysis of alkylbromides at 248 nm and subsequent reaction of the
corresponding alkyl radicals with O2 and NO. All experiments were performed at
293 ± 3 and 37.5 Torr.

Alkoxy radicals show three distinct competitive reaction pathways, depending
on their structure and on environmental and experimental conditions. These path-
ways are: (i) reaction with O2, yielding a carbonyl compound (aldehyde or ketone)
and HO2, (ii) unimolecular decomposition, forming an aldehyde or a ketone and
a shorter alkyl radical, and (iii) isomerisation (1,5-H-shift) via a 6-membered and
nearly strain-free transition state.

Rate coefficients for these types of reactions were determined by parameter vari-
ation using the established FACSIMILE box model integrator (AEA Technology,
U.K.), until best fits for the measured OH and NO2 concentration time profiles were
performed. Table VII summarises all rate coefficients determined for isomerisation,
decomposition and reaction with O2 for the different butoxy and pentoxy radicals
investigated.

In summary, the theoretical approach as well as the experimental methods using
the technique of laser pulse initiated oxidation combined with numerical simulation
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of measured concentration-time profiles proved its usefulness for investigations of
alkoxy radical reactions.

3.4.2. Rate Coefficient Ratios for the Unimolecular Decomposition/Isomerisation
of Selected Alkoxy Radicals and Their Reaction with O2

1-Butoxy, 2-butoxy, i-butoxy and 3-pentoxy radicals were prepared by stationary
photolysis of alkyl iodide/O2/NO/N2 mixtures at 254 nm. The experiments were
performed at 298 K, a total pressure of 760 Torr, and oxygen partial pressures
between 75 and 750 Torr. Effective rate coefficient ratios (kuni/kO2)eff were de-
rived from the product distributions as measured by long-path IR absorption using
a FT-IR spectrometer. For example, acetaldehyde and butanone are the products
formed in the dissociation (kdis) and the O2 reaction (kO2 ), respectively, of 2-butoxy
radicals. For 2-butoxy, kdis/kO2 was derived from experiments at different oxygen
pressures, based on the following equation:

kdis/kO2 = ([CH3CHO] × [O2])/(2 × �[butanone]) . (1)

The factor of 2 arises due to the formation of one molecule of acetaldehyde directly
in the dissociation reaction of 2-butoxy radicals and a second from the further
reaction of the second dissociation product, C2H5. A nearly complete product ana-
lysis was performed, and small corrections were made for the formation of ethyl
nitrate, ethyl nitrite and products of the reaction of acetaldehyde with OH radicals
(PAN, formaldehyde). In the case of 1-butoxy radicals, the isomerisation products
(hydroxycarbonyls) could not be quantified, and the determination of kiso/kO2 is
based solely on the analysis of butanal, including corrections for the formation of
1-butyl nitrate and 1-butyl nitrite, which reduce the yield of 1-butoxy radicals.

For all alkoxy radicals studied by this method, the ratios kuni/kO2 as defined
by Equation (1) and equivalent expressions for the other alkoxy radicals showed a
linear increase with the oxygen partial pressure by 40–115% in the range 75–750
Torr O2. This increase depends on the type of the alkoxy radical, which is summar-
ised in Table VIII. It should be possible to reduce the error limits in the near future
by a more complete analysis of the side products. The values calculated here for
atmospheric conditions (298 K, 150 Torr O2, total pressure 750 Torr, M=N2 + O2)
are in reasonable agreement with experimental data of Carter et al. (1979), Cox
et al. (1981), Blitz et al. (1998), Hein et al. (1998, 1999, 2000a), and Atkinson et
al. (1995), as well as with semi-empirical estimates of Atkinson (Atkinson, 1997),
and ab-initio calculations of kdis of Somnitz and Zellner (2000a, b, c). For i-butoxy
radicals, no other experimental data are available. Agreement with the value from
the estimation method of Atkinson is achieved only when the JPL value of the heat
of formation of the i-propyl radical (DeMore et al., 1997) is used in this estimation
rather than the more commonly accepted value of Atkinson et al. (1999). The O2

dependence of kuni/kO2 observed in this work is most easily explained by the form-
ation of 10–20% of chemically activated alkoxy radicals in the reaction RO2 + NO
(RO + NO2. Recently, a similar effect has been described by other research groups
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Table IX. NOCON factors experimentally obtained for selected lin-
ear, branched, cyclic and oxygenated VOCs (Hein et al., 2000b)

Chain length NOCONlinear NOCONbran, cyc NOCONoxy

1 2.0

2 2.0 2.0

3 2.0 1.5, 1.8

4 3.1

5 3.7 2.9, 3.5

6 4.3 2.7, 3.0, 3.1

7 5.6

8 5.9

for halogenated and hydroxylated alkoxy radicals (Wallington et al., 1996; Orlando
et al., 1998). In Table VIII, the results from the stationary method are compared
with rate coefficient ratios derived from the individual rate coefficients kuni and kO2

as determined by Hein et al. (see Tables VII and VIII), demonstrating the good
agreement of the two data sets obtained by completely different methods. This is
shown in the last column of Table VIII for the alkoxy radicals investigated, both
unimolecular transformation and reaction with O2 are of comparable importance
under tropospheric conditions.

3.4.3. Determination of NOCON Factors

In a second set of experiments, the NOCON factors (Hein et al., 1998, 1999,
2000a), i.e., the ratio �[NO2]/�[VOC], the amount of NO2 produced per molecule
VOC oxidised, of a variety of linear, branched, cyclic and oxygenated VOCs were
directly measured. The NOCON factors as a function of chain length of the VOCs
investigated are summarised in Table IX. NOCON factors obtained for the linear
VOCs increase with increasing chain length, indicating that isomerisation and de-
composition are the dominant reaction pathways for larger VOC (more than 4 C
atoms), whereas reaction with O2 is the main degradation pathway for smaller VOC
(1–3 C atoms). NOCON factors of the branched and cyclic VOCs are in the range
2.7–3.5, those of alcohols in the range 1.5–2.0. Since their oxidation mechanisms
include one NO/NO2 conversion cycle less, their NOCON factors are generally
smaller than those of non-oxygenated VOC.

In conclusion, NOCON factors offer the possibility to concentrate the different
possible reaction pathways of alkoxy radicals in one parameter. Accordingly, ex-
plicit knowledge of complete oxidation mechanisms is not always necessary for
the description of atmospheric chemical systems.
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3.4.4. Investigation of the Chemistry of 2-Butylperoxy Radicals in the Presence
of NOx

The chemical processes leading to the formation of ozone proceed via the con-
version of NO to NO2 by peroxy radicals (RO2). For the determination of the
ozone forming potential of a certain hydrocarbon, it is therefore important to know
the accurate number of peroxy radicals produced during the oxidative degradation
process of this species.

This number depends on two factors: the formation yield (α) of organic nitrates
(RONO2) and the production rate of RO2 during the subsequent reactions of the
alkoxy radical (RO). This rate is given by the ratio of the rate coefficients of
isomerisation and decomposition of the RO radical to the rate coefficient of its
reaction with O2. Both factors were obtained for the 2-butylperoxy radical within
the project.

The present value of (1.9±1.0)×1018 cm−3 for (kisom+kdec)/kO2 is comparable
to the literature data of Libuda et al. (2000, (3.0 ± 0.6) × 1018 cm−3), Hein et al.
(1998, (3.0±0.6)×1018 cm−3) and Atkinson (1997, 4.6×1018 cm−3). The α value
of (0.089 ± 0.007) determined here is in excellent agreement with that of Libuda
et al. (2000, see also Table IX). This value indicates that 48% of the 2-butyloxy
radicals will decompose. Accordingly, about 1.3 RO2 radicals are formed in the
whole degradation chain of the 2-butyl radical.

3.4.5. Conclusions

Within the TFS/LT3 programme, the database of the reaction pathways of alkoxy
and alkylperoxy radicals in the atmosphere was significantly extended. A couple of
reactions were studied for the first time. In addition, a number of reactions were re-
investigated. The present results together with already existing literature data offer
the revision of chemical modules used for CT models in order to yield a better
description of VOC degradation chains in the atmosphere.

3.5. ENVIRONMENTAL CHAMBER EXPERIMENTS

Within the TFS programme, a new outdoor simulation chamber (SAPHIR) at the
Research Center Jülich was constructed (Wahner and Dorn, 2000). Though the
chamber was not completed before the TFS project was finished, a couple of
experimental and theoretical studies, focused on the chemical and physical char-
acterisation of the chamber, were carried out. These pre-investigations mainly
concentrated on the correct description of the radical budget in future experiments,
which is one of the most sensitive parameters for the successful interpretation of
smog chamber studies. Detailed information about the SAPHIR chamber can be
obtained from the world wide web (FZ Jülich, 2000).



350 HARALD GEIGER ET AL.

3.5.1. Characterisation of a New Simulation Chamber

3.5.1.1. Laser-Induced Self-Production of OH Radicals Measured by Long Path
Laser Absorption Measurements. When multiple-reflection cells are used for the
measurement of OH radicals by long-path UV absorption spectroscopy, the prob-
ability of OH self-production (Reactions (R1) and (R2)) in the enhanced UV laser
radiation field within the cell cannot be excluded a priori.

O3 + hv (λlaser = 308 nm) → O1D + O2 (R8)

O1D + H2O → OH + OH . (R9)

Experiments were performed to investigate the effect for laser-induced self-
production of OH using a folded long-path absorption instrument (Hausmann et
al., 1997).

Laser-induced OH formation by the Reactions (R8) and (R9) at different levels
of ozone was investigated in the Jülich Atmosphere Simulation Chamber SAPHIR.
Due to delays in completion of the final chamber construction the measurements
were performed within the outer protection cover of the chamber and not within
the Teflon walls which are currently being erected.

All experiments were performed using a total light path of 1103 m, corres-
ponding to 56 passes through the White optics mounted within the chamber. The
composition of the air within the chamber corresponded to outside air. The ozone
mixing ratio was varied from ambient conditions (36 ppb) up to about 2000 ppb.

As already demonstrated by Gerlach (1991), the concentration of laser-induced
OH increases proportional to ozone. However, the measurements showed that at
ozone mixing ratios less than 400 ppb the concentration of OH remained below the
detection limit of the instrument which varied between (1.5–2.5)×106 OH radicals
per cm3 (see Figure 6).

Nevertheless these experiments will be repeated after completion of SAPHIR al-
though most of the planned chamber experiments will be performed at considerably
lower ozone mixing ratios.

3.5.1.2. OH Formation on the Chamber Walls. Model studies have been con-
ducted to study the influence of wall reactions on the chemistry in the SAPHIR
chamber. One of the potentially most important reactions is the light-induced pro-
duction of OH radicals (Carter et al., 1995). Following the parametrisation of the
OH source strength as function of the radiation and adopting a simple scaling law
for the dependence on the chamber volume V and the wall surface area F the
volume source strength can be described by (Bluhm, 1998):

S0(OH) = 3.08 × 1024 cm−2 F/V j (NO2) exp(−9556.16 K/T ). (2)

Box model calculations for stationary concentrations of short-lived compounds as
a function of the forcing parameters (pressure, temperature, and radiation) and the
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Figure 6. Dependence of the laser-induced OH concentration on the mixing ratio of ozone in
the simulation chamber SAPHIR.

concentrations of longer-lived precursors and reaction partners were undertaken
to explore the possible impact on the OH concentration. The two-dimensional
contour plot illustrated in Figure 7 shows the dependence of the OH concentration
on the mixing ratio of NO2 and on S(OH). If S(OH)/S0(OH) > 1, the wall source
must be taken into account. The estimation of S0(OH) in Equation (2) is highly
uncertain, thus a measurement in the SAPHIR chamber is a necessary prerequisite
of a quantitative comparison between model and experiment.

Other wall processes, in particular losses of ozone, N2O5, HNO3 and NO2, are
associated with lifetimes of typically more than a day (Mentel and Wahner, 1996;
Mentel and Sohn, 1997). For the modelling of short-lived species in chamber stud-
ies under experimental constraints for the longer lived compounds, these processes
do not need to be considered.

4. Summary and Conclusions

The TFS/LT3 programme yielded important results from the experimental invest-
igation of complex chemical processes related to tropospheric photochemistry.
A substancial number of rate coefficients for elementary steps were determined.
Intensive product studies of the tropospheric degradation of selected aromatic,
oxygenated and biogenic VOC were performed. For several oxygenated organic
compounds, explicit reaction mechanisms were constructed and tested against ex-
perimental data. In total, the results of the present work significantly increase the
chemical data base necessary for the further development and improvement of
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Figure 7. Contour plot of OH as function of NO2 and the source strength S(OH) of the OH
wall source. S0(OH) is the estimated value for SAPHIR based on literature data (see Equation
(2)).

chemical modules used in chemistry transport models (CTM) with the final goal of
more precise ozone prognosis on regional and global levels.
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