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The reactions of arcmatic hydrocarbons represent a major
area of uncertainty in urban atmospheric photochemistry. Much
effort has been spent studying the simulated atmospheric oxidation
chemistry of model aromatics, such as toluene, in order to
delineate their reaction mechanisms., These studies are motivated
both by interest in fundamental processes and a desire to discover

an aromatic's contribution to the formation of ozone in polluted
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ambient atmospheres.

Previous work on toluene includes both product studies and
proposed mechanisms. In all previous studies, the combined product
yields are half or less of the initially reacted toluene. A major
reason for the poor carbon balances found in these studies is the
precipitation of intermediate reaction products from the gas phase
to the reaction walls.

We have studied the oxidation process by blacklight
irradiation of 1-10 ppm each of toluene and oxides of nitrogen in
22-liter pyrex flasks, in zero~air at 50% relative humidity. The
flasks were pre—cleaned by baking at 350 C and the products were
recovered from the walls by extraction with methanol or
dichloromethane. Some gas-phase products were recovered in the
solvent as well. The extracts were analyzed on a Finnigan MAT
triple stage quadrupole mass spectrometer/ data system by direct
probe injection. Methane chemical ionization converted the
products to M+l parent ions. The molecular weights of the products
were determined from the (I mass spectrum, and also by the general
survey methods ¢f neutral loss and parent ion spectra. Once their
molecular weights were determined, the products were fragmented by
collision—-induced—dissociation (CID) in the middle quadrupole to
produce characteristic daughter ions. To assist in the spectral
interpretation, toluene in three isameric forms was subjected to
simulated atmospheric reaction. In addition to normel (HB)
toluene, methyl-deuterated (D3) and per—deuterated (D8) toluene

were used.
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This study confirmed the existence of a number of products
identified in past studies, confirmed the formation of some
products which have been hypothesized in several proposed
mechanisns for toluene oxidation, identified a number of
previcusly unidentified and unproposed products. In some cases the
fragmentation patterns didn't allow choice among several methyl—-
or hydroxyl-positional isamers, and undoubtedly more than one
isomer was often present, as would be expected.

Detailed mechanistic steps have been outlined for all
reaction products' formation and destruction. Other analytical
techniques including GC, GC/MS, and HPLC, have supplemented the
MS/MS analysis.

These results and the further study of the types of
compounds identified should make a significant contribution to the

understanding of atmospheric aramatic systems.
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CHAPTER I
INTRODUCTION

The reactions of aromatic hydrocarbons represent a major
area of uncertainty in urban atmospheric photochemistry.
Alkylaromatic hydrocarbons currently comprise about 35% of
gasoline in the United States and they are widely used as
solvents. Toluene, the most commonly used member of the family, is
perhaps the most abundant constituent of gasoline and.is a major
industrial solvent (1). The ambient concentrations and
reactivities of aromatic hydrocarbons are comparable to those for
alkanes and alkenes (2). In scme areas, toluene's ambient
concentration can become gquite high. Table I shows ambient
concentrations measured at Janesville, Michigan, downwind of an
automotive painting plant (3). Toluene is the most abundant
aromatic present in the study, and its concentration is comparable
to the sum of all other major species. In most airsheds the
aromatic hydrocarbons' concentrations are less than the alkanes'.

Alkanes are much less reactive than the aromatics however (4).



TABLE I

HYDROCARBON CONCENTRATIONS IN GRCUND LEVEL SAMPLES
AT JANESVILLE MICHIGAN, DOWN WIND OF A
GM PAINTING PLANT

Compound ug/cubic meter
~ 2-methylpentane 1.5
3-methlypentane
n-hexane
methylcylopentane
2,4-dimethylpentane
2,3-dimethylpentane
3-methylhexane
n-heptane
methylcyclohexane
toluene
2,3~dimethylhexane
2-methylheptane
3-methylheptane
n~octane
ethylbenzene
m~ and p—xylene
o-xylene
n~propylbenzene
p—ethyltoluene
methyltoluene
o~ethyltoluene
1,3,5-trimethylbenzene
1,2,4~trimethylbenzene
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Alkenes are more reactive than the aromatics, but alkene
concentrations are usually far lower. Since both concentration and
reactivity are important in determining a hydrocarbon's
participation in polluted air photochemistry, aromatics have a
major influence.

Simulated atmospheric studies of toluene and other aramatics
date back to experiments of the 1960's (5-8). These experiments
were concerned largely with the ozone-forming potential of these
compounds. Recent studies have used more sophisticated reaction
vessels and more powerful analytical techniques in the attempt to
identify and quantify the reaction products (9-~34). These studies
have been motivated both by a fundamental interest in the reaction
mechanism and a desire to discover an aramatic's contribution to
the formation of ozone in polluted atmospheres. Further interest
is warranted, due to the presence of toluene's oxidation products
as possibly significant constituents of polluted air.

Chemical processes occurring in sunlit, polluted atmospheres
are usually simulated in so-called smog chambers. Hydrocarbons and
oxides of nitrogen in the parts per billion (ppb) to parts per
million {ppm) range in air are exposed to real or simulated
sunlight and the products of the reaction are determined by a
variety of analytical techniques, usually gas chramatography (GC)
for the hydrocarbons and their oxidation products. This procedure
has been successfully applied to the alkenes and alkanes (e.g.
35) . For the aromatic hydrocarbons, toluene has received the most

study but very few products have been found by GC analysis.
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Several studies have been published in which a partial
characterization of toluene's oxidation products has been carried
out (7-19). These studies have normally useG gas phase sampling,
with concentration of the sample using a cold trap or adsorptive
cartridge such as Tenax. In one case (12) suspended aerosols were
collected by filtration and extracted from the filter with
solvents. Separation and identification of the products have been
carried out using GC or GC combined with mass spectrometry
(GC/MS). The <chief gas phase products identified were
peroxyacetylnitrate (PAN), benzaldehyde, cresol and nitrotoluene
isomers, CO, and CO2, but their combined yields are half or less
of the reacted toluene.

Many of the prior studies (11,13-15,19,21) have employed
high concentrations of reactants (toluene and oxides of nitrogen)
in order to increase the amount of products formed. This is
somewhat counterproductive since high concentration of nitrogen
oxides favors radical termination processes to produce various
nitro-aromatics and aryl-nitrates. These products are relatively
easy to characterize by gas chromatography but their yield at
ambient levels of nitrogen oxides is minimal., The products of
major interest are the ring~ fragmentation species, produced by
attack of atmospheric hydroxyl radical on toluene, followed by
addition of atmospheric oxygen, and subsSequent extensive
rearrangement and fragmentation. The identification of ring
fragmentation products is especially interesting because the

aromatic products also must react and fragment, ultimately leading
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to the final products carbon monoxide and carbon dioxide. (Carbon
monoxide 1is also slowly converted to carbon dioxide.) Currently,
quantitative gas-phase product data are available for PAN, CO,
benzaldehyde, cresols, some nitroaromatics, and for photooxidation
of NO to NO2 with accompanying 03 formation (9). In addition,
several ring-fragmentation products have been identified in
various studies but never quantified (11). This information, along
with several hypothesized products, has been used to develop
explicit mechanisms (9,26,34) for the atmospheric oxidation of
toluene as carried out in smog chambers.

Mechanistc efforts are hampered by the poor carbon balances
in the product studies. By necessity, a large portion of the
proposed mechanistic patlways for toluene must be considered
tentative because of the 1limited data on the identities and
reactivities of the intermediate reaction products. Thus, the
mechanisms are based largely upon upon fitting the experimentally
observed time profiles for nitric oxide photooxidation and ozone
formation, a necessary but by no means sufficient condition for
validity. A thorough understanding of the intermediate products is
required if accurate models of the system are to be constructed.

The intent of the work described in this thesis has been to
more fully characterize the products of toluene's atmospheric
degradation. The work has centered on discovering the "missing”
ring-fragmentation products, which were previously poorly
understood. Total gas-phase carbon measurements were made to

determine if the reaction products were in the gas-phase or in the



aerosol-phase. The relatively new technique of mass
spectrometry/mass spectromectry (MS/MS) has been the most useful
technique in characterizing the products found in the study. The
techniques of gas chromatography (GC), gas chromatography/mass
spectrometry (GC/MS), and high performance 1liquid chromatography
(HPIC), bhave been used to supplement the MS/MS studies. In the
final pages of this thesis, a mechanism for toluene's atmospheric
degradation is outlined. This mechanism puts the identified
products into their proper reacton system framework. It is hoped
that the results presented here will be a substantial aid in the
understanding of atmospheric aromatic systems. This information in
turn, will increase the accuracy of ocomprehensive tropospheric
chemicai models used by air pollution control authorities, and

ultimately lead to more effective control strategies.



CHAPTER II

CARBCN BALANCE MESUREMENTS

INTRODUCTION

Considerable mention has been made of the carbon balance in
smog chamber experiments. The goal of course, is to account for
all the reacted hydrocarbon in terms of intermediate product
molecules, with the ultimate gas phase products being carbon
monoxide and carbon dioxide (CO is slowly oxidized to Q02 as
well) . In the past, this carbon balance could only be attempted by
adding up the sum of all the concentrations of the detected
products. Carbon balances of this type for the lower molecular
weight alkanes and alkenes are fairly good, with the identified
products accounting for most of the reacted hydrocarbon over the
course of the reaction. The case of carbon balances for the higher
molecular weight alkanes and alkenes has been studied to a very
limited extent. Carbon balances for the aromatic hydrocarbons,

although the subject of considerable study, have always been
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extremely poor (36). Lack of adequate product data in a sense

makes the job of chemical mechanicians easier, since it reduces
the constraints put upon their mechanisms. However, the
reliability of these models must remain in doubt until better
product data is obtained.

The experience in our laboratory in studying the products of
the reactions of aromatic hydrocarbons under simulated atmospheric
conditions (10) has convinced us of the importance of determining
carbon balances before uridertaking explicit model development.
Consequently, our laboratory has carried out a direct study of the
yield of gas phase hydrocarbon products formed under simulated
atmospheric conditions. This type of study has never previously
been attempted—in part because it is difficult or even impossible
in many smog chambers, due to high background levels of organic
compounds, and/or carbon dioxide. Results indicate that ignoring
heterogeneous processes in reactions of all aramatic hydrocarbons,
at least in smog chambers, may be a serious error. For instance,
recent, detailed mechanisms for the reactions of toluene in a smog
chamber make no mention of wall loss of reaction products (9).
However, these studies required invoking a "wall" source for free

radicals, thus indicating the likelihood of condensed products.
EXPERTMENTAL

The reactions were carried out in evacuable glass vessels of
22 and 239 liter volumes. The flasks were spherical and were

fitted with Teflon-plug glass stopcocks. The smaller vessels could
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be cleaned by heating to 723 K in an anrealing oven. The large
vessel was cleaned by radio frequency glow discharge at a pressure
of about one torr of oxygen, a technique similar to that used in
the semiconductor industry for cleaning substrates (37). Both
these processes served to remove condensed hydrocarbon products of
previous experiments from the walls. The cleanliness of the
vessels was monitored by irradiating air-zero gas (50% relative
humidity) with about a part-per-million (ppm) of nitrogen dioxide.
Oxides of nitrogen were measured by a chemiluminescent NOx
analyzer, During this pre~irradiation, which lasted several days
or weeks if necessary, 0O, C02, and total gas-phase carbon (TGC)
were measured (TGC in the 239 1liter flask only). When the
background rate had been characterized sufficiently, the
hydrocarbon was added to initiate the reaction. Background TGC
were generally less than 2ppmC, C02 generally less than lppm, and
Q0 less than 0.05ppm.

The flasks were irradiated with fluworescent 1lights to
simulate the ultraviolet portion of the solar spectrum. The large
flask had an equal combination of fluorescent black lights and
fluorescent sun lamps. The overall light intensity gave an NO2
photolysis rate (kl) of about 0.2 min (38), The absolute spectral
intensity distribution was not measured but was probably deficient
at the short wavelength end compared to actual sunlight. The 22
liter flasks were irradiated with blacklights only.

We obtained the gas phase carbon measurements by passing the

air sample for analysis over an oxidative catalyst heated to 923 K
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(39) . This oxidized all nydrocarbons, and carbon monoxide, to €02,

which was then measured quantitatively by gas chromatography. We
call this measured quantity total gas-phase carbon. Since no
filtering of the air sample was used, TGC includes suspended
aerosol when present. The total carbon analysis was calibrated
quantitatively by pressure/volume expansion into the large
reaction vessel. Known amounts of various hydrocarbons, and carbon
monoxide, were compared in their GC response to carbon dioxide to
verify their quantitative oonversion to (02. Then, in each
experiment, the hydrocarbon added initially was calibrated as Q02
after combusion in the flow system. The sample lines leading from
the flask to the combustion chamber were heated to 325 K. In
addition to TGC, (0, 02, and hydrocarbon were measured by gas
chromatography as a function of time. Carbon monoxide has often
been measured as a reaction product, but measurement of carbon
dioxide is not frequently carried out by other reseachers.
Hydrocarbons were measured with a Perkin-Elmer PE 990 gas
chromatograph with a flame ionization detector (FID), and equipped
with a laboratory built autamatic sampler. A one meter glass
column packed with Porpack QS (Supelco) was used for the butane
reaction. Toluene was separated on a one meter glass column packed
with 20% SP-2100/0.1% Carbowax 1500 on 100/120 Supelcoport
(Supelco) . Temperatures for the separations were 110°C for butane
and 90°C for toluene. 00 and CO2 chromatography was performed on a
modified Perkin—Elmer PE 3920 using a FID. (O separation was on a

one meter glass column packed with Carbosieve S. C02 separation
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was on a two meter glass column packed with Porpack QS. Both these

separations were conducted at room temperature (23°C).
RESULTS

Gas phase carbon balances were measured for several
hydrocarbons in addition to the aramatics. Hydrocarbons such as
cyclohexene, which are known to be prolific aerosol formers, were
not studied. In the case of the low molecular weight hydrocarbons,
current mechanisms predict very good gas phase carbon balances.,
This was observed to be the case for propene, acrolein,
formaldehyde, acetaldehyde, butane, and hexane, which all gave
essentially 100% TGC yields. Figure 1 shows an example of the
butane results. The TGC measurement remains constant at the
initial value, indicating the gas phase carbon balance remains
constant, even though the butane decreases fram reaction with
hydroxyl-radical.

Experiments were carried out with two aromatic hydrocarbons,
toluene and o~-xylene, and with two known toluene reaction
products, benzaldehyde and o-cresol. All these compounds gave
large TGC deficits. The aramatics did this without formation of
any condensation nuclei while both benzaldehyde and o-cresol
generated large amounts of condensation nuclei at the time the
lights were turned on. Toluene was studied in considerable detail.
Figure 2 shows typical carbon data which indicate that during the
first 30 hours of continuous irradiation, toluene reaction gave a

gas phase carbon (TGC) yield of only 37%. Other reactions of
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toluene in the 239 liter reaction vessel gave similar results. The
initial concentrations ranged from 0.2 to 4.3 ppm and the TGC
yields were not significantly higher at lower concentrations. In
the case of o~xylene, the TGC yield was 53%. The TGC yield from
o~cresol was 50%, and benzaldehye was also 50%. All these yields
are uncorrected for the background CO and (02 generation rate, and
for the suspended aerosol formed from the oxygenated aromatics.
Thus they represent upper limits. At longer reaction times, the
TGC deficit decreased as the material on the walls and/or its gas
phase vapor component oontinued to react and form QO and CO2.
Figure 2 indicates this at times after 1800 min, Several reactions
were carried out in the 22 liter flasks for extended periods, up
to a maximum of 40 days pre-irradiation and 40 days after toluene
was added. In this case a complete recovery of the added toluene
as (02 and CO was obtained. However, in these experiments it was

not possible to measure TGC.
DISCUSSION

Since experiments of this type have apparently not been
carried out previously, it is not possible tc compare the TCC
results to data fraom other reaction vessels. It is possible to
compare the carbon monoxide data from both the large and small
reaction vessels with the extensive data available from the large,
evacuable smog chamber at the Statewide Air Pollution Research
Center at the University of California, Riverside, and with data

from the outdoor Teflon chamber at the University of North
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Carolina. These data are shown in Fig. 3. Dr. Robert O'Brien has

derived a time independant method for the comparison of product
data from different experimental chambers. This is described
briefly below.

The data presented in Figure 3 can be simulated with a
simple kinetic scheme representing QO in terms of prompt and

delayed yields as follows (40):

k1l

TOLUENE + HO > al CO + other products (1)
kl

TOLUENE + HO ———=> a2 INTERMEDIATE (2)
k2

INTERMEDIATE + HO ——> b QO (3)

Here, k1l and k2 are rate constants fcr the overall reaction with
HO; reaction 1 gives a direct QO yield and reaction 2 produces an
intermediate which ultimately produces same QO as well; al, a2,
and b are the fractiomul yields for the various steps. For
simplicity, photolysis of the intermediate and overall dilution
have been ignored here. The effect of dilution was minimal since
the chemical 1lifetime of toluene was much shorter than the
dilution lifetime (about 500 and 5000 minutes, respectively) in
our large reaction vessel. Photolysis of the intermediate can be
incorporated into an effective value of k2. Analytical solution of
these kinetic differential equations on a time-independent basis
yields the following equation for the reaction product, carbon

monoxide, expressed as a function of the concentration of its
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parent hydrocarbon, toluene.

o)

Here, [T] is the toluene concentration; the subscript, oy

[0] = -alefTj-a2b r
R-1

(4)

indicates initial concentration—all other concentrations are at
time, t. R is the rate constant ratio, k2/kl. The first term is
the direct (O yield in reaction 1. The second term is the indirect
@ yield from the intermediate. The actual mechanism is
undoubtedly more ocomplex than reactions 1-3, with several
intermediates being important, and probably multistep QO formation
as well. Nevertheless, this simple model is seen in Fig. 3 to be
adequate for comparison of data from different reaction vessels.
Note that the equation is independent of the hydroxyl radical
concentration as well as time, and that it can be made
dimensionless by dividing by the initial toluene concentration.
This dimensionless data analysis procedure shows pramise in
normalizing results fram any type of smog chamber reaction carried
out at any light intensity and at any initial concentration,
provided only that ozone reactions are of minimal importance. If
dilution or product photolysis are important, more complete
equations are available (40). Figure 3a presents data fram the 239
liter flask, and Figure 3b is from the small 22 liter flasks. A
line 1is shown with arbitrary values of 7.5 percent of the carbon
appearing as Q0 shortly after hydroxyl attack on toluene, and 10

percent appearing somewhat later from the reaction of intermediate
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compounds. There is an apparent difference in the overall yields
of carbon monoxide in these two reaction vessels with about 20%
overall yield in the small reaction vessel and about 14% overall
yield in the larger reaction vessel. Data from the SAFRC chamber,
Fig, 3¢, is virtually identical to data from the 239 liter vessel,
although the reactions did not run long enough to unambiguously
obtain the overall yield. Data from the UNC chamber, Fig. 3d, is
similar as well. More discussion of the significence of the Q02
and CO yields will be given in Chapter VI.

The nominal surface=-to-volume ratio is most favorable in the
UNC chamber, and is worst in the 22 liter flasks. However, the UNC
Teflon walls and the Teflon coating on the SAPRC chamber probably
have a high surface roughness factor (porosity), so it is
difficult to compare these directly. When the 239 liter flask is
first filled with air-zero, the TGC reading is quite low, but then
it rises in several hours to 1 to 2 ppmC, apparently due to
desorption. Thus the commonly observed chamber "wall effects" may
in fact be due to photolysis of gas phase material which is
desorbed from the walls. Geometrical considerations indicate that
in all but the UNC reaction vessel, less than a monolayer can be
formed by deposition of reaction products fram a single reaction
at normal concentrations of reactant hydrocarbon. Thus the overall
wall deposition process is probably controlled by adsorption
and/or absorption rather than by condensation to the bulk phase.
This is confirmed by the insensitivity of the TGC yields to the

starting toluene concentration. The similarities between the O
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data from the other chambers and the 239 liter flask are so great

that we believe the overall chemistry of} the toluene intermediates
which yield CO cannot be greatly different in the two reaction
vessels. Comparison of Q02 data would be even more informative but
unfortunately no Q02 data is available from the other chambers. It
is also significant that a recent toluene mechanism (9), based
upon totally gas phase processes, apparently overpredicts the Q@
yields by a factor of three. It is probable that the low (O yields
observed experimentally are due to¢ wall deposition of most of the
intermediates, rather than to extensive fragmentation as proposed.

The overall goal of the study of pollution chemistry is to
develop a greater understanding of both the homogeneous and
heterogeneous processes occurring in real atmospheres, and not in
smog chambers. The bearing of the results presented here on the
situation in real atmospheres is not entirely clear. Certainly,
the atmospheric surface to volume ratio is not greatly different
from that in large smog chambers, due to the presence of suspended
aerosols. On the other hand, smog chamber experiments carried out
even in large reaction vessels do not show aromatic hydrocarbons
to give suspended aerosol yields as large as the TCC deficits

reported here. Thus the actual atmospheric case ramains scamewhat

enigmatic.



CHAPTER III

MS/MS DETERMINATION OF TOLUENE'S REACTION PRODUCTS

Chapter II described discovering that the intermediate
reaction products of toluene adsorb on the flask walls during the
reaction. The next step is the analysis of this adsorbed-phase.
This chapter describes the major method wused for the
characterization of the reaction products.

Mass spectrometry/mass spectrametry (MS/MS) was selected as
the method of choice for the determination of toulene's reaction
products. The method was reported to be sensitive, selective or
general (as desired), and able to give structural information
about each species in a complex mixture (41,42). These
expectations were found to be true. The experimental methods and
instrumental techniques described below proved to be very
effective.

The general field of tandem mass spectrametry has been
reviewed (41,42). This chapter describes a methodology for the

identification of envirommwental degradation products using MS/MS
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in conjunction with isotopic labeling. Although analysis of
unknowns in complex mixtures is oonsidered to be a major
capability of MS/MS, a limited number of applications have been
published to date. The samples analyzed here constitute complex
mixtures of unknowns, although considerable information about

compound classes and same specific compounds was available.
EXPERIMENTAL

Reagents

All chemicals were reagent grade. Methanol and
dichloromethane solvents were further purified by fractional
distillation. Methyl-deuterated (D3) toluene (99.5% D) was
obtained from Stohlet Isotope Chemicals, Rutherford, N.J.
Perdeuterated (D8) toluene (99.5% D) was obtained fram KOR
Isotopes, Cambridge, MA. Nitric oxide (99%) was fram Matheson.
Zero—air (<0.1 ppmC, Airco), and zero-nitrogen (<0.2 ppmC, Airco

and Matheson) were used in the experiments.

Instrumentation

Two instruments were used in this study. The majority of the
analyses were performed on a Finnigan MAT triple stage quadrupole
mass spectrometer/data system (43). The mass spectrometer was
operated in the positive chemical ionization (CI) mode using 99.9%
pure methane (Matheson) at a pressure of 0.23 torr as reagent gas.
Samples were placed in glass sample vials and inserted into the

ion source region with the direct probe. The probe was cooled to
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-20°C by Freon expansion before insertion and was warmed by the
ion source over a period of one minute to 120°C. All compounds
evaporated from the probe at relatively low temperature, however.
A typical example is illustrated in Fig. 4 which gives the
temporal evolution of the daughter-ion spectrum for m/z=99 showing
compound evaporation between 9 and 28 seconds after probe
insertion (T<50 °C). Zero~ nitrogen (Matheson) was used as the
collision gas at a pressure of 1.8 mTorr in the center guadrupole,
The ion energy was 18 ev. Susan Humel of the University of Florida
operated the instrument.

A preliminary analysis was performed using a SCIEX TAGA 6000
atmospheric pressure chemical ionization (APCI) triple quadrupole
mass spectrometer (44). Sample (air) flow rate was approximately 5
liters/min. Water present in the sample at about 50% relative
humidity acted as the CI reagent. Collision gas (argon) at a

pressure of 0.45 mTorr was used in the center gquadrupole.

Procedure

The toluene oxidation products were generated by irradiating
toluene and nitrogen oxides with zero—air in a 22-liter Pyrex
vessels. The radiation was provided by fluorescent black-lights
which adequately simulate the ultra violet portion of the solar
spectrum, although they are deficient at the short-wavelength erd.
Toluene and nitrogen oxides were initially present at
concentrations of 1-10 ppmV and the relative humidity was about

50%. Reactions were carried out for 24-30 hours and resulted in
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reaction of 60-80% of the added toluene. The glass vessels were
pre—cleaned of organic contaminants by baking for several hours in
an annealing oven at 550°C. The products were recovered from the
reaction vessel walls by washing with either methanol or
dichloromethane. Typically, 40-50 ml solvent was used, of which
about 20 ml remained in the gas phase in the reaction vessel. Same
products present in the gas phase may also have partitioned into
the solvent while the walls were being washed. The recovered
solvent was evaporated under zero-nitrogen to about 20.l.

A major difficulty of this study is that the molecular
weights of the toluene ring-fragmentation products are under 150,
where background from the direct probe inlet and vacuum system may
interfere with their detection at trace levels. This background
problem required us to concentrate our samples sufficiently :o
that a single reaction in a 22 liter flask (resulting in about 50
#g of products) was dissolved in the 20ul of solvent. Each direct
probe sample consisted of about 2ul, or 10% of the sample from a
single reaction. The total quantity of products on the probe was
thus about 5ug. Following each probe insertion, approximately ten
different masses were monitored in the various MS/MS operating
modes. Ultimate sensitivity was limited by chemical noise in the
mass spectrometer. This noise problem was mitigated by isotopic
substitution in the reactant, toluene, thereby shifting most of
the (M+l) product ions of the methyl-deuterated toluene to even
masses where the background was lower. As an added precaution all

spectra taken in this study were compared with data from a blank
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run.

Isotopic substitution in the reactant (wzithyl-deuterated
toluene (D3)), assisted in confiming our simulated atmospheric
reaction as the source of the compounds detected, and
corroborating and clarifying the collision-induced tfragmentation
patterns. Reactions with completely deuterated (D8) toluene were
also carried out to further clarify the product analysis. A
potential difficulty with deuterium 1labeling of the reactant
toluene molecule is isotopic exchange with hydrogen during the
course of the simulated atmospheric reaction or at same stage of
the analysis, particularly in the ion source region of the mass
spectrometer. However, Hunt and Sethi (45) have studied and
discussed isotopic exchange in the chemical ionization process,
and it may be concluded that exchange is unlikely with methane as
the reagent because methane is not basic enough to accept a
deuterium ion fram the protonated, deuterated sample molecule. In
the simplest sense, these exchange processes will not affect the
identification of deuterated molecules unless they lower the
concentration of the non—exchanged molecules below the detection
limit, or unless they shift other compounds to the same molecular
‘weight as the non—-exchanged molecules. We founrd no evidence for
isotopic exchange at any stage of this study.

The reader is referred to several excellent summaries of the
basic instrumental techniques possible with MS/MS (41,42). The

following is a brief description to help define terminology to be
used throughout this chapter.
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The triple quadrupole mass spectrometers used in this study
consist of three qudrupole rods alined in series. The quadrupole
rods can be thought of as ™mass filters" through which ions,
generated in the source region, must pass. The "mass filters" can
be operated to transmit all ions (RF only mode) or operated to
pass a single mass to charge ratio at unit mass resolution.
Additionally the rods can be set at a single mass to charge ratio
on a continuous basis, or scanned through a range of mass to
charge ratios over time. Four types of experiments result from
different combinations of these modes. (Each of the experimental
types will be shown in the results section).

Total mass spectrum experiment. In this experiment the first
and second quadrupoles transmit all ions; the third quadrupole
scans through the complete mass to charge ratio range. This
produces a mass spectrum of all ions formed in the ion source; in
this case the methane CI spectrum.

Daughter ion experiment. This is the normal MS/MS
experiment. The £first quadrupole selects a single mass to charge
ratio to transmit to the second quadrupole. In the second
quadrupole's RF only containing field the selected ions (parent
ions) are fragmented in a collision induced discciation (CID)
process. This CID process is a collision or near collision with a
target gas such as nitrogen, fed in at a right angle to the ions'
path through the second quadrupole. The fragmented ions (daughter
ions) are then scanned by the third quadrupole, producing a CID

daughter spectrum of the selected parent ions.
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Parent ion experiment. In this experiment the first
quadrupole is scanned through possible parent ions, and the third
quadrupole is fixed at a given daughter ion mass to charge ratio.,
This produces a spectrum of all parent ions which fragment to
produce the selected daughter ion.

Neutral loss exmnmnt In this experiment the first and
third quadrupoles are scanned together at a given mass to charge
ratio difference. This produces a spectrum which gives all
daughter ions which resulted from the selected neutral loss from
their parent ions. In all the fragmentation experiments the
intensities of the resulting ions detected are a function of both
the intensity of the parent ion produced by the ion source and the

relative amount of fragmentation producing those daughter ions.
RESULTS AND DISCUSSION

Figure 5 shows typical methane/CI mass spectra for (a) the
toluene degradation products, and (b) a blank run; each was
extracted and introduced in dichloromethane on the direct probe.
Blanks were obtained by irradiating the flasks with nitrogen
oxides, water vapor, and zero—-air, but with no toluene. These runs
produced no discernible products, and the slight level of
contamination was due to impurities in the extracting solvent. The
mass spectrum of a reaction blank was only slightly different from
the mass spectrum produced by insertion of an empty probe,
indicating that most interference peaks were not from our sample

work-up. The background mass spectrum in Fig. 5b is noticeably
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Cleaner at even masses as described above. In Fig. 5 the solvent
peaks are indicated by an "*", the major contamination peaks by a
"$", and the CI cluster ions by a ".". Figure 5c shows the sample
with the blank spectrum subtracted. Figure 6a shows the methane/CI
mass spectrum for a D3 toluene sample, and Figure 6b shows the D8
toluene sample. Discussion of how the products of the reaction are
shifted in the deuterium labeled toluene reactions is described in
the CI/CID section below.

Compourd class survey by neutral loss and parent scans

Atmospheric reaction of other classes of hydrocarbons gives
predominantly aldehydes and Kketones as products, with less
frequent production of acids, aloohols, peroxides, etc. Since we
were interested in searching for members of each class of
compound, we initially employed the two survey methods of neutral
loss and parent ion scans.

The major neutral loss scans which were found useful were
loss of 17 (oH), 18 (H20), 28 (CO, C2H4), 30 (NO, C2H6, CH20), 42
(ketene), 44 (CO2, acetaldehyde) and 46 (NO2, HQOOCH). The most
useful parent scans were for parents producing daughter ions with
n/z of 43 (C3H7, C2H30), 45 (C2H50) and 55 (C4H7, C3H30). These
masses are for the normal toluene as starting materiai; the
nominal mass coincidences were eliminated by the use of deuterated
toluene.

Figure 7 gives the spectra for the neutral loss of water

from (M+l) parents in (a) H8, (b) D3, and (c) D8 samples. Loss of
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18 (water) is possible even in the D8 experiment because a
hydroxyl group can originmate from C(H radical addition to the D8
toluene. This OH-containing species then can be protonated in the
ion source. Several mass shifts are apparent in the spectra. A
prominent example is m/z=97 (parent ion mw/z=115, M+l of
hydroxy-4-oxopentenal in the H8, m/z=100 in the D3, and m/2z=102 in
the D8). Compound identification is described below. Another
example is m/z=136 in the H8 (parent ion M+l of nitrocresol,
n/z=139 in D3, and m/z=142 in D8). The nitrocresol isomers,
previously identified as toluene products (9,13-15), have the same
molecular weight as benzylnitrate, (another oxidation product
(10)) in H8, but not in D3 or D8.
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Notice the aforementioned shift of products to even masses in the

D3 experiment, where the intensities in the background are quite
low. These spectra illustrate the substantial improvement in
sensitivity obtained by deuterium 1labeling. Since the
oxidation products were expected to be highly oxidized and quite
polar, methanol seemed a preferable solvent to dichloromethane.
However, we observed derivatization of same reaction products
(addition of methanol) when samples in methanol were introduced
via the direct probe. The chemical ionization process was also
significatly perturbed by large amounts of methanol in the source
region. This is due to the relatively large proton affinity of
methanol compared to the methane CI reagent (46) . Reproducibility
was difficult since slight wvariations in the methanol
concentration (due to methanol quickly evaporating off the probke),
caused varying amounts of CI reagent scavenging. Dichloromethane's
proton affinity is much lower than that of methanol (46), and is
lower than most expected products. Using dichloramethane did not
cause the same difficulties as the methanol. Later gas
chromatography and high performance liquid chromatography analysis
of the reaction products sample (to be described in Chapter IV)
showed no differences in methanol vs dichloromethane vessel wall
extractions. When a methanol extract was evaporated to dryness and
redissolved in dichloromethane, the derivitization products were
still observed. These peaks were not present in the spectrum of
the dichloromethane extract. When the two extracts were analyzed

for neutral loss of 32 (Figure 8) significant losses were observed
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only in the sample extracted initially in methanol. This
derivitization involves the formation of hemiacetals and
hemiketals from aldehydes and ketones. As confirmation, a small
amount of heptaldehyde was dissolved in methanol and inserted on
the direct probe. The mass spectrum showed a protonated molecular
ion at m/z=147 (MWCH3CH+H) rather than m/z=115 (M#H). This
derivitization process is an interesting feature of the extraction
procedure and indicates the potential which ms/ms possesses for
the selective analysis of derivitized compounds in general, by
neutral loss of a labile derivitizing agent. Conversely, ms/ms
allowed the straightforward discovery of a chemical transformation
process incurred during extraction with a solvent (methanol)
commonly employed with air samples; a transformation process which
could lead to severe complications if not recognized or
anticipated,

A further neutral loss spectrum example is given in Figure
9. This is neutral loss of 17 mass units. It is characteristic of
nitro compounds, (in this case nitroarcmatics and nitrates) (47).
Figure 9a, b, ¢, gives the neutral loss of 17 spectra for H8, D3,
and D8 toluene respectively.

Parent scans are alternatives to neutral loss scans in
surveying for chemical classes which fragment to produce a
characteristic daughter ion. Figure 10 gives the parent spectrum
of (a) m/z=43 (CH30) from toluene H8; and m/z=46 (CD30) £from (b)
toluene D3 and (c) toluene D8. The loss of the acetyl fragment is

characteristic of methylketones. Here again, several mass shifted
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peaks are apmarent in these three experiments. Examples include:
m/z=99 (parent ion M+l of 4-oxo-2-pentenal) in H8, m/z=102 in D3,
and m/z=105 in Dé; n/z=113 (parent ion M+l of
hydroxy-4-oxo~1,3-hexadiene) in H8, m/z=116 in D3, and m/z=120 in
D8. The actual identification of these compounds is described in
the next section,

The efficiency of the survey methods for finding the
molecular weight of each member of various classes of compounds is
apparent. These surveys, coupled with the original mass spectrum
of the reaction products, indicate the choice of the molecular
ions to be identified by daughter ion scans.

Identification of Bl {dation Product

Table II presents a listing of all compounds identified in
this study. The table gives compound name, structure, molecular
weight, and a 1listing of previous studies which either
experimentally identified the product or proposed its formation.
Of the 27 compounds listed only ten have been previously
identified. Four others have been proposed in mechanisms but not
identified. The previously identified products are those amenable
to gas phase sampling and analysis by packed column gas
chromatography (GC) or gas chromatography mass spectrometry
(GC/MS) . The use of GC or GC/MS is applicable and even preferred
for most gas phase products such as benzaldehyde and the cresols.
Thermally labile compounds or those of high polarity, such as
acids, do not generally chromatograph well, especially when using

packed columns. Strictly gas phase sampling also limited previous
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TABLE II

PRODUCTS OF TOLUENE DEGRADATION
DETERMINED BY MS/MS

Compoun ) e wlz (1) 5
oLyoxat H-U-C-H 57 11%
ACETIC ACID CH3-'-0H 61
3-0X0-~BUTENE' CH3-g-CH=CH2 71
00
METHYLGLYOXAL CH3-&-E-H 73 11+
0 0
BUTENEDIAL  HC-CH=CHeCH 85 *, 267,567
OH

HYDROXY-3-0x0BUTENE® CH3-C-C=CHp 87
PHENOL 0 9%
5-ox0-1,3-HEXADIENE® CH3- C-CH=CH-CH= CHa 97

0 8 4 vy oy
4-0x0-2-PENTENAL'  CH 5 CH=CH- 99 57,267,247

0 OH 0
HYDROXYBUTENEDIAL HU-C=CheCH 101 4
0080
HYDROXY=-3-0XOBUTANAL * CHz=- -L-CH-CH 103
BENZALDEHYDE 107 (5-10,12-15)
CRESOL 0 gH 109 (§-10,12-1%)
HYDROXY=5-0x0-1,3-HEXADIENE CH3-L- =CH-CH=Clly 113
QH

HYDROXY-U-0X0-2-PENTENAL CH3—@-¢=CH-LH 115 s
BENZOIC ACID 123
HYDROXYBENZALDEHYDE 123
DIHYDROXYTOLUENE g 125 2
6-0X0-2, 4-HEPTADIENAL ' CH3—8—CH—CA—CH-CH- 125 7
4, 5~D10X0~2-HEXENAL' CH3—E-E-CH=CH—@H 127 _
NITROTOLUENE 138 (9-10,13-15)
NITROPHENOL g gH 0 140 10
HYDROXY=6-0x0-2, 4~HEPTADIENAL® CH3-(- =CH-CH=CH-CH 141
NITROBENZALDEHYDE 152 .
NITROCRESOL 154 (9-10,12-15)
BENZYLNITRATE 154 (10,14-15)
DINITROTOLUENE 183

*

IDENTIFIED; #PROPOSED ONLY; * SEVERAL ISOMERS POSSIBLE



Lo
attempts since only 40% of the reacted carbon remains in the gas
phase in our reation vessels (see Chapter II). The identification
procedure for the new products will be discussed in detail below.

Missing from Table II are low molecular weight gaseous
compounds such as carbon dioxide, carbon monoxide, acetylene,
methylnitrate, peroxyacetylnitrate, and formaldehyde which have
been previously identified as toluene products (9-10). These
compounds are either unlikely to partition into the solvent, or
are expected to be easily lost during the concentration of the
solvent. Six tenatively identified ring fragmentation products
found by Swartz (12) were not found in this study. Swartz analyzed
less than six percent of the collected suspended toluene aerosol.
His procedure also included extensive work-up and fractionation,
during which modification of the sample was possible. With
the exception of the well-known product benzylnitrate, no nitrate
products hypothesized by Atkinson et.al. (9) were found by this
analysis to date. These compounds should have been detected if
they were formed in yields as proposed (approximately 25%).
Daughter spectra were taken at m/z that corresponded to the major
predicted nitrates. Neutral loss spectra were taken at the
expected major fragmentations of neutral loss of 17 (CH), 30(NO),
46(ND2) , and 62(NO3) . For example, Figure 9 shows the neutral loss
of 17 spectrum for toluene products. The only products found in
these experiments were nitrocresol, benzyl nitrate, nitrophenol,
and nitrotoluene.

The neutral loss of 44 spectrum corresponding to loss of (02
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from acids is shown in Figure 11, We were particularly interested
in the acids because of their low vapor pressures and potential
for adsorption on the reaction vessel walls. Benzoic acid and
acetic acid were the only acids identified by MS/MS. Several other
acids have been proposed in toluene mechanisms (9,26,34) but in
much lower yields than the nitrates. Acids as a group should be
easily detected by MS/MS using the acids' predominate
fragmentation of loss of 44 mass units (CO2) (48). It is unlikely
therefore that any acids other than those identified were present
in significant amounts in the samples analyzed. Examination of the
deuterated samples indicated that the benzoic acid was mainly a
contaminant, rather than an oxidation product of toluene. Thus
MS/MS, when coupled with isotopic labelling, can efficiently
eliminate artifacts. .

Although the present work is basically a qualitative study,
the relative product yields can be approximated by examination of
Figure 5c, the mass spectrum of the toluene oxidation products.
The relative ion abundances will depend on not only the amount of
each compound present but also on ionization efficiency. Table III
lists aromatic and diketone model compounds with their
experimentally determined relative molar response factors for
CI/MS analysis. The standards mixture was run under the same
conditions as the toluene aerosol, using dichloramethane as the
solvent. Although response factors vary over a factor of twenty,
most are within a factor of two. The relative ordering of these

response factors is in accord with proton affinities and effects
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TABLE III

RELATIVE RESPONSE FACTORS FOR MS/MS

Compound ~ Relative Response
2-nitrobenzaldehyde 0.2
benzaldehyde 0.4
3-nitro—4-hydroxytoluene 1.0
2,3—dihydroxytoluene 1.1
2,5~hexadione 1.2
2-hydroxytoluene 1.2
3,5=heptadione 1.4
4-nitrobenzaldehyde 1.8
2-hydroxy—4-nitrotoluene 1.9
4-nitrotoluene 2.3

3,4-dinitrotoluene 4.1
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of intramolecular hydrogen bonding on protonation (46). The
toluene reaction system is a dynamic one in which the products are
destroyed as well as formed. Therefore relative yields at single
points in time do not give an accurate picture of the branching
ratios between various patlways. Products which themselves react
quickly (eg. aldehydes) never build up to a high concentration
while slowly reacting products (eg. nitrotoluenes) steadily build
up even if they are formed in low yields. If oconcentration/time
data are available the true product yiel@lmay be determined.
Losses due to evaporation during concentration are also unknown at
this time. These losses are expected to be low except for the low
molecular weight ocompounds already discussed above, In light of
these considerations, major products found in this study are:
6-oxo-2,4-heptadienal, 4-oxo-2-pentenal, bitenedial, 4,5-dioxo-
2-hexenal, 3=hydroxy-4~-oxo—-2-pentenal, 5-oxo-1,3-hexadiene,
4-hydroxy- S-oxo-1l,3-hexadiene, and hydroxybutenedial, These
compounds' molecular protonated (M+l) ion intensity vary by less
than an order of magnitude. This implies that none of the
identified products dominates toluene's atmospheric degradation.
This result contrasts with some of the current mechanisms in which

only two of these new products have been included (9,26,34).

CI/CID spectra and fragmentation schemes
Identifications 1listed in Table II are based mainly on the
chemical-icnization/collision~induced-dissociation (C1/CID)

spectra. These spectra provide both molecular weight and
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structural information. Each compound is found as a toluene
reaction product and as a reaction product in each of the two
deuterated toluene experiments. A compourd's molecular weight and
therefore its M+l ion is shifted in the perdeuterated toluene
experiment to a higher mass depending on the number of hydrogens
in its structure. Products derived fram methyldeuterated toluene
may or may not have their M+l ion shifted depending on whether
they have one or more of their hydrogens derived from the methyl
group of toluene. Each identified compound's CI/CID daughter
spectrum will be presented for each of the three experiments:
normal (HB) toluene, methyldeuterated (D3) toluene, and
perdeuterated (D8) toluene. These three spectra when interpretated
together give strong evidence for the compound's identification,
The spectra of the major (as defined above) products which have
not been previously identified are presented below with discussion
of the fragmentation scheme for each. The remaining product's
daughter ion spectra are presented in Appendix A.
It is possible that other compounds with the same naminal
m/z as the compound assigned are present in the spectra since the
first quadrupole has only unit mass resolution. However, only
compounds with the same molecular formula as the assigned compound
will appear in all three spectra. Contributions from other
reaction products are checked at the appropriate m/z in the
deuterated experiments. Contributions fram the solvent and solvent
artifacts can likewise be cross-checked since they do not shift in

the deuterated experiments. This approach is illustrated and
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systematized by the information in Table IV, in which the various
isotopic forms of several hypothesized products are listed. Same
of these compounds were suspected based upon previous studies,
while others were discovered either in the mass spectra or in the
various MS/MS survey spectra. It was usually possible to propose
an empirical formula and likely structure for a particular ion on
the basis of its molecular weight, the reactant (toluene) and
probable reaction mechanisms. Once probable structures were
proposed, confirmmation was attempted using the MS/MS spectra from
the various labeled compounds. The products can occur as various
methyl-positional isomers whose structure depends upon the initial
position of OH radical addition to toluene, as well as the
mechanism of internal addition and rearrangement. This is also
true of the cis and trans iscmers possible for the compounds with
a carbon-carbon double bond. Differentiation of the wvarious
isomers is possible when a unigue daughter ion is produced. For
instance, the acetyl fragment ion is indicative of methyl ketones,
but not the isomeric aldehydes. Identification and quantition of
all isomers by MS/MS, however, may in many cases be difficult or
impossible.

Table IV illustrates the ability to cross—check spectra from
different experiments to confirm that parent ions are in fact fraom
the proposed reaction product and not from another compound or
background contamination. These cross checks are in addition to
comparison of each spectrum to the corresponding blank spectrum.

For example (referring to Table IV) the daughter spectrum of
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m/z=101 in the HB mixture should agree with that from the D3
mixture but not with that from the D8 mixture. These cross checks
are very important when the parent mass lies on a praminent
background mass, such as the series m/z=71, 85, 99, 113, etc. for
alkanes and ketones. Cross checks as described above were
performed on all compounds whose identities are proposed.

Methylglyoxal. A compound of prime interest, based upon
previous identifications (11) and proposed toluene-oxidation
mechanisms (9,26,34), is methylglyoxal. Figure l2a—c gives the
daughter spectra of the ions in the mass spectra of the toluene
products which correspond to (M+l) of methyl glyoxal formed fram
the v.arious isotopic forms of toluene. The spectra show loss of

carbon monoxide, formaldehyde, and ketene, as summarized in Figure

12d.

6-0x0-2,4-heptadienal. Figure 13a-c shows the CI/CID
daughter spectra for ‘ the compound identified as
6-oxo~2,4-heptadienal., The Ml ions are at m/z=125 (13a), 128
(13b), and 133 (13c) for the H8, D3, and D8 toluene experiments
respectively. Figure 13d summarizes the major fragmentation
pathways. Figure 13d, and the following fragmentation schemes,
show the mass loss and m/z of each ion for each of the three
spectra. The base peak in each of the spectra in Figure l3a—c is
the expected alpha cleavage at the carbonyl to produce the acetyl
ion (48), m/z=43 (HB), and m/z=46 (D3 and D8). The large peak due
to loss of 28 mass units (-Q0) at m/z=97,100,105 in 13a, 13b, and

13c respectively is characteristic of « ,f-unsaturated aldehydes
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(49,50} . From consideration of toluene's probable reaction
mechanism (see dicussion Chapter VI), the only likely iscmers for
6-oxo-2,4-heptadienal are the dialdehyde isomers. The dominance of
the acetyl ion in the spectra suggests that the most praminant
isomer is the methylketone as assigned. However, the ions at
n/z=69 (H8), 72 (D3), 77 (D8) from successive loss of two (O would
be the expected fragmentation of the dialdehyde isomers, as would
be the ions at w'z= 41 (H8), 43 (D3), 45 (D8); see Figure 13d.
Therefore a small contribution fram the dialdehyde isomers cannot
be ruled out at this time. Authentic spectra of each of the
isomers should be compared with the sample to determine the exact
contributions. This would require synthesis of many of the
compounds identified because they are not readily availible. The
dialdehye 2-methyl-2,4-hexadienedial was tentatively identified by
Hoshino et.al. (14) using gc/ms, but their spectrum is also
consistent with the methylketone isamer. They did not run an
authenic sample for comparison.
4,5-Dioxo-2~-hexenal. The spectral interpretation of
6-oxo—2,4~heptadienal and 4,5-dioxo~-2-hexenal must be done
tcgether since the M+l ion of both compounds in the D8 experiment
have the same naminal mass (m/z=133). Figure l4a and 14b shows the
spectra for 4,5-dioxo—-2-hexenal in the H8 and the D3 toluene
experiments respectively. Figqure 1l4c presents the fragmentation
pathways of this compound. The acetyl ion again dominates. Loss of
(0 is also large as would be expected from the « ,J-unsaturated

aldehyde. Several methyl- positional isamers are also consistent
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with many of the fragment ions but the dominance of the acetyl ion
suggests that the methylketone isomer is most abundant in the
sample. The similar fragmentation of this compound to that of
6-oxo-2,4-heptadienal explains the coincidence of many of the
peaks in the D8 spectra. Each compound is independently confirmed
by the H8 and D3 spectra.

4-Qxo-2-pentenal. Figure 15a-c shows the spectra for the
proposed product 4-oxo-2-pentenal in the three isotopic
experiments. This compound has been included as an important
intermediate in one of the proposed toluene photooxidation schemes
(9), but has not been previously detected as a product. The
corresponding product of p-xylene photooxidation
{2,4-dioxo-3-hexene) has been detected by Tenax—adsorption and
gc/ms (21). The CID fragmentation shows loss of (O, Kketene, and
acrolein (Figure 15d). The D8 parent ion of this compound occurs
at the same nominal mass as the compound to be discussed next (see
Table IV), resulting in additional peaks in the D8 spectrum,
However, the HB and D3 experiments, in conjunction with the cross
checking method mentioned above, provide considerable structural
information.

5-0xo~1,3-hexadiene. Figure l6a~b gives the daughter ion
spectra of 5-oxo-1,3- hexadiene, a compound which has not
previously been identified or hypothesized as a toluene oxidation
product. Figure 16 gives the spectra of the (a) H8 and (b) D3
products. The D8 ion is at the same naminal mass (105) as the D8

product 4-oxo-2-pentenal discussed above (Figure 15c). The
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daughter spectra show loss of ketene, butadiene, and CO, followed

by loss of ethene. The acetyl fragments indicate the presence of
the methylketone isomer., Other peaks in the spectra are better
explained by the presence of an aldehyde isomer with the methyl
group on the 4 or 5 carbon. In addition to many of the fragments
of the ketone isamer, this isamer is expected to acocount for other
fragments in the D3 and D8 spectra by neutral loss of propene
(-42(H8), -45(D3), -47(D8)) to produce peaks at m/z=55(H8),
55(D3), 58 (D8).

The compound 5-oxo-1,3-hexadiene is of special interest as a
toluene reaction product since it contains a terminal methylene
group which could only have formed by a hydrogen shift in the
original atmospheric reaction. However, this compound, while not
previously reported, can be rationalized as formed by photolytic
loss of QO from 6-oxo-2,4~heptadienal (m/z=125) which was also
found and identified by its MS/MS spectra. These two compounds
point out a potential difficulty with the CI procedure. In
addition to its production in the original toluene reaction,
5-oxo~-1,3-hexadiene could hav~ possibly been produced in the ion
source by loss of (0 frem the same parent, 6-oxc-2,4-heptadienal.
However, the Aanghter- jon spectrum of m/z=125 indicated that
while loss of Q0 was an important collisiom-induced dissociation
(CID) fragmentation process, there were other fragments which did
not appear in the mass spectrum of the sample. Assuming that the
CI and CID fragmentation processes are somewhat similar, it is

concluded that 5-oxo-1,3-hexadiene is a product of toluene in the
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atmospheric reaction, and not simply an artifact of the

process. This question could be answered definitively if the
reference material were available., The mass spectrum of
heptaldehyde did not show extensive QO loss to be occuring in the
ion—-source region.

Butepedial. Figure 1l7a—c presents the CI/CID daughter
spectra for the M+l ions with m/z=85 (H8), 85 (D3), and 89 (D8).
The spectrum for the m/z=85 parent-ions is dominated by the
solvent, dichloromethane. The large peaks at m/z=49 and 50 are due
to loss of HCl and Cl respectively. Peaks at m/z=57 and 43 however
cannot be from the solvent. Figure 17d describes the fragmentation
process for butenedial. Loss of (0 and ketene are the only major
pathways. These are more clearly shown in the D8 experiment where
there is no large solvent interference.

Hydroxybutenedial. Figure l8a-c presents the CI/CID daughter
spectra for the compound identified as hydroxybutenedial. The M+l
ions are at m/z=101 (H8), 101 (D3), and 104 (D8). The
fragmentation patiways are summarized in Figure 18d. For this
compound water elimination is the major fragmentation patlway as
would be expected (48). The loss of H20 is possible even in the D8
experiment if the hydroxy group originated from hydroxyl radical
(see discussion below). The acid isamer of hydroxybutenedial is
not present since acids give large peaks due to loss of 44 mass
units (CO2) and these peaks are absent from the spectra.

3-Hydroxy-4-oxo-2~pentepal. The CI/CID daughter spectra = for
the compound identified as 3-hydroxy-4-oxo—2-pentenal are shown in
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Figure 19a-c. The Ml ions are at m/z=115 (H8), 118 (D3), and 120
(D8) . Figure 19d outlines the fragmentation patlways oconsistent
with these spectra. The base peak in each spectrum results from
the loss of water. The large acetyl ion peak again suggests that
the methylketone iscmer is the predominate one in the sample. The
position of the hydroxyl group is more ambiguous, with the
2-hydroxy isomer being as likely. The acid isomer, however, is not
present since there is no Q02 loss as would be expected fram an
acid.
4-Hydroxy-5-oxo-1,3-hexadiene. The nominal mass  of
4-hydroxy-5-oxo-1,3~hexadiene in the D8 experiment is the same as
the previous compourd. Figure 20a-b gives the CI/CID daughter
spectra for the M+l ions with m/z=113 (H8), and 116 (D3). The D8
spectrum clearly resembles that of the previous compound. The H8
and D3 spectra support the identification of the present compound
as shown in Figure 20c. The acetyl ion's presence suggests that
the methyl ketone isamer is present. Other methyl and hydroxy
positional isomers are consistent with the fragmentation pathways.
Since the large peak due to (O loss is more consistent with these
isomers, one or more of the aldehyde isomers is likely to be

present.

Direct Air Analysis vs. Extraction
Several experiments were performed to insure that the
extracted products were characteristic of the gas phase chemistry

taking place, not simply of the methods employed.
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Nitric acid is an oxidation product of the nitrogen oxides
present in the reaction vessel, nitration of aramatic reaction
products occurs to a limited extent in heterogeneous reactions on
the walls or <during solvent extraction and concentration
procedures. In addressing this problem, dark reactions were run
with toluene, phenol, m—cresol, and m~nitrotoluene (1-10 ppmV) at
50% relative humidity. Nitration was found to be significant only
for phenol and cresol whose substituents activate the arcmatic
ring to nitration. For these compourds less than one percent of
the corresponding nitro—compounds were formed. Nitrotoluenes are
well known as bona-fide gas-phase oxidation products of toluene
(9-11). Nitrotoluenes were not formed in the dark reactions of
nitric acid and toluene. As expected, ring fragmentation products
were not produced by nitration reactions under the conditions
used. Samples stored in sealed vials at -10°C have remained stable
in composition for as long as one year, indicating no significant
degradation of products after work-up.

A potentially greater problem is associated with carrying
out the reaction in a small vessel, in which there could be
significant contribution of wall reactions to the desired
gas-phase process. Comparison of product data for carbon mono.zide
from the chamber used in the present study with data from three
other "smog chambers", ranging in size from the 22 liter flasks to
the room-sized Teflon-wall outdoor chamber at the University of
North Carolina (see dicussion Chapter II). Carbon monoxide is

formed directly from toluene, as well as from intermediate toluene
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products. There is quite good agreement of the QO data from four
different chambers. Thus we believe that the walls are not causing
any major distortion of the chemical nature of the products
formed, but serve chiefly as a precipitation site for these
products.

Further confirmation of the validity of the extraction
procedure for obtaining unmodified products was produced by
atmospheric pressure chemical ionization (APCI) MS/MS analysis of
the gas-phase reaction products performed by SCIEX. The sample for
APCI analysis was prepared by irradiating the toluene/nitrogen
oxides mixture in a 100-liter Teflon film bag. The inflated bag
was shipped to SCIEX for analysis. Figure 2la and 2lb shows the
daughter ion spectra of the m/z=99 and m/z=97 respectively. These
samples were introduced into the SCIEX instrument fram the
gas-phase., Comparison of Figure 2la with Figure 17a, and Figure
21b with Figure l6a, shows that the fragmentation patterns match
very well, for both of these compounds. This confirms the products
in the extraction sample are the same as those in the gas—-pahse,
It also suggests the potential of APCI MS/MS for direct analysis
of gas-phase oxidation prcducts, even those partially or largely
adsorbed on the reaction vessel surfaces. In the SCIEX sample,
when the gas-phase sample was depleted, the bag was reinflated

with zero—-air, equilibrated, and the analysis continued.
CONCLUSION

This study demonstrates the efficacy of MS/MS for the
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separation and identification of the components of a mixture of
low molecular weight oxygenates. The survey methods (neutral loss
and ' parent spectra) allow recognition of the members of a variety
of different compound families. The MS/MS daughter ion analysis,
especially when performed on products formed from isotopically
labeled parent molecules, allows structure determination. The
structures in many cases, however, cannot be selected from several
isomeric possibilities, especially since more than one isomer is
probably produced as a reaction product. After initial assignments
are made, specific experiments (e.g. selective ionization or
derivatization) can aid in confirmation of the structure, as could
reference compoundé. If the proposed compounds were available,
reference spectra would allow quantification of the various
isomers. This would require the fragmentation patterns of the
various isomers to be significantly different. Alternatively,
chromatography could be used to separate the isamers before mass
spectral analysis. (This has been done with some success in
experiments descirbed in Chapter IV.)

Isotopic substitution in the reactant molecule has clarified
and simplified the product analysis in this study. This precedure
should be generally advantageous in any type of reaction product
study, including other degradation processes of envirommental
consequence, as well as metabolic processes.

The data required for this study were obtained in a short
period, once the sampling and sample introduction procedures were
developed. On the other hand, the data analysis itself was a time
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consuming procedure. Computer assisted procedures for analysis of
MS/MS data, including searching a library of CID spectra, would be
valuable.



CHAPTER IV

ANALYSIS BY GC, GS/MS, AND HPLC

The major purposes of the gas chromatography and liquid
chromatography work were to: 1) confim identifications made by
the MS/MS analysis; 2) help quantitate the reaction product
yields; 3) investigate reaction product yield sensitivity to
reaction conditions, (to be discussed in Chapter V), and 4)

determine whether this technique would be applicable.
EXPERIMENTAL

Gas chromatography was performed on a Hewlett Packard 5880A
gas chromatograph equipped with a Hewlett Packard crosslinked
methyl silicone high performance capillary column. The column was
12 meters long. A flame ionization detector was used, with
hydrogen gas provide both as the carrier flow and make-up gas. The
chromatograph was temperature programmed fram an initial value of
30°C, with a 2 minute hold, to 140°C, at 5.0 °C/minute. Toluene

reactions were run as described in Chapters II and III. Generally
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lul of extract was injected with a injection port split ratio of
10:1, thus allowing 0.1/nl to be injected onto the column.

| The GC/MS analysis was performed at the Oregon Gradute
Center. A Finnigan 4000 gas chromatograph/mass spectrometer/data
system was used. The column used was a 30 meter DB~5 fused silica
capillary column obtained fram J W Scientific. The chramatograph
was temperature programmed from 10°C to 175 C at 5°C/minute. The
mass spectrometer was operated in electron impact ionization mode,
with ionization energy at 70ev. Mary Stevens of the Oregon
Graduate Center, operated the instrument.

The HPLC analysis was performed on a Spectra Physics SP8700
solvent delivery system eqipped with a SP8440 varible wavelength
detector, and a SP4100 computing integrator. A Beckman Ultrasphere
ODS 5Sum 4.6mm x 250mm column was used. Burdick and Jackson HPLC
grade methanol and water were used for all analyses. Gradient
elution from 100% water to 25:75 water/methanol over 25 minutes,

at 0.8 ml/min. was used for the best separation.
RESULTS AND DISCUSSION
Capillary GC analysis.

Previous attempts have been made to analyze toluene's
atmospheric reaction products by gas chromatography (9-19). These
attempts were successful in detecting the major aramatic products,
and the final products Q0 and (02, (see discussion Chapters I and

III). In the present work the wall extracted reaction products
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were analyzed by capillary gas chromatography. The advantage this
study had over previous studies is that the extracted material
from an entire reaction vessel could be concentrated, enabling the
concentrations of the products to reach high enough values to be
detected.

A typical resulting gas chromatogram is shown in Figure 22,
Initial reaction cornditions for the reaction were: 10ppm toluene,
10ppm NO, 50% relative humidity, and blacklight irradiation. The
reaction was stopped after 48 hours, correspomlin'g to 65% of the
toluene consumed. Peak identifications were made by retention
times and mass spectrometry (to be described below). On casual
inspection of Figure 22, it is apparent that capillary GC can
separate many of the components of the reaction mixture. This
separation is much better than previous GC work on toluene's
products, both for the gas phase (10) and the aerosol phase (12).
For comparison, Figure 23 shows a gas phase injection of 5004l in
which the products are trapped at the head of the column at liquid
nitrogen temperature, and then allowed to elude, at the normal
programed rate. Only the well known gas phase products,
benzaldehyde, cresols, and nitrotoluenes are seen. As noted in
Chapter ITI, both products adsorbed onto the flask walls, and gas
phase products are partitioned into the extraction solvent using
the methods described in Chapther III. GC analyses were also
performed on samples in which the gas phase was first purged from
the flask by zero—air. Figure 24 shows an example of the resulting

chromatogram. The known gas phase products are greatly reduced or
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absent, while the assumed fragmentation products are only reduced
slichtly. It was possible with extensive flushing of the flask to
completely eliminate all peaks from the resulting chromatogram.
This indicates the products are in equilibrium to a significant
extent with the gas phase even though adsorbed on the flask walls.
The flasks were not purged under normal operation because product
loss could decrease the chance of detection for some of the minor
products.

GC runs were made in which a mixture of normal and deuterium
labled toluene reaction products were used. This was done as a
check that the same deuterium reaction products were produced. The
resulting chromatograms are shown in Figure 25a, and 25b, for
normal H8 toluene with D3 and D8 toluene respectively. The
resolving power of the capillary column is great enough to
partially resolve the deuterated compounds from their
nondeuterated counterparts. This confirms that the same products
are formed in all three toluene reactions. This analysis lends
confidence to the cross—checking scheme assumed in the MS/MS work.

Standards were prepared and analyzed to determine retention
times for the identification of the reaction products. The
standards were also used to help quantify the product yields.
Standards were prepared using the same solvent (dichloromethane),
as was used for the extraction of the reaction products of
toluene. Independent standards were run to determine retention
times. Standards mixtures were used to determine response factors

for several standards simultaneocusly. A typical standards
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chromatograph is shown in Figure 26. Retention times and reponse
factors are shown in Table V. Figure 27 shows the HP5880A output
identifying many of the GC peaks fram a toluene reaction extract.

The numbers under "compound name" correspond to Table V.

Gas Chromatography/Mass Spectrometry Apalysis

Two GC/MS analyses were conducted to confirm GC
identifications and to attempt to identify the unknown peaks in
the chromatogram. Library matching of spectra was expected to be
useful only for the aramatic products, since prior investigation
confimed that many of the ring fragmentation products determined
in the MS/MS analysis are not in the EPA/NIH library of spectra
(51).

The total ion chromatograph is shown in Figure 28. Notice
the close resemblence to Figure 22, Total ion MS chromatograms
often parallel the FID response, since they are actually similar
processes. The two columns used are very similar, (both methyl
coated fused silica). It is therefore possible to make scme
corresponding peak identifications based on the GC/MS analysis.

Table VI 1lists all compourds confirmed by GC/MS analysis.
Included in Table VI are compounds such as chlorocyclohexane which
derive from the solvent (52). All of the aramatic products found
by the MS/MS analysis were confirmed by GC/MS. As mentioned above,
many of the fragmentation products were not expected to be found
through library matching. However, some of the fragmentation

products could be confirmed through analyzing their EI spectra.
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Compound Retention
(minutes)
1. Benzaldehyde 4.43
2. Phenol 5.83
3. Benzylalcohol 6.78
4, o—Cresol 7.89
5. mCrescl 8.52
6. p—<Cresol 8.61
7. o-Nitrotoluene 9.98
8. m-Nitrotoluene 10.95
9. p-Nitrotoluene 11.60
10. 4-Hydroxy-3-nitrotoluszne 12,46
11. o-Nitrobenzaldehyde 13.34
12, p-Nitrobenzaldehyde 14.12
13. m-Nitrobenzaldehyde 14,49
14, 2,6-Dihydroxytoluene 20,01
15. 3,4-Dinitrotoluene 20.34
16. 4-Hydroxy-2-nitrotoluene 20.38
17. 2-Hydroxy-4-nitrotoluene 21.13
18. 2-Hydroxy-
4,6—dinitrotoluene 21,14
19, 5-Bydroxy-2-nitrotolune 21.50
20. Toluene 1,21

TABLE V

GC/FID RESPONSE FACTORS FOR ARCMATIC PRCDUCTS

Response Factor

(ng/pa min.)
0.17
0.035
0.19
0.11
0.08
0.08
0.18
0.20
0.24
0.34
0.37
0.51
0.54
N.D.
N.D.
0.35
N.D.

N.D.
0.39
0.20

(N.D. not determined)
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TABLE VI

PRODUCTS DETERMINED BY GC/MS

PERK#  NAME

Dichloromethane
Trichloromethane
Cyclohexane

Cyclohexene

Toluene
3-Methyl-2,4-pentadienal
2-Methyl-butendial
4-Oxo—-2-pentenal
2,5-Furandione

S\OG)\IO\U‘I@UJNH

Hydroxymethylbutendial
Benzaldehyde
4,5-Dioxo-2-hexenal

14 6-0Ox0-2,4-heptadienal

15 Chlorocyclohexanol

16 2-Hydroxybenzaldehyde

17 Nitrobenzene

18 Hydroxy-4-oxo-2-pentenal
19 p-Nitrophenol

20 Hydroxy-4-oxo—2-pentenal
21 Benzalnitrate

22 m~Nitotoluene

23 Benzoic acid

24 p-Nitrotoluene

25 Nitrocresol

26 Nitrocresol

27 Nitrocresol

28 Nitrobenzaldehyde

29 Hydroxy-nitrobenzaldehyde
30 Dinitrophenol

31 Nitrophenol

32 Nitrocresol

e
Wi

2,5~Cyclohexadiene~1,4-dione

COMMENTS

solvent

from solvent
from solvent
from solvent
reactant
confirms MS/MS
confirms MS/MS
confirms MS/MS

confirms MS/MS
confirms MS/MS,
confirms MS/MS
confirms MS/MS
from solvent

confirms MS/MS

confirms MS/MS
confirms MS/MS
confirms MS/MS
confirms MS/MS,
confirms MS/MS,
confirms MS/MS
confirms MS/MS,
confirms MS/MS,
confims MS/MS
confirmms MS/MS,
confirms MS/MS,

confims MS/MS
confims MS/MS,

88 88 88

8

83
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The closest match made from the 1library was often useful even
though not correct. Individual cases are now described.

Peak #6. Figure 29 shows the EI spectra of peak #6, and the
best library match of 2-vinyl crotonaldehyde. The peak, however,
is more likely 3-vinyl crotonaldehyde, (which is
3-methyl-2,4-pentadienal) and the isomer of 5-oxo-1,3-hexadiene
identified by MS/MS. As stated in Chapter III the methyl
positional isomers were suggested by the CID spectra. The EI
spectra of 2-vinyl crotonaldehyde and 3-vinyl crotonaldehyde
should be very similar.

Peak #7 and #8. The spectra of peaks #7 and #8 are shown in
Figures 30a and 30b respectively. They are identified as
2-methyl-2-butendial and 4-oxo-2-pentenal., There was no good
library match found for these compounds. The molecular weights and
fragmentation patterns are consistant with the identifications
proposed. These compounds were identified in the MS/MS study as
well, They are the two possible methyl-positional iscmers
described in Chapter III. The difference in the relative
intensities of the ~15 mass units peak and the -29 mass units peak
allow distinguishing which chromatographic peak is which (48).
Loss of the methyl radical is expected to be much greater for the
4-oxo-2-pentenal since it leaves a stable carbonyl cation, whereas
loss of the methyl group from 2-methyl-2-butendial leaves a
vinylic cation. The MS/MS CID spectra suggested 4-oxo—2-pentenal
‘'was the major isamer. This is in agreement with the relative

intensities of the two chrcmatographic peaks.
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Peaks #9 and #10. The EI spectrum of peaks #9 and #10

matches very well with the library spectra of 2,5~ furandione, and
2,5-cyclchexadiene-1,4-dione, respcetively. These are shown in
Figures 31 and 32. These compounds are not oconfirmed by MS/MS
analysis. They are oconceivable but improbable toluene reaction
products. More analyses would need to be done in order to over
come the negative evidence in the MS/MS studies.

Peaks #11, #18, and #20. Figure 33a and 33b, show the EI mass
spectra for peak #18 and peak #20 respectively. There were no
library matches for these compounds, but the spectra are
consistant with the two different hydroxy-4-oxo-pentenal isamers.
Figure 33c shows the EI mass spectrum for peak #ll. Again there
was no library match for this compound. The spectra are consistent
with 2-methyl-4-oxo-butenoic acid. All three compounds are isomers
of the MS/MS identified product hydroxy-4-oxo-pentenal. The three
isomers can be distinguished from one another on the basis of the
intensities of different peaks in the spectra.
2-Hydroxy=-4-oxo—~pentenal would be expected to show the largest -CH
and —CH3 peaks since both leave a stable cation. This compound
should also have a large m/z=43 peaks fram the acetyl ion. The
acid isomer is the only compound which should show a -COOH peak at
nv/z=68.

Peak #13. Figure 34 shows the weak spectrum for peak #13.
There doesn't appear to be an intact molecular ion (M+), since all
high m/z peaks are odd. The large m/z=43 peak and m/z=97 peak

suggest the compound could be the MS/MS identified compound
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4 ,5-dioxo-hexenal, which has lost formyl radical (126-29=97).

Peak #14. Figure 35 shows the EI mass spectrum for peak #14.
The spectral 1library made a match with methly-quinone. Notice
however, the molecular ion in 35 is at m/z=124 not m/z=122 as in
the known. The MS/MS identified compound 6-oxo-2,4-heptadienal
would be expected to give a very similar spectrum to
methyl-quinone (48-49) except with a small molecular ion at
n/z=124 instead of m/z=122! It is quite likely therefore that peak
#14 is 6-oxo—-2,4-heptadienal.

Peak #17. Peak #17 is a poorly resolved peak containing many
components. The peak contains the compound n_itrobenzene (at scan
728) . Other portions of the peak propably consist of ring
fragmentation products, but the spectra are not interpretable
because they contain several compounds. This is a more severe
problem in EI spectra than CI or CID spectra because of the very
large number of peaks in the mass spectrum. .

As noted above, the GC/MS analysis did not do very well in
identifying the hydroxy compounds which were found in the MS/MS
portion of this work. Hydroxy compounds are very often difficult
to determine by EI mass spectrometry because they lose the hydroxy
group so easily (48). The GC/MS identifications probably could
have been futher clairified if a GC/MS instrument had been
availible for full time use on this project. The GC/MS analysis
did however verify the presence of several isamers of the products
suggested by the MS/MS work, which was not possible with out

chromatographic separation.
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Quantification £ « lvsi

Gas chromatography is more suitable for quantification of
the products than MS/MS. THe FID molar response does not vary more
than a factor of five for the compounds of interest, and is
roughly correlated with molecular weight. As stated in Chapter II,
it is important to keep a carbon balance for the reaction under
study. Experiments were run under the same corditions described
above for this purpose. The extraction solvent was carefully
concentrated to known volumes, measured by calibrated glassware.
Known fractions of this solution were then analyzed by GC. Since
many of the aromatic products are in fact in the gas phase, the
partitioning "efficiency" was measured for these compounds. Known
amounts (ppm level) of toluene and the other major arcmatic
products were extracted fram the same 22 liter flasks as were used
for the toluene reactions. The amount of each compound recovered
was calculated. Much of this work was performed by Thuy-Trang
Dang, as part of a senior research project. These extraction
efficiences were applied to an actual toluene reaction. At the
time the reaction was stopped, the toluene was 52% reacted. This
agrees with the calculated recovery from the extract, of 46%.
Total carbon can be calculated in two ways. If the ring
fragmentation product's peaks are calculated with the same
extraction effiency as the aramatic products the total carbon
yield is 96%. If the fragmentation products are assumed to be 100%
extracted then the over all yield is reduced to 90%. This is still

much better than previous gas sampling results (9-11), as
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described in Chapter II. In both cases the fragmentation products

are assumed to have FID responces the same as the average of the

other products.

HPIC analysis of extracted products

High performance 1liquid chramatography studies were
performed on the toluene reaction products as extracted by
dichloromethane. These studies were performed mainly as a
preliminary check of the samples before they were sent for MS/MS
analysis. In the early stages of research they were also used to
prove reproducibility of the extraction procedure, and the toluene
reactions themselves. HPLC proved to be useful for the separation
of the toluene products, but far less useful than MS/MS for their
identification. Retention times were determined for the known
aromatic products fram standards. Gradient elution using the
SP8100, under the corditions given in the experimental section was
optimal for the separation of the detected products. An example of
a resulting chromatogram is shown in Figure 36. Standard toluene
reaction conditions were used in all HPIC work. Table VI lists
the identified products. It is clear the modern high resolution
reverse phase columns are a powerful tool for the separation of
these relatively polar compounds. The method is limited however
since general product identification was not possible. The new
technique of 1liquid chramatography/mass spectrometry could prove
to be very effective in the analysis of these reaction products as

well as other model or real aerosols.
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CHAPTER V

MECHANISM FOR TOLUENE'S ATMOSPHERIC DEGRADATION

Current models of tropospheric chemistry either do not
include reactions of aromatics (53), or treat them very simply
(54) . These ccmprehensive computer models are used by air quality
planners to develop control strategies for an airshed. Billions of
dollars are spent annually, based on what these models predict.
Even small improvements in the accuracy of these models is
therefore useful. Aromatics make up a large portion of the ambient
hydrocarbon content of air, as described in Chapter I. Inclusion
of reliable aromatic hydrocarbon chemistry in the tropospheric
models would be a great aid in their improvement.

Although several nmechanisms specific to toluene's
atmospheric oxidation have been proposed, these contain a great
degree of uncertainty because of the lack of information on the
relative yields and even the identities of many of the products.
These mechanisms depend mainly on curve fitting the experimentally

observed profiles for toluene, nitric oxides, and ozone. Since
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many factors influence the time dJdependent behavior of these
species it is relatively easy to compensate an inaccuraCy in one
portion of the mechanism through an assumption made in another
portion of the mechanism. Indeed, the disagreements between the
three most developed tolvene mechanisms (9,26,34) are largely due
to differences in assumptions made about unmeasured processes.

The major unknown in all previous toluene mechanisms
concerns the formation and reaction of the intermediate products.
These reaction products have been included or excluded as
necessary to make the proposed mechanisms fit the experimental
data. For example Atkinson (9) <considers several ring
fragrnentafion pathways to produce methyl glyoxal, while Whitten
and Killus (26) 1limit their mechanism to just one. Both groups
however simulate the same experimental data, and both obtain
comparible fits to the data for their models. The product
determinations presented in this thesis indicate that the
atmospheric chemistry of toluene is more complex then proposed by

any previous mechanism,
TOLUENE REACTIONS

All of the compounds proposed by this study have reasonable
production pathways from toluene reacting under simulated
atmospheric oconditions. Toluene, like most hydrocarbons, is
initially attacked by hydroxyl radical(2). Subsequently, reactions
with molecular oxygen and nitrogen oxides produce stable

oxygenated products and regenerate hydroxyl radical. The general
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mechanism involved is shown in equations 1i-8.

R-H +CH -——> R- + H20 (1)
R- + 02 —> RO2- (2)
RO2- + NO =—> RO- + NO2 (3)

RO- + 02 —> RC(O)R' + HO2- (4)

HO2- + NO —> NO2 + OH- (5)
NO2 +hv-—>N +0 (6)
0 + 02 —>03 (N
03 + NO —> NO2 + 02 (8)

Reactions 6-8 comprise the photo-stationary state for ozone and
the nitrogen oxides. The building up of ozone is produced through
the perturbation of this null cycle, by reactions 3-5, the
interaction of hydrocarbon chemistry with the NOx chemistry.

The specific reactions to produce the aramatic products fram
toluene's degradation are understood (10). These reactions are
shown in Figure 37. Reactions a and b are initial attack on
toluene through abstraction and addition respectively. Abstraction
leads to the products benzaldehyde or benzyl nitrate. Ring
addition of hydroxy radical leads to the arcmatic products cresol
and nitrotoluene. Reactions similar to these can be used to
explain the other aramatic products: hydroxybenzaldehydes,
dihydroxytoluenes, nitrobenzaldehydes, nitrocresols, and
dinitrotoluenes. The minor product phenol probably results from
secondary reactions of benzaldehyde (26).

The ring fragmentation products result from a more complex

sequence of reactions. The reactions presented below are largely
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Figure 37. Arcmatic oroducts of toluene formation
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based on reactions proposed by Atkinson et al. (9). Newly
determined products from the present work are proposed to be
formed following similar mechanistic patlways. The important
reaction sequences for the fragmentaticn products are shown in
Figures 38-40. A complete mechanism written in four 1letter code
suitable for computer modelling is presented in Appendix B. As
shown by the examples in Fiures 38-40, there are many
interrelationships between the products. A significant feature
relating to toluene's importance in ozone formation is the number
of NO to NO2 conversions for each patiway. The larger the number
of NO converted to NO2 by hydrocarbon radicals, the more ozone
formation is enhanced (2)., Different products can form while
converting the same number of NO to NO2, as in Figure 38. The same
products can form through different patlways with a different
number of NO to NO2 conversions. Notice methyl glyoxal is formed
with two NO to NO2 conversions in Figure 38, and six NO to NO2 in
Figure 39. The same products can also be formed through completely
different pathways yet produce the same net NO to NO2 conversions,
Figure 39, vs. Figure 40, for methyl glyoxal. It should be clear
that only monitoring the nitrogen oxides and ozone profiles can
not discriminate between possible pathways unless something is
known about the intermediate products. Ozone reactions with the
unsaturated products is a potentially important process. These
products would then serve both as sources and sinks for ozone. The
overall ozone forming potential of the products is therefore not

easily predicted. The organic products from the reaction with
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ozone are expected to be much the same as those from hydroxyl
radical reactions. The only additional products expected are
organic acids formed from the rearrangement of Criegee
intermediates, such as (I) in Figure 41. As noted in Chapter III
few acids were found in the present work, possibly because the
reactions were generally run under czone suppressing conditions
(high NOx concentrations).

2 major difference between the overall chemistry in the
presént mechanism and that of previous workers (9,26,34), is the
formation ratio of carbon dioxide to carbon monoxide. Previous
mechanisms have the seven carbon atams of toluene producing
approximately five carbon monoxide and two carbon dioxide. The
present work has approximately three carbon monoxide and four
carbon dioxide overall. This prediction better agrees with the
overall measured yields of 15% QO and 85% CO2, given in Chapter
1I.

Figure 42 presents a summary of probable patlways for the
production of the major ring fragmentation products. Although many
of the compounds in Figure 42 have not been identified previously,
several of the patiways presented have been proposed. These
pathways are reactions a-e. Killus and Whitten (26) base their
mechanism largely upon butenedial and methylglyoxal. Butenedial
has been tentatively identified by Besemer (18). Atkinson et al.
(9) base their mechanism upon this pathway plus glyoxal and
4—oxo-2-pentenal, although the latter compound has not been

previously identified. The other ring fragmentation products
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Figure 41. <Criegee intermediate formation and rearrange-
ment to produce organic acids.



Figure 42,

Summary of ring fragmentation mechanism,
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determined in Chapter III have been presumed by other workers to

play no major role in toluene's atmospheric oxidation. References
for the proposed formation of these and other compounds can be
found in Table II in Chapter III. Reactions f-1 have not been
previously proposed. They involve reaction sequences similar to
those in a-e. Reaction m is photolytic loss of carbon monoxide
from 6-oxo-2,4~heptadienal. Similarly, hydroxy -
5-oxo-1,3-hexadiene, 3-oxobutene, and hydroxy-3-oxobutene are
possible photoylsis products of hydroxy-6-oxo—-2,4- heptadienal,
4-oxo-2-pentenal, and hydroxy-4-oxo—2-pentenal respectively. The
photochemistry of these molecules is presently unknown. Photolytic
loss of (O occurs for some aldehydes, but propenal and
trans-2-butenal do not show significant QO production at normal
(25 C) temperatures (55-56). Coomber and Pitts fourd that @
yields in trans-2-butenal did significantly increase at higher
temperatures. They also observed a pressure and wavelength
dependance on GO yields (56). Extending the conjugation of the
carbonyl beyond that found in 2-butenal will have a large effect
on the absorption spectrum. Although this patlway could explain
the formation of products comtaining a terminal methylene group,
the measured carbon monoxide yields are only 15%. Since carbon
monoxide can be largely acocounted for in other reaction patlways,
a significant photolysis process would require a major
modification of these more established reactions.

An alternative mechanism which would lead to these products

is a 1,2-hydrogen shift after initial hydroxyl radical attack.
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This mechanism is shown in Figure 43a. This type of 1,2-shift has
been observed (57-58). Takamuku et al found a 1,2 shift occurs
| with a closely related reaction, O (3P) attack on toluene (58). Iﬁ
Figure 43a, the hydrogen shifted adduct (I) proceedes through
reaction sequences similar to those proposed for the other ring
fragmentation products. This reaction patiway leads to the
production of 5-oxo-1,3-hexadiene and carbon dioxide. Immediate
formation of carbon dioxide upon toluene reaction has been
observed. The reactions in Fig.43a would help explain this initial
carbon dioxide yield. Similar reaction sequences can be formulated
for the other products containing a terminal methylene group.

The hydroxy products identified in this study have two
reasonable formation mechanisms. They may be formed as a result of
the reaction of the primary product cresol reacting along similar
fragmentation patlways as toluene. Since the primary cresol yield
is low, only small amounts of these products would be expected
from this route. An alternative reaction mechanism is shown in
Figure 43b. The hydroxy product results fram hydrogen abstraction
from the oxygen cyclized adduct (1), rather than oxygen addition
leading to methyl giyoxal and glyoxal formation. It is likely that
this mechanism dominates over cresol reactions for formation of

products with the alcohol group.
EFFECT IF REACTION CONDITIONS ON PRCDUCT YIELDS

Qualitative experiments were performed to check on product

yield sensitivity to reaction oconditions, and to ensure the
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proposed mechanism was consistent with the observed atmospheric

chemistry. Reactions were normally run with high initial
concentrations of nitric oxide. As stated above, this suppresses
ozone formation and thus reduces complications form ozone reacting
with the intermediate products. However, high concentrations of NO
increase the formation of the relatively uninteresting
nitroaromatic products. It was expected that lower concentrations
of NOx would reduce the proportion of the nitroaramatics. It was
also expected that this would reduce the overall reactivity of the
system. These expectations were confirmed by reactions at low
initial NO concentrations. For example, reactions run at initial
concentrations of O0.5ppm NO and 5ppm toluene, instead of the
normal 10 and 10, did produce 10% of the normal yield of
nitroaromatics (nitrotoluenes and nitrocresols). The rate of the
reaction decreased also., Work is currently underway by Dr. Robert
O'Brien to elucidate the exact relationship between initial NO
concentrations and nitroaramatic yields. Under abient conditions
where there is a low concentration of NOx, the nitroarcmatics

would be relatively unimportant.



CHAPTER VI

ONCLUSIONS

The product determinations made in this study indicate that
the atmospheric chemisty of toluene is more complex than
previously thought. Twentyseven reaction products of toluene were
determined by MS/MS, Of these, only eight had been previously
identified. Another five had been previously proposed but not
identified. Several ring fragmentation products were determined.
These products are of key importance to the understanding of
toluene's atmospheric degradation. The use of deuterium labeled
toluene greatly aided the research. It added confidence to the
structural determinations made with the use of T"authenic"
standards which were not availible for many of the products. Even
with the labeled toluene experiments, in some cases the
fragmentation patterns did not allow unique assignments to be made
between several methly or hydroyl positional isamers. Undoubtedly
more than one isamer was often present, as would be expected.

An atmospheric pressure CI MS/MS instrument confirmed the
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wall extracted products are also in the gas phase. This instrument
would be the most powerful tool in the further study of this or
similar systems.

This particular chemical reaction system is oomplicated by
its heterogeneous nature. However, this problem is associated with
the process itself, and not with the methods used. Precipitation
of the reaction products on the vessel walls is actually an
advantage for the direct probe introduction procedure used in the
MS/MS analysis. Carbon balance measurements were very useful for
the confimation of wall precipitated products. This type of
measurement was the first of its kind taken. Total gas~phase
carbon measurements would be useful for all simulated atmospheric
chamber experiments.

The other analytical techniques used in the study
supplemented the MS/MS work. The GC/MS work help confirm the MS/MS
identifications, including all the aromatic products, and many of
the major fragmentation products. It also confirmed the presence
of more than one isamer for many of the products, as was suggested
from the MS/MS studies. The use of the liorary search method for
the identification was of limited value because many of the
compounds of interest were not in the library. In scme cases the
best library match was an aid in the interpretation of the
spectrum.

The capillary gas chramatography work allowed approximate
quantification of the products collected. Calculated carbon

balances were much better than previously reported. Relative
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yields of the products indicate that several pathways of ring

fragmentation are of equal importance. This is in disagreement
with all of the current toluene mechanisms. A detailed
mechanism has been proposed in this work. It is presented in a
four letter code suitable for computer modeling studies. Results
from the product determinations are incorporated into this
mechanism. Several new patlways were developed to account for the
new products identified. The overall chemistry is similar to
previous patiways except that the overall yields of carbon
monoxide and carbon dioxide are in better agreement with measured
yields. Much more work is needed to varify a mechanism as complex
as the one proposed for toluene's atmospheric degradation. Now
that many of the other ring fragmentation products have been
determined, their individual atmospheric chemistry's can be
investigated. When the reactions of the products are understood,
the accuracy of toluene's mechanism will be increased. The results
presented in this thesis should be large step in this process.
When aromatic hydrocarbon atmospheric chemistry is well
understood, it will be possible to incorporate the affects of this
important class of hydrocarbons in general tropospheric models. As
a result better predictions can be made about the potential
pollution problems in an urban area, and better control strategies

can be developed to decrease any potenial harm to man and his

environment.
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APPENDIX A

MS/MS DAUGHTER ION SPECTRA FOR REMAINING PRODUCTS

Conpound B, 3, B
glyoxal 58 59 61
acetic acid 61 64 64
3-oxo-butene 71 74 (D
hydroxy-3-oxo~butene 87 90 92
phenol 95 95
3-oxo-2-hydroxy-butanal 103 106 108
benzaldehyde 107 108 113
cresol 109 112 116
benzoic acid 123 123 127
hydroxybenzaldehyde (123) 124 (127)
dihydroxytoluene (125) (128) 131
nitrotoluene 138 141 145
nitrophenol 140 140 144
hydroxy-6—~oxo-2,4-

heptadienal 141 144 148
nitrobenzaldehyde 152 153 157
nitrocresol 154 157 160
benzalnitrate (154) 15 161
dinitrotoluene 183 186 189

spectra in () have been presented previously
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APPENDIX B

FOUR LETTER CODED TOLUENE MECHANISM
FOR COMPUTER SIMULATION

Reaction Rate Copnstant (ppmv/min)
1 TOL + OH —> BNZR + H20  7.2E2
2 BNZR + 02 —-> B702
3 BZ02 + NO —> ENZO + NO2  9.0E3
4 BNZO + 02 —> BZAL + HO2  1.0*10
5 BZ02 + N0 —=> BEZN 1.0E3
6 TOL + O —> ADOH 8,7E3
7 ADCH + 02 —=> CRES + HO2 1.0El

8 ADOH + NO2 —-> NTCL + H20 4.4E4

9 ADCH + 02 —=> ADO2 4.9E1

10 ADO2 + NO ——=> ADOR

11 ADOR ——> OPEN

12 OPEN + 02 —> F125 + HO2

13 aD02 —> CYCL

14 CYCL + 02 —> F141 + HO2

15 CYCL + 02 —=> AD20

16 AD20 + NO =——> ADZR + NO2

17 AD2R + 02 —> F99 + GLY + HO2 1.0E4
18 AD2R + 02 —=> F85 + MGLY + HO2 1.0E4
19 aD20 —> CYC2

20 CY¥C2 + 02 ~~> AD30

21 AD30 + NO ~—> AD3R

22 AD3R + 02 —> GLY + GLY + MGLY + HO2
23 203R + 02 ~—=> GY + F103 + Q0 + HO2
24 ADCH ~——> SHFT

25 SHFT + 02 -—> SFO2

26 SFO2 + NO —> SFOR

27 SFOR + 02 —> SOPN

28 SOPN + NO —> F97 + CO2H + NO2

29 CO2H + 02 —=> Q02 + HO2

30 F125 + O —=> R125 + H20

31 R125 + 02 —=> 0225

32 0225 + N0 ——> 0125 + NO2 + Q02

33 0125 + 02 —> OR25

34 OR25 + NO —> 0OX25

35 0X25 02 —> 0325

36 0325 + NO ——> R325

37 R325 + 02 —> F127 + HO2

38 R325 —> GYL + MVKR

39 MVKR + 02 ——> MVKO

40 MVKO + NO —> X103 1.0E4

41 X103 + 02 —=> 0103

139



42 0103 + NO —> OMGY + NO2 5,0E3
43 OMGY -—> MGLY + FORR

44 FORR + 02 —> Q0 + B2

45 oMY —> GLY + ACT

46 ACT + BO2 —=> ACAL

47 ACT + 02 —> ACT2

48 ACT2 + NO —=> ACTN

49 ACT2 + NO2 —> PAN 6.9E3

50 ACT2 + NO —=> ACTO + NO2 1.1E4
51 aCTO —=> CH3 + Q02

52 CH3 + 02 —> CHO2

53 CHO2 + NO ——> CH30 + NO2 1.1E4
54 CH30 + 02 —> FORM + HO2 2.1E0
55 R325 —=> MGYL + VALR

56 VALR + 02 —> VIO2

57 VIO2 + NO —=> VAIQ + NO2 1.0E4
58 VALO + 02 —=> VL20

59 ViI20 + NO —=> VI2R + NO2 1.0E4
60 VI20 ——> GLY + FORR

61 F125 + OH —> Al25

62 Al25 + 02 —> 0225

63 0225 + NO —=> R225 + NO2

64 R225 + 02 —=> F99 + GLY + HO2
65 R225 + 02 —=> F85 + MGLY + HO2
66 R225 —=> F103 + VALR

67 R225 —=> GY + HMVK

68 HMVK + 02 ——> HOMV

69 HOMV + NO —=> HRMV + NO2

70 HRW + 02 ——> H2MV

71 H2MV + NO ——> R2MV + NO2

72 R2MV + 02 —=> F103 + FORM + HO2
73 R2MV + 02 —> MGLY + GLY + HO2
74 F125 + HV —=> F97 + Q0

75 F127 + OH —=> R127 + HO2

76 R127 + 02 —=> 0227

77 0227 + NO —> 0127

78 0127 + 02 —> R227

79 R227 + NO —-—> Y127 + NO2

80 Y127 + 02 —=> Y227

81 Y227 + NO —> MGYR + GLY + NO2
82 MGYR + 02 —> MGYO

83 MGYO + NO —> ACT + NO2 + Q02

84 0227 + NO —=> R99 + NO2 + Q02
85 R99 + 02 —=> 0299

86 0299 + NO —> MVKR + 002 + NO2
87 F127 + CH —> Al127

88 al27 + 02 —> 0227

89 0227 + NO —=> R227 + NO2

90 R227 —> 1127 + QLY

91 1127 + 02 -——> X127

92 X127 + NO —> MGYR + FACD + NO2

1.0E4
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93 R227 ~> F103 + GLYR
94 R227 —=> MGLY + G&YR
95 GLYR + 02 —> GLYO
96 GLYO + NO -——> FORR + Q02 + NO2

97 CHO3 + 02 —> CHO4

98 CHO4 + NO —> FACD + GLYR + NO2

99 F97 + OH —> 2497

100 2497 + 02 —> 0497

101 0497 + NO —> F103 + ETHR

102 ETHR + 02 ——> EHO2

103 EHO2 + NO ——> ETHO + NO2

104 ETHO + 02 —=> ET20

105 ET20 + NO —> OET™

106 OETH + 02 —=> GLY + HO2

107 F97 + CH —=> A297

108 A297 + 02 —> 0297

109 0297 + NO ——> FORM + I297 + NO2
110 1297 + 02 —=> F99 + HO2

111 0297 + NO ——=> F61 + MVKR + NO2

112 F99 + OH —=> R99 + H20 2.2E4

113 F99 + OH —=> A99

114 299 + 02 —> 0299

115 0299 + NO —=> R299 1.0E4

116 R299 + 02 —-> MGLY + GLY + HO2

117 R299 + 02 —=> F103 + QO + HO2

118 F99 + NO —> F71 + QO

119 F85 + OH —=> R85 + H20 4.4E4

120 R85 + 02 ——> 085

121 085 + NO —> CO2 + NO2 + VALR 1.0E4
122 F85 + OH ——> A85

123 a85 + 02 —> 0285

124 0285 + NO —> GLY + GLYH + NO2

125 GLYH + 02 —=> GLY + HO2

126 F85 + NO —> F57 + QO

127 F71 + OH —> A71

128 A71 + OH —> A71

129 0271 + NO —> R71

130 R71 + 02 —> MGLY + FORM + HO2

131 R71 + 02 —=> F103 + HO2

132 R71 + 02 —=> ACT + Fé6l

133 F103 + CH —=> R103 + H20

134 R103 + 02 —=> 0203

135 0203 + NO — (02 + MGLH + NO2

136 MGYH + 02 ~—=-> MGLY + HO2

137 MGLY + OH ——> MGYR + H20 2.5E4
138 MGLY + HV -——> ACAL + QO

139 MGLY + HV -—> ACT + FORR

140 MGLY + HV -—> CH3 + GLYR

141 GLY + OH —~—> GLYR + 20O 1.7E4
142 GLY + HV —=> FORM + QO
143 GLY + BV ——> CO + CO + H2



144 FORM + OH —=> FORR + H20 1.6E4
145 FORM + BV —=> Q0 + H2

146 ACAL + OH —=> ACT + H20

147 PAN —> ACT2 + NO2  2,2E-2

148 ACAL + OH —> ACT + H20 2.4E4

149 ACAL + HV —=> CH3 + FORR  8.4E-4K1

150 CO + OH —=> O02H  4.0E2
151 BZAL + OH —> BNZO 1.9E4
151 BNZO + 02 —=> BZO2

152 Bz02 + NO —> PHEN + C02 + NO2 1.0E4

153 PHEN + 02 —=> PHD2

154 PHO2 + NO —=> PHND + NO2 9,0E3
155 PHNO + HO2 —> PHOL + 02 7.4E3
156 BZ02 + NO ———> BZON

157 BZO2 + NO2 —=> PBZN 6.9E3

158 PBZN —> BZ0O2 + NO2 9,6E-3
159 PHNO + NO2 —-> NPOL 2.2FE4

160 BZAL + OH —-> BADD

161l BADD + 02 —> NBZL

162 BRADD + NO2 —-> NBZL

163 DHO2 —=> BOPN

164 PHNO + 02 —> PHO2

165 PHO2 + NO —=—> BOPN + MD2

166 BOPN + 02 —=> BOP2

167 BOP2 + NO —=> BOPO + NO2 + Q02
168 BOPO + 02 —-> B2PO

169 B2PO + NO —> X85 + NO2

170 X85 + 02 —=> X085

171 X085 + NO ——> GLY + VAL + NO2
172 X085 + NO —> F85 + FORR

173 CRES + OH —> CADD 5.6E4

174 CRES + OH —=> CABS + H20 4.9E3
175 CRES + NO3 ——> CABS + HNO3 1.5E4
176 CABS + NO2 —-> NCRS 2.2E4

177 CADD + NO2 ——-> NCRS + H20 4.4E4
178 NCRS + OH —=> NCBS + H20

179 NCRS + NO3 —=> NCBS + HNO3 1.5E4
180 NCBS + NO2 —=> ONCS 2.2E4

181 CADD + 02 —=> CADO 4,.9E1

182 CADO —> ADO2

183 Fl41 —> F125

184 r115 —> F99

185 Fl113 —=> F97

186 F87 —> F71

187 CY¥C2 + 02 -——=> F115 + HO2 + GLY
188 SFO2 + 02 —-> F113 + CO2H

189 SFO2 + 02 ——> SFO4

190 SFO4 + 02 —> F87 + &Y + QO2H
191 NTOL + OH —> NADD

192 NADD + NO2 ——> DNTL

193 NADD —> CRES + NO2

134 NADD ___ > ADOH
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