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ABSTRACT

The results of a kinetic study on the reactions of hydroxyl radicals with selected aromatic
compounds are presented in this thesis. Rate constants (in units 10”* cm molecule? s') were

obtained using a relative rate method for the following reactions at 29812K and 1 atm. total

pressure:

k(OH + toluene-hg) = 5.94+0.22 k(OH + 2-fluorotoluene) = 2.09+0.07
k(bH + toluene-dg) = 5.77+0.07 k(OH + 3-fluorotoluene) = 4.40+0.07
k(OH + ethylbenzene) = 6.3410.29 k(OH + 4-fluorctoluene) = 3.03+0.14
k'(OH + n-propylbenzene) = 7.21+£0.29 k(QH + 2-chlorotoluene) = 2.45+0.22
k(OH + n-butylbenzene) = 9.52+0.50 k(OH + 3-chlorotoluene) = 4.724+0.50
k(OH + o-diethylbenzene) = 12.47+0.43 k{OH + 4-chlorotoluene) = 3.46+0.43

k(OH + indane) = 23.86+1.88
k(OH + tetralin) = 26.46x1.30

k(OH + 1,2,4,5-tetramethylbenzene) = 51.57+3 .4

Arrhenius parameters were determined using a relative rate method for the following

reactions over the temperature range 243-323K and at 1 atm. total pressure:

OH + toluene k=2.41x10" exp(269+24/T)
OH + indane’ | k=21.6x10" exp(30£7/T)
OH + tetralin k =42.5x10™" exp(-141+24/T)
OH + 3-fluorotoluene k=1.41x10" exp(314£13/T)

OH + 3-chlorotoluene k=2.22x10" exp(222+£35/T)



Rate constants for the reaction of chlorine atoms with indane and tetralin were obtained

using a relative rate method at 298+2K and 1 atm. total pressure:

k(Cl + indane) = 2.28+0.18

K(CI + tetralin) = 3.30+0.12 '

The results of this kinetic study show that there 1s a small but systematic incfease in the
reactivity of OH radicals towards monoalkyl substituted benzenes with icreasing length of
the alkyl side-chain, in contrast to previous investigations.Furthermore, the reactivity with
OH radicals is greatly enhanced when the alkyl substituent is in the form of a saturated ring
(indane and tetralin). It is proposed that that this enhanced reactivity is due to a greater
contribution from the abstraction pathway. This proposition is supported by the results of

temperature dependant studies and reaction with chlorine atoms.

The presence of a fluorine or chlorine substituent on the aromatic ring (fluorotoluene and
chlorotoluene isoy_lelfs) results in a decrease in reactivity with OH radicals, relative to
toluene, due to the negative inductive effect of the halogen. The fluorotoluenes are less
Teactive with OH radicals than the corresponding chlorotoluene isomers, consistent with
electronegativity trends, while the position of the substituent on the ring has a measurable

influence on the reactivity.

Finally, the contribution of these aromatic compounds to photochemical oxidant formation

is assessed in terms of their atmospheric lifetimes.



1.0 GENERAL INTRODUCTION




Ever since the Earth was formed the chemical composition of the atmosphere has been
evolving. It has now reached an equilibrium which can sustain life. The natural
“unpolluted” atmosphere is made up almost entirely of nitrogen, oxygen, argon and
water vapour. In the past few c\:enturies the development of industry has lead to an
increase in man-made pollution which has disturbed the equilibrium and affected
hurnah health, écosystems and climatic change. This chapter outlines the basic .
chemistry of the unpoliuted and polluted atmosphere and emphasises the key species

involved.

The atmosphere is divided into layers defined in terms Qf temperature. Figure 1.1 isa
plot of average atmospheric temperature for mid-latitudes as a function of altitude
together with the effect on pressure of increasing altitude. The pressure continually
decreases with increasing altitude from 101 kPa at sea level to 10° kPa at about 100
km. The temperature steadily decreases with altitude up to ~15 km at a rate of about
6.5 K/km. Known as the troposphere,this region is an area of much interest to
atmospheric chemists. From the tropopause (the top of the troposphere) the
stratosphere extends for a further 50 km in altitude. Temperature increases with
altitude in the stratosphere owing to the absorption of short-wavelength radiation by
ozone. Above the stratopause, from 50 to 85 km, is the mesosphere over which the
temperature decreases again with altitude down to 175 K where the atmosphere is at
its coolest. The uppermost layer is the thermosphere which, together with the
mesosphere, is sometimes known as the ionosphere. The chemistry of each of the

layers is described in greater detail in the following section.



Figure 1.1 Regions of the atmosphere based on the temperature variation with

altitude [47].
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1.1 THE ATMOSPHERE

1.1.1 Thermosphers
\
Photodissociation of molecular oxygen (reaction 1) and subsequent photoionisation

(reaction 2) by ultra-violet photons takes place at very high altitudes:

0, + hv(h < 245nm)—>  OCP) + O(C’P or 'D) (1)

+ -

0 + hv(A < 100nm)— 0 + e (2)

O" can react exothermally with both molecular oxygen and molecular nitrogen leading

to a very high concentration of charged particles in the thermosphere (also known as
the ionosphere) and also to the extremely high temperatures in this region (up to 1500
K at 300 km). Ultra-violet radiation becomes weaker in intensity with decreasing
altitude and less photodissociation and photoionisation take place leading to a drop in

temperature.
1.1.2 Mesosphere

The increased density in the mesosphere leads to a greater number of molecular
collisions and thereby a greater complexity of reactions. There is photodissociation as
in reaction (1) but in the mesosphere atomic oxygen reacts with molecular oxygen to
form ozone:

OCP) + O, + Mo O0; + M AH=-106 kI mol” (3)



M is typically N, or O, which acts as a third body stabilising the energy rich product
from the highly exothermic bimolecular reaction. The density increases with decreasing
altitude, hence there is a greatér probability of collisions and thus greater
concentrations of ozone are produced. A steady state concentration of ozone is

maintained as it is formed by reaction (3) and destroyed by reactions (4) and (5):

0, + oCP) - 20, AH =-392kImol”  (4)

o, + hv(220<A<315mm)—> O, + o('D) (5

Reactions (3) and (4) are highly exothermic leading to the increase in temperature with

decreasing altitude. -
1.1.3 Stratosphere

The most important constituent in the stratosphere is ozone. Despite its very low
concentration ozone is vital to life on earth as it prevents harmful ultra-violet radiation
( A < 290nm) from reaching the earth’s surface. Ozone in the stratosphere is
constantly being formed, destroyed and reformed during daylight hours through
reactions (3), (4), and (5). Ozone is produced in the stratosphere because there is
adequate UV-C from sunlight to dissociate some O, molecules and so produce oxygen
atoms, most of which collide with other O, molecules and form ozone. The ozone in
the stratosphere filters UV-B and UV-C from sunlight, but is destroyed temporarily by
this process or by reaction with oxygen atoms. Ozone is not formed in this way below
the stratosphere due to the Jagk of UV-C required to produce O atoms. Above the

5



stratosphere, oxygen atoms predominate ana usually collide with other oxygen atoms
to form O,. The cyclic feaction mechanism of reactions (3), (4) and (5), involving only
species derived from oxygen, was suggested by Chapman in 1930 [1] and is thus
known as the Chapman cycle. <&s with the mesosphere, the gas density of the
stratosphere increases with decfeasing altitude leading to higher ozone concentrations
at lower altitudes. The ozone concentration peaks at 25-30km and then falls off due to
the absorption of the UV-C photons. Figure 1.2 shows a plot of the partial pressure of
ozone as a function of altitude which demonstrates clearly the stratospheric ozone

layer peaking at ~30km in tropical regions [2].

Figure 1.2 Plot of the partial pressure of ozone as a function of altitude for the

tropical regions [2].
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More recently it has been shown that the destruction of ozone and ozone precursors in
the stratosphere is not only caused by reactions (4) and (5). The Chapman mechanism
accounts for about 20% of the total natural destruction rate for stratospheric ozone.

\

These alternate ozone destruction schemes take the general form:

0oXx + ) - X + 0O,

0 + O, —> 20,

where X =H, OH, NO, Cl.

For example the reaction of ozone with hydrogen containing species (HO,):

OH + 0O, - HO, + 0, (6)

O + HOZ —» OH + 02 (7)

0 + 0s —> 20,

The oxides of nitrogen, NO and NO; (i.e. NO,) provide a similar destructive process

for ozone:
NO + 0O, — NO, + O, (8)
0 + NO, - NO + 0, (%)




Compounds other than NO, and HO, may also cause the destruction of stratospheric

ozone. Most notable of these are atomic chlorine (Cl) and atomic bromine (Br):

Cl + 0. - c\lo + 0, ' - (10)

a0+ O > C + 0 (11)

Br + O —> B0 + O (12)

BO + O - Br + O (13)

O + Oy — 20,

Different halocarbons undergo dissociation at different wavelengths and those photolysed
at shorter wavelengths must reach higher altitudes in the stratosphere to be
photodissociated. For example, atom for atom bromine is potentially far more destructive
towards stratospheric ozone than chlorine. This is primarily due to the fact that photolysis
of bromine compounds occurs lower in the atmosphere where ozone concentrations are
greatest. Estimates of the catalytic activity of Br relative to that of Cl range from 10 to 50
[3]. Similarly, the chlorine compounds are photolysed at lower altitudes than fluorine

compounds causing more ozone destruction.

Phase-out of production of chlorofluorocarbons (CFCs) began in 1987 with the
Montreal protocol [4]. Production in 1989 of the main CFCs (CFCls, CF2Cls,
CFCICFCl,, CF,CICF,Cl and CF,CICF,) was frozen at the 1986 level. This target was

reduced further in 1994 to 80% of the 1986 level and a further reduction to 50% was



expected in 1999. However, due to increased concern over the health risks involved
the production of CFCs has currently ceased in EU member states on the order of the
European Union Regulation (EC) No. 3093/94. The protocol allows for substitution of
halocarbons as long as the total\ ozone depletion potential remains unéhanged.
Substitution of brominated compounds for non-brominated compounds is not

permitted.

In recent years there has been an increase in the use of the hydrofluorocarbons (HFCs)
and hydrochlorofluorocarbons (HCFCs) as possible replacements for CFCs. As HFCs
and HCFCs are still halocarbons they retain many of the desirable properties of the
CFCs but because they contain hydrogen they degrade in the lower atmosphere. This
results in shorter atmospheric lifetimes and reduces their contribution to global
warming. However, as HCFCs have a potential for ozone depletion, they are termed
“transitional substances” by the Montreal protocol and are due to be phased out by
2030. HFCs have no potential for ozone destruction as they contain no chlorine or

bromine.
1.1.4 Troposphere

The troposphere is the layer of the atmosphere that is the nearest the earth’s surface
(0-15km). It contains the air that supports all life on earth and thus a knowledge of the
chemical composition and factors that may perturb the chemical balance is of vital
importance. The troposphere contains ~ 90% of the total atmospheric mass and as
such contains the bulk of anthropogenic and biogenic emissions leading to a complex

array of chemical transformations. The chemical composition of the natural troposphere

9



is made up almost entirely of nitrogen, oxygen, noble gases and water vapour as shown

in Table 1.1.

Beneath the tropopause the natural production of ozone ceases in the 'absence of the
ultra-violet light (A < 245nm) required to produce atomic oxygen. While ozone in the
stratosphere is vital for life on earth, its presence in the troposphere is considered a
major pollutant and is used as one of the criteria for the presence of photochemical

smog. The two main sources of ozone in the natural troposphere are:

e Injection from the stratosphere. Concentrations of stratospheric ozone are
relatively high compared to tropospheric concentrations. Transport of air masses
between the stratosphere and troposphere is inhibited by the temperature inversion
at the tropopause. However, during unusual weather conditions this inversion may
be “relaxed” as a result of tropopause folding and wave driven pumping, leading to

transport of ozone from the stratospheric ozone layer.

e Photochemical production of ozone in the presence of NO., CH, and sunlight.
Photochemical reactions in the troposphere involve mainly absorption of near UV
and visible radiation (290 .<77L < 400nm). The reaction that initiates daytime
tropospheric chemistry is the photolysis of ozone to yield electronically excited

oxygen atoms (O('D)) which react with water vapour to generate hydroxyl

radicals:

10



Table 1.1 Average percentage of main tropospheric constituents under clean air

conditions [3].
Nitrogen (N2) \ 78
Oxygen (Oy) 21
Argon (Ar) and other noble gases 0.9
Water vapour (H>0) " 0-3
Carbon dioxide (CO,) 0035
Methane (CH,) 0.00017
Hydrogen (H,) 0.00006
Nitrous oxide (N20) 0.000033
Carbon monoxide (CO) 4-20x10°
Ozone (0O3) 1-5x10°
Ammonia (NH;) 10%-10%
Sulphur dioxide (SO5) 10° - 107
Nitrogen oxides (NO,) 10° - 10°

11



0; + hv(290<A<315nm) - 0, + o('D) (5)

0O('D) o+ H0 - 20H (14)
\\

Hydroxyl radicals are highly reactive towards a wide range of volatile organic

compounds (VOCs), with the exception of CFC’s and provide a very efficient

mechanism for the scavenging of t_he'majon'ty of both biogenic and anthropogenic

emissions to the troposphere.

Figure 1.3 shows the cyclic mechanism for the reaction of methane with OH radicals to
form formaldehyde with the consequent oxidation of NO to NO; and regeneration of
OH. H-atom abstraction from CH, by OH leads to the formation of a methyl radical
(CH,) and water. Under atmospheric conditions the methyi radical reacts rapidly with
molecular oxygen to form a methylperoxy radical (CH;0,). The fate of the
methylperoxy radical depends on the ambient levels of NO,. At NO; concentrations
<20ppt the chain is terminated by reaction of the methylperoxy radical with a
hydroperoxy radical to form methylhydroperoxide, which undergoes wet deposition.
At higher concentrations of NO, (= 20ppt) the methylperoxy radical oxidises NO to

NO; and forms a methoxy radical (CH;0).

12



Figure 1.3 Reaction pathway for the oxidation of Methane in the troposphere.

HO+ CH,4

CHzO + H02‘ . CH3'+ H20
+ 03 + 0y
NO
CH30° - l CH302°
NO,
+ HO,

CH;OO0H + O,

13



The methoxy radical reacts with molecular oxygen to form the primary oxidation
product, formaldehyde, and a hydroperoxy radical (HO,). This hydroperoxy radical
oxidises another molecule of NO to NO, and recycles the OH radical. The maiﬁ fate of
formaldehyde is photolysis to fcerm CO and HO;, radicals with a small fraction
undergoing a similar oxidation pathway to that described above after reaction with

OH.
This chain reaction may be terminated by:

HO, + HO, - H,O, + 0. ‘ (15)

OH + NO, —  HNO; (16)
As in the stratosphere and mesosphere NO is of central importance to the chemistry of
the troposphere. Photolysis of NO, (reaction 17) followed by reaction (3) is the only

known anthropogenic source of ozone in the troposphere:

NO, + hw(290<A<400nm) — NO + OCP) (17)

oCP) + 0, + M -5 0 + M (3)

Consequently, any increase in ozone precursor emissions i.e. VOCs and NOx is of

major concern since it wiil result in enhanced levels of photochemical oxidants.
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1.2 THE POLLUTED TROPOSPEERE

Over the past 50 years there has been growing concern about increasing pollution
levels and the deterioration in t1\1e condition of the earth’s atmosphere. The depletion of
the ozone layer and increased incidences of both sulphurous and photochemical smog
have led to a greater awareness about chemical air pollution. This has resultedina -

more widespread interest in rlesearch on the physical and chemical transformations of

pollutants in the atmosphere.

One of the main classes of pollutants emitted to the atmpsphere are VOCs which are
important precursors in the photochemical production of tropospheric ozone. A strict
definition of a VOC is any organic compound that may exist in the vapour phase at
atmospheric temperatures, but in general the term VOC refers to any gaseous organic
compound in the atmosphere. VOC emissions arise from both natural (biogenic) and
man-made (anthropogenic) sources. Estimates of ~100 million tonnes per year of
anthropogenic VOCs are released into the atmosphere with ~ 1000 million tonnes per
year from biogenic sources [5,6]. Listed in Table 1.2 are the total VOC (excluding
methane) emissions for the 15 member states of the EU for the years 1985, 1990 and
1994 [7]. The data shows a reduction in VOC emissions in most European countries,
with the exception of Greece, Italy and Portugal, between 1990 and 1994 with a

consequent reduction in total European emissions over the same period.

Anthropogenic sources of VOCs include vehicle exhaust emissions, evaporation of
petrol and diesel fuels, solvent evaporation and emissions from industrial processes and
oil refining. Biogenic sources include the emissions from plants, trees, animals and
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anaerobic processes in bogs-and marshes. VOCs and their reaction products are
increasingly regarded as posing an unacceptable risk to public health as well as to the
biological and physical environments.

\\.
Extensive research has been carried out on the behaviour of selected VOCs in the body
after oral, dermal or inhalatory exposure together with the toxic effects caused via the
different routes [8 and references therein]. These studies have identified high risk
VOCs responsible for both short and long ferm toxicity in humans such as

carcinogenicity, genotoxicity, reproductive toxicity, and affects on the nervous,

immune, cardiovascular and endocrine systems.

Once emitted VOCs may undergo several different processes in the atmosphere:

e Dispersion accounts for all diffusion and transport processes caused by turbulence
and circulation of air masses and may be responsible for substantial dilution of
emissions.

o Physical transformations such as condensation into particles, adsorption onto
surfaces or solution into water droplets i.e. any process that removes the
VOC from the gaseous phase.

* Deposition is the process that transfers VOCs into soils etc. (dry deposition) or
waters (wet deposition) by sedimentation.

o Chemical reactions which convert VOCs into organic and/or inorganic products

which in turn may undergo any of the above processes.
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Table 1.2 VOC emissions by country in kTonnes for the member states of the EU in

1985, 1990 and 1994 [7].

Austria 400 418 358
Belgium 407 332 320
Denmark 198 175 156
Finland 210 209 190
France 2393 2363 2308
Germany 3290 3155 2153
Greece 155 293 362
Ireland 102 102 93
Italy 1850 2080 2239
Luxembourg 20 19 17
Netherlands 463 420 375
Portugal 199 202 227
Spain 1265 1051 1120
Sweden 553 526 459
UK 2439 2623 2354
Total 13944 13998 12731
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In recent years evidence has surfaced to suggest that concentrations of tropospheric
ozone are influenced by human activity. Pittock [9] observed that concentrations of
ozone are greater at mid-latitu‘desrof the northern hemisphere than at corresponding
latitudes in the southern hemisphere. Similarly, Logan [10] has showﬁ that the major
source of ozone in both Europe and North America is from anthropogenic sources.
These observed increases over the relatively more industrialised areas compared to the
less industnalised areas of Africa, Asia and South America is believed to be due to

increased emissions of the ozone precursors NOx and VOCs.

Ozone plays an important role in controlling the chemical composition of the
troposphere since it is the source of hydroxyl radicals, the major daytime scavengers of
trace species in the troposphere. An increase in ozone concentration is significant for a

number of reasons:

(i) Ozone is important in maintaining the climate of the troposphere. A doubling
of tropospheric ozone may lead to an increase in surface temperatures of
~0.9K [11].

(ii) Ozone is known to induce changes in cells and fluids of the respiratory tract
causing alterations in the mechanical functions of the lungs. This leads to
coughing, shortness of breath and respiratory pains in humans [12].

(i}  Field studies have shown that yields of agricultural crops decrease as
tropospheric ozone increases w1th reductions of 6 — 8 % per 10ppb of ozone
[13].

(iv)  Increased levels of tropospheric 0zone may have contributed to the observed

forest decline in Europe and the U .S. [14].
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The detrimental effects pf ozone as listed above were initially observed in Los Angeles
in the mid-twentieth century. Once the precursors of ozone had been identified,
possible control strategies and air quality standards for these precursors (primary
pollutants) and ozone itself (a secondary pollutant) were devised. In 1592 thé
European Union introduced emission reduction targets for VOCs and NO; of a 30%%
reduction by the year 2000 from the 1990 emission levels in order to reduce
tropospheric ozone concentrations. The health effects of ozone on both plants and
animals has led to very stringent air quality standards by both the EU and the World.
Health Organisation (WHO). The ozone thresholds from the European Council

directive 92/72/EEC and WHO air quality guidelines are given in Tabie 1.3.

Table 1.3 European Union and World Health Orgarisation population information

and vegetation concentration thresholds for Ozone.

1 hour average EU vegetation protection 200

1 hour average EU population warmning 360
Fixed 8 hour EU health protection 110

24 hour average EU vegetation protection 65

8 hour average WHO health protection guideline 120
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When VOCs are mixed with nitrogen oxides and irradiated with sunlight (290 <2 <
400nm) a complex chain of free radical reactions leads to the formatién of secondary
photochemicat pollutants;, e.g. ozone, aldehydes, hydrogen peroxide, peroxyacetyl
nitrate (PAN), organic and _inc){ganic acids and fine particles, colleptively known as
photocﬁemical smog. The oxidation sequence for non-methane hydrocarbons
(NMHCs) parallels that of methane in the clean troposphere. Oxidation begins by
reaction with OH radicals which are generated by ph(_)tolysis. of ozone (reaction 5)
followed by reaction with water vapour (reaction 14). Other sources of OH radicals in

the polluted troposphere include the photolysis of nitrous acid (HONO):
HONO + hv (A <400 nm) - OH + NO (18)

and photolysis of formaldehyde (HCHO):

HCHO + hv(A<340nm) —> H +  HCO (19)
HCO + O, - CO +  HO (20)
H + 0 + M > HO, + M 1)
HO, + NO + > HO + NO, (22)

The reaction pathway for the oxidation of saturated VOCs by OH radicals is
summarised in Figure 1.4 where RCH; denotes any saturated organic with an
abstractable hydrogen. Oxidation begins with abstraction of a H-atom by OH radicals
to form water and an alkyl radical (RCHy,). The alkyl radical then reacts with molecular

oxygen to form the peroxy radical (RCH,0,). At the concentrations of NOy present in
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the polluted atmosphere peroxy radicals react rapidly with NO to form NO; and an
alkoxy radical (RCH,0). The alkoxy radical again reacts with molecular oxygen to

form the primary oxidation product, a carbonyl compound and a hydroperoxy radical

cHOz)- '\

Figure 1.4 Generalised scheme for reaction of OH radicals with saturated VOCs

(RCH) in the troposphere.

HO+ RCH;

RCHO + HO»- RCH; + H,O
+ 0O, + Oy
NO
RCH;O - < | RCH,O,-
NO,
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Finally the hydroperoxy radical oxidises NO to NO; with fegeneration of OH. The
NO, formed in this reaction sequence may then form ozone via reactions (17) and (3).
The net result of this cycle is that for every molecule of organic reacted, two molecules
of NO are oxidised to NO,, B;I\ld hence two O3 molecules formed. Thé carbonyl
compound formed will undergo furthre oxidation by OH and/or photolysis leading td
further NO oxidation. The peroxy radicals formed easily convert NO to NO; at
ambient concentrations where the thermal oxidation of NO by Oz is negliéible. The
atmospheric relevance of this reaction sequence is that there is a mechanism for
oxidation of NO to NO; which does not involve the loss of ozone during daylight

hours.
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i.3 PHOTOCHEMICAL OZONE CREATION POTENTIAL (POCP)

It has been established in Section 1.2 that all VOCs (with the exception of CFCs) in the
presence of NO and ultra-vio-l\gt light produce ozone. However, not all VOCs emitted
to the atmosphere contribute equally to ozone formation. Each hydrocarbon has to
compete against other hydrocarbons for OH radicals to form the ﬁeroxy radicals which
are necessary to create ozone. The potential thaf each VOC has for ozone production
depends on two key steps in the reaction mechanism shown in Figure 1.4. The first
step determines how fast the peroxy radical is formed after reaction of OH with the
VOC This is determined by the intrinsic reactivity of the VOC towards OH, a
parameter which can be experimentally measured. The second series of steps relate to
the number of molecules of NO oxidised to NO- per molecule of VOC reacted which
may be affected by the presence of sinks for NO, such as the formation of organic
nitrates and peroxy acetyl nitrate (PAN) as well as other reaction channels for the

alkoxy radical such as decomposition and isomerisation.

In recent years a number of studies have been carried out to quantify the

photochemical ozone creation potentials of various VOCs. Hough and Derwent [1‘5]
have used computer model simulations to determine the contribution of 37 VOCs to
ozone formation. Carter and Atkinson have developed an incremental reactivity scale
for VOCs with respect to ozone formation based on both experimental studies [16] and
computer model simulations [17]. The incremental reactivity is defined as the amount
of ozone formed per unit VOC added or subtracted from the VOC mixture in a given
air mass. The incremental reactivity scale has been further refined bjf Carter [18,19]

and Bowman and Seinfeld [20,21].
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Derwent and Jenkin [22] have also formulated a reactivity scale which describes the
ozone forming potential of each VOC per unit mass emission; known as the
Photochemical Ozone Creation Potential or POCP. Derwent and Jenkin [22] define the
POCP by subtracting the emis\sions of a particular VOC from a 69 component mixture
using photocheﬁﬁcal model calculations and then expressing the POCP as the change
in ozone concentration when the emissions of that particular VOC are set to zero in the
photochemical model ca]qulation.'The POCP Qalues of thg 69 VOCs are stated relative
to ethene (ethylene) which is used as a reference due to its medium reactivity with the
OH radical. The POCP scale has been further developed by Andersoson-Skold et a/

[23] and Derwent et al [24].

Table 1.4 presents the POCP of each VOC from the trajectory model of Derwent and
Jenkin [22]. Each value is normalised relative to the corresponding value for ethene,
which is assigned a value of 100.In general, the POCP values for alkanes lie between
30-50 except for methane and ethane which are considerably lower. The apparent lack
of a positive correlation between POCP value and reactivity towards OH would
suggest that the POCP value is not simply a function of the OH radical rate constant.
The branching in the higher alkanes appears to be significant and Derwent [22] states
that the more stable intermediates formed in the degradation pathway of branched
alkanes will reduce the potential to form ozone as it will reduce the number of peroxy

radicals available to oxidise NO to NO,.

The POCPs of the alkenes are within the range 60-110 but show a tendency to
decrease with increasing carbon number, in contrast to their reactivity towards OH

radicals. The decrease in POCP with increasing size of the alkene can be attributed to
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the increase in stability of the aldehydes and ketones forined in the degradation
pathway. Relative to formaldehyde, formed from ethylene, longer chain aldehydes and
ketones photolyse more slowly while reaction with OH becomes more impértﬁnt.
Whereas reaction of OH with\fﬂdehydes or ketones maintains the number of free
radicals , photolysis increases the steady state free radical concentration and therefore

stimulates ozone production.

“The POCPs of aromatic hydrocarbons lie within the range 50-120, with the exception
of benzene which has a POCP of 20 due its relatively low reactivity towards the OH
radical. Alkylation of the benzene ring with methyl groups greatly enhances the
reactivity towards OH and therefore has a dramatic influence on the POCP with the
trimethylbenzenes displaying the highest POCPs. The presence of longer chain alkyl
substituents such as ethyl and n-propyl result in significantly lower POCPs due to

increasing stability of the ¢-dicarbonyls formed in aromatic degradation.

The aldehydes have similar POCPs to the corresponding alkanes and lie in the range
40-70. These relatively low POCPs, in contrast to their high OH reactivities, derives
from the fact that OH oxidation is in competition with photolysis. Photolysis acts as a
source of free radicals which stimulates ozone production, whereas OH oxidation
forms PAN via the peroxyacyl radical. PAN acts as a sink -for NO, and hence reduces
ozone formation. While this competition is relevant to the aliphatic aldehydes,
benzaldehyde does not undergo photolysis and as a result has a negative POCP. The
three ketones show a wide range of POCPs, 20-70, and are also similar in magnitude

to the corresponding alkanes.
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Table 1.4 The POCPs for the 69 VOCs studied by Derwent and Jenkin [22] showing

the mean and ond standard deviation for each VOC relative to ethene.
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The two alcohols studied have very low POCPs reflecting the relatively low reactivity
of alcohols with OH. The OH oxidation products (formaldehyde from methane and
acetaldehyde from ethane) are readily photolysed to produce free radicals but this does
not significantly increase the P\OCPs of the alcohols due to their low reactivities. The
esters have similar POCPs to the alcohols with values in the range 20-45. Finally the
cMorocﬁbons have POCP values close to zero as they are extremely unreactive
towards the OH radical. However, low reactivity with the OH radical means that the
chlorocarbons may be transported to the stratosphere where they have high

stratospheric ozone depletion potentials.

In subsequent work Derwent et al [24] used the POCP concept in computer
simulations to assess the contribution of certa}in organics to ozone formation in
Europe in 1995, Table 1.5 shows UK emissions by sclvent type coupled with their
POCP-weighted emissions. Aromatics appear to be the most important class of ozone
producing compounds, despite having a lower emission total thar the alkanes.
Halocarbons show the least capacity to produce ozone despite having a substantial

total mass emission.

These POCP results are designed to help in the construction of targeted hydrocarbon
control strategies with respect to ozone formation and the values obtained in these
studies indicate that aromatic compounds are the most important class of hydrocarbon
precursors to ozone formation. The halocarbons have the lowest POCP but the
stratospheric ozone depletion potentials of halocarbons restricts their large scale use as

solvents. The oxygenated solvents (alcohols and ethers) appear to offer an acceptable
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atmospheric alternative to aromatics due to their relatively low POCP values and hence

have been the subject of considerable interest in industry in recent years.

|
Table 1.5 Fmissions and POCP-weighted emissions for each hydrocarbon type [24].

Aromatics 195 185
Alkanes 220 137
Ketones 74 . 43

Alcohols and Ethers 142 78
Esters 35 14
Halocarbons 79 3

Table 1.6 provides the total emissions and POCP-weighted emissions for each of the
source categories of VOCs. Although solvent usage has the largest total emission of
any source category it has only the fourth largest POCP-weighted emission. This is
because motor vehicle exhaust emissions are more reactive, contributing relatively

more to ozone formation per unit mass emitted.
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Tablel. 6 Emissions and POCP-weighted emissions for the main source catergories of

hydrocarbons in the atmosphere [24].

Petr;i exhaust 652 ' 78
Petroleum refining 134 62
Petrol evaporation 143 61

Solvent usage 787 59

Stationary combustion 56 49
Diesel exhaust 175 . 44
Industrial and residential waste 3 28
Natural gas leakage 34 26
Chemical processes 200 21

In summary, aromatic compounds are important precursors to ozone formation and
are also known to play a significant role in the formation of secondary organic

aerosol. The reactivity of aromatics in the atmosphere combined with an understanding
of their oxidation mechanisms has long been cited as critical for modelling of chemical

transformations in the troposphere.
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2.0 INTRODUCTION TO AROMATIC

COMPOUNDS
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2.1 AROMATIC COMPOUNDS

2.1.1 Aromatics in Fuel

\
A large source of aromatic compounds in urban air comes from petroi through both
evaporation and exhaust emissions. Consequently the high POCP values for aromatics lead
to the high POCP weighted emission for petrol exhausts as shown in Table 1.6. Petrol
contains a variety of hydrocarbons depending on legislation and engine requirements, both
of which are discussed in greater detail below. A typical. hydrocarbon compositioﬁ of
petrol is given in Table 2.1, which shows aromatics making up 35% of the hydrocarbon

content.

Table 2.1 Typical % hydrocarbon composition of petrol [25].

. Aso-alkanes o0
Cycloalkanes 12

Aromatics 35

Olefins 8

The formulation of petrol has developed over the past century with the problem of engine
knock (detrimental effects to the pistons and cylinder head) and engine performance
having the greatest effect on motor fuel composition. When fuels were formulated to raise
the engine compression ratio in order to increase performance and fuel economy,
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knocking tendency increased. In 1926 Graham Edgar developed the octane scale which
determined the knock intensity of organics in a standard engine. Using two reference fuels,
n-heptane (6ctane quality zero) and isooctane (octane quality 100) Edgar determined
octane numbers for a series of drganic compounds in petrol. A list of hydrocarbons
containing 7 carbon atoms and their research octane numbers (R.Q.N.) are shown in Table
2.2, where it is clear that molecular structure of the compound has a definite affect 0.1-‘1 the

octane number.

The octane rating of the fuel reflects the ability of the unburnt end gases to spontaneously
ignite under specified test conditions. During the oxidation of a hydrocarbon fuel,
hydrogen atoms are abstracted from the molecule by radical species. Straight chain alkanes
like n-heptane have secondary C-H bonds which are much easier to break than the primary
C-H bonds of isooctane and aromatic C-H bonds. Hence, branched aliphatic and aromatic
hydrocarbons are more resistant to oxidation and therefore have higher octane numbers.

As a result these branched hydrocarbons, and particularly aromatics, became highly

desirable in motor fuels. However, as outlined in the General Introduction, the high POCP

values of C; to C;o aromatics has resulted in high levels in fiiel becoming unacceptable for

environmental reasons. Combined with this is the concern over the presence of benzene, a
known carcinogen. EU directive 98/70/EC proposes a decrease in the benzene content of

petrol from S%(v/v) to 2%(v/v) and a reduction in the total aromatic content from 45% to
42% by the 1" January 2000, with a view to a further possible reduction to 35% by the

year 2005,
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Table 2.2 Structures and Research Octane Numbers (R.O.N.) for a series of

hydrocarbons containing 7-carbon atoms [26].

0.0

n-heptane AN

2-methylhexane [ 42 .4
3-methylhexane /\I/\/ 52.0
2,2-dimethylpentane /l\/\ 92.8
2,3-dimethylpentane /L)/\ 91.1
2,4-dimethylpentane /k/L 83.1
2,2,3-trimethylbutane /k( 112.0
toluene [ 120

1 -hcptene NN 545
2-methyl-1-hexene 90.7

33




As an alternative to aromatics in motor fuel much research has focused on the use of
oxygenates (in particular alcohols and ethers) which have high octane numbers, as shown
in Table 2.3 for the more commonly used oxygenates, but considerably lower POCP
values. Besides the low POCPivalues and high octane numbers, the presence of an
oxygen atom in the molecule means alcohols and ethers have a low inherent tendency to
form smoke which makes them highly desirable fuel additives. However, both methanol
and ethanol are miscible in water and may bé lost .in the combustion product, hence the

higher molecular weight alcohols and ethers are more desirable.

Table 2.3 Structures and Research Octane Numbers (R.O.N.) of the most frequently used

oxygenates in motor fuel [26].

Methanol CH3—OH 122
Ethanol CH3;—CH>— OH 121
t-butanol _ ,,,_(|3H3 106 |
CH3—? —OH
CH3z
methyl t-butyl ether ﬁ;H:; 115
(MTBE) CH3“13 — O CHs
CH3
t-amyl methyl ether ﬁng 108
CH3
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Combined with the high POCP values of aromatics is the fact that the aromatic fraction of
petrol contains benzene, a known carcinogeﬁ. It is estimated that the overall benzene
concentration in leaded petrol is ~2.7% (v/v) with unleaded being slightly higher at 3.3%
(v/v) and super unleaded close to 5% (v/v) [27]. Results published by the UK Transport
Committee in 1994 showed that a catalytic converter virtually eliminates all traces of
benzene from the exhaust gas when using unleaded petrol, while it was also stated thét
using unleaded petrol in a car not fitted with a catalytic converter resulted in higher
benzene emissions than those using leaded fuel [28]. European legislation requires that all
cars manufactured since 1995 must be fitted with a catalytic converter,and that the sale of

leaded petrol be eliminated by the end of the century.
2.1.2 Aromatics in Industry

Alkylated aromatics e.g. toluene and the xylenes are widely used as industrial solvents

while halogenated aromatics are used in several areas of the chemical and pharmaceutical

industry. For example, benzyl chloride is a raw material in the synthesis of phenobarbitol,
- ﬁb;n_zecir;; ;15 gem;;c:l E)fénohalogens (ﬁarticﬁlarlj organoéhlorines) »ére widely used in

crop protection by 90% of grain farmers in the EU and US.

Examples include:

Cl OCH,CO,H
Cl CN Cl
Cl Ci
CN Cl
Daconil (fungicide) 2,4-Dichlorophenoxyacetic acid (herbicide)
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Aromatic fluorine intermediates (AFIs) are widely used in chemical synthesis due the
mobile nature of the fluorine atom in synthetic reactions.

\
Although considerable research has been carried out on the atmospheric chemistry of
alkylated aromatics [29] the chemistry of halogenated aromatics in the atmosphere 1s

relatively unknown and their presence in ambient air may be a cause for concern.
2.1.3 Toxicology of Aromatics

Benzene is a known carcinogen and its toxicity involves both bone marrow depression and
lenkemogenesis caused by damage to multiple classes of hematopoietic cell functions.
Study of the relationship between the metabolism and toxicity of benzene indicates that
several metabolites of benzene play significant roles in generating benzene toxicity.

Benzene is metabolised, primarily in the liver, to a variety of hydroxylated and ring-opened

products, (shown in Figure 2.1) that are transported to the bone marrow. As benzeneis

more fat than water soiuble it is further metabolised in the fatty tissue of thé bone marrow.
Initially benzene is oxidised by cytochrome P450 which is found in both the liver and the
bone marrow. The intermediate product is benzene oxide which either rearranges
spontaneously to phenol or can be hydrolysed enzymatically to benzene dihydrodiol, a
precursor of catechol which can either form the ring cleavage product trans,trans-
mucanaldehyde and then trans,trans-muconic acid or be excreted in the urine. Phenol is
either excreted as water soluble sulphate or glucoronide conjugates in urine or, to a lesser

extent, further oxidised to the electrophilic compounds p-benzoquinone and o-

36



benzoquinone via the corresponding hydroquinones and semiquinones. The metabolism of
benzene to phenol and the subsequent formétion of water soluble phehyl conjugates (i.e.
glucoronides, sixlphétes and mercapturic acid) is considered to be a detoxification |
pathway. The metabolism of dihydroxybenzenes, their oxidation to semiquinones and
quinones and the riﬁg opening reactions of benzenedihydrodiol to the reactive trans, trans-

muconaldehyde are considered to be the toxic pathways.

The high POCPs of aromatics combined with their ability to form benzene by dealkylation
in the combustion process and the presence of benzene in the fuel ére not the only
concerns Several experiments have been carried out on animals to determine the adverse
effects caused by a variety of VOCs including aromatics [30 and references therein]. As
well as being a known carcinogen benzene has displayed toxic effects on animal foetuses
[31] while toluene[32], styrene [33], the xylenes [34], phenol [35], chlorobenzenes [36]
and chlorophenols [37] have all shown adverse effects on the central nervous system.
Styrene [38] has also demonstrated some mutagenic properties and phenol [39] has known
detri-r-rfntal effects to t_he c?.rc_lio-vascular system. While a_llrof these rex_pf:riments have been

carried out on animals they demonstrate the potential for toxic effects in humans.
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Figure 2.1 The toxicological pathway for Benzene in the body [30].
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2.2 ATMOSPHERIC CHEMISTRY OF AROMATICS

The main loss process for aromatics in the troposphere is by reaction with the OH radical,
with room temperature rate constants ranging from 1.7éx 10" cm® molecule™ s {29] for
hexafluorobenzene to 5.73x10™" for 1,3,5-trimethylbenzene [29] and hence atmospheric

" lifetimes in the range 67 days to 5 hours (assuming {OH] = 1 x 10° molecules cm™). While
reaction with the OH radical is important during the day, the dominant night-time loss
process for many VOCs, particularly unsaturated organics, is via reaction with nitrate
radicals (NOs) [40]. Typical NOs rate constants for alkylated aromatics, relevant to
atmospheric conditions, cover the range ~10™ to 10 cm® molecule™ s™* [40] resulting in
lifetimes of many months to years (assuming [NO;] = 2.4 x 10° molecules cm™) showing
that reaction with NO; is not a significant loss process for these compounds. Aromatics
are reactive towards chlorine atoms with rate constants of the order of ~10™° - 10" cm’®
molecule™ s [41] at 298K, but such reactions are only significant in marine air masses
where there is sufficient Cl atom production. Ozone may react but only very slowly with

_ aromatics with rate constants typically < 10 cm® molecule™ s [42] and hence, this loss

process is of negligible atmospheric importance.

2.2.1 Reactions of Aromatic compounds with OH radicals

The high electron density of the aromatic ring means that addition of the electrophilic OH
radical is possible as well as hydrogen atom abstraction. Hence, there are four possible

pathways for reaction of OH radicals with alkyl substituted aromatics.
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Using toluene as an example:

° Reversible OH radical addition to.the electron rich aromatic ring:

\ "

CH3
OH + -
(23,-23)
o Hydrogen atom abstraction from the alkyl side chain:
CH3 CHp:
HO" + — (er + H,0
(24)
° Hydrogen atom abstraction from the aromatic ring
H3
H H T T T T
HO o+ “ ¢ HyO
& 25)
J Substituent group (including H-atom) elimination:

CH3 o ‘
HO + — @5 +  CcH3 26)
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Hydrogen atom abstraction from the aromatic ring (reaction 25) is thermodynamically

uﬁfavourable compared to aliphatic hydrocarbons due to the relative bond energies of an
alkyl C-H bond (~355 kJ mol™) and an aromatic ring C-H bond (~460 kJ mol™) so the
contribution of this channel to the overall reaction is expected to be negiigible. Reaction
(26) does not appear to be of any significance since phenol has not been observed as a
product of the OH-toluene reaction {43,44]. This leaves two possible pathways for OH
radical attack: OH addition to the aromatic ring (reaction 23) and H-atom abstraction
 ‘from the alkyl side chain (reaction 24). H-atom abstraction from the alkyl substituent leads
to the formation of a benzy! radical and water. This radical undergoes atmospheric
oxidation by a similar pathway to that of a saturated hydrocarbon leading to the formation
of benzaldehyde and nitrotoluene as shown in Figure 2.2, and discussed in greater detail in

the next section.

OH addition results in the formation of an energy rich alkylhydroxycyclohexadienyl radical
adduct. Collisional stabilisation of this adduct results in the formation of a variety of ring
) retaining products, including phenols, nitro-aromatics, and ring cleavage products such as

a-dicarbonyls, as shown in Figure 2.3 and discussed in greater detail in the next section.

In order to determine the relative contributions of the addition and abstraction pathways
to the overall OH radical reaction the temperature dependence of the rate constant and
product studies have been conducted. The results of temperature dependant studies
(discussed in more detail in Section 2.4.2) show that there are three distinct temperature

regimes for the overall reaction:
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° Below 325K there is insufficient energy for H-atom abstraction from the alkyi

substituent to occur so OH addition to the ring predominates.

° Above 450K thermal back-decomposition of the OH-aromatic adduct becomes so
rapid that only H-atom abstraction (H-atom and halogen atom elimination for

benzene and halogenated benzenes respectively) is observed.

° In the temperature range 325-450K both pathways occur and their relative

contribution to the overall rate constant varies with temperature.
2.2.2 Product studies

Under tropospheric conditions the reactions subsequent to H-atom abstraction from the
alkyl side chain are reasonably well understood and are shown in Figure 2.2. The sole fate
of the benzyl radical under atmospheric conditions is addition of O, to generate a
benzylperoxy radical. The subsequent reactions of the benzylperoxy radical in the presence
of NO lead to the formation of benzaldehyde and benzyl nitrate. The fraction of benzyl
nitrate formed from this reaction is ~0.1 at room temperature and atmospheric pressure
[45]. A similar reaction pathway accounts for the formation of tolualdehydes and

methylbenzyl nitrates from the xylenes isomers [46], while an analogous reaction

mechanism is expected for other alkyl substituted benzenes.
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Figure 2.2 Reaction pathway following H-atom abstraction from toluene by OH radicals

in the presence of NO, [47].

H3 CH>-
OH
—_—
+ H20

CH20NO? CH200-

+NO
<«

NO ——i—* NO7

CH>0O-

CHO
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The reversible addition pathway is less well understood with a variety of ring retaining and
ring cleavage products observed. Furtherrnofe, product studies to date have only
qua.ntitatively accounted for 60-70% of the mass balance for the-reacted carbon in the OH
initiated oxidation of toluene [42 and references therein]. Addition of the OH radical to
the aromatic ring leads to the formation of an alkylhydroxycyclohexadienyl radical adduct
as shown in Figure 2.3. This adduct is collisionally stabilised under tropospheric
conditions (high pressure limit above ~ 100 Torr) and may react with O, to form phenolic
compounds (cresols from toluene) or with NO to form nitrotoluenes. Product yields from
studies on some of the more common aromatics (benzene, toluene and the xylenes) and
their products have been reported [42 and references therein]. For toluene ~10% of the
overall reaction is by H-atom abstraction from the alkyl substituent to form, in the
presence of NO, benzaldehyde and benzyl nitrate. The cresols, which are the major
addition products, account for a further ~ 25% of the reacted carbon. The ring cleaved -
dicarbonyls, glyoxal and methylglyoxal, and their co-products make up another ~25% of
the reaction. The remaining 40% of the reacted carbon is made up of éompounds that are

- not quantitatively known but contain a variety of ring retaining and ring cleavage

products.

Studies subsequent to the review of Atkinson [42] have attempted to identify/quantify the
unknown products of the OH-aromatic addition reaction. Forstner ef al [48] have
examined the formation of secondary organic aerosols from the photooxidation of
aromatics and found that unsaturated anhydrides (furandiones) are predominant
components of aerosol from all aromatics studied. Saturated anhydrides were also

detected in significant quantities and it is predicted that these are formed from
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Figure 2.3 Reaction pathway following OH addition to Toluene in the presence of NO,

[47].
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hydrogenation of the furandiones in the particle phase. Yu et al [49] have conducted smog
chamber studies to attempt to comprehensively determine all carbonyl products from the
OH initiated degradation of tolﬁ‘ene, the xylenes, 1,2,3- and 1,2,4-trimethylbenzene. A
range of carbonyl proaucfs were identified including aromatic aldehydes, quinones, di-
unsaturated 1,6-diéarbonyls, unsaturated 1,4-dicarbonyls, saturated dicarbonyls, hydféxy
dicarbonyls, glycoaldehyde, hydroxy acetone, triones and epoxy ca:rbpnyls. Yu and Jeffries
[507 have also presented experimenta!l evidence for the formation of epoxide intermediates
in the reactions of the same set of aromatics, consistent with theoretical calculations
performed by Bartolotti and Edney [51]. These epoxide intermediates are important

because they are potentially toxic and mutagenic.

Atkinson and Aschmann [52] have examined the effect of NO, concentration on the
product vields from the reaction of OH with toluene, o-xylene and 1,2,3-trimethylbenzene.
The results of this study show that under typical tropospheric conditions the
hydroxycyclohexadienyl-type radicals formed from benzene, toluene, the xylenes and
trimethylbenzenes react primarily with O, over NO,. Similarly, Moschonas et al [53] have
investigated the effect of O; and NO; on the ring retaining reactions of OH and benzene.
The main products were phenol and a peroxy radical which decomposed to a series of ring
cleavage products. However, in the presence of NO,, nitrobenzene is also formned in yields
linear to the initial NO, concentration and vanishing as [NO;] approaches zero.

Smith et al [54] have determined a primary product distribution from the reaction of OH

with toluene at concentrations of NOy similar to atmospheric conditions i.e. ppb NOx
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mixing ratios. The mﬁjofpri@ary products detected (as a fraction of the reacted aromatic)
were glyoxal (0.238), methylglyoxal (0.167), o-cresol (0.120), benzaldehyde (0.06),
4-0x0-2-pentenal (0.03). Six other ring cleavage products were detected at yiefds below
3%. It was also found that the y‘ield of cresol 1somers was invariant of the NO,
concentration indicating that under atmospheric conditions the reaction of the

hydroxycyclohexadienyl radical with NO, is of minor importance.

Lay et al [55] have carried out quantum calculations on the thermodynamics of the OH-
benzene adduct (hydroxy-2,4-cyclohexadienyl) using a quantum version of Rice-
Ramsperger-Kassel theory (QRRK). The results of these calculations have provided

evidence for the possible formation of a bicyclic intermediate in the reaction.

It is now well established from product studies that, at room temperature and atmospheric
pressure, addition of the OH radical to the aromatic ring accounts for ~90% of the ovérall
reaction for toluene while hydrogen atom abstraction from the methyl substituent accounts
for the remainder. This is in agreement with the figure found by éxtrapolating kinetic data
from > 380K back to room temperature. Further experimental evidence that OH addition
to the ring is the dominant reaction channel under atmospheric conditions comes from
comparing the reactivity of toluene hg and toluene-dg with OH radicals, where there is no
significant difference in the recommended rate constants [29]. The absence of a

measureable kinetic isotope effect is consistent with the predominance of the addition

pathway.
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2.3 EXPERIMENTAL TECHNIQUES

The bimolecular rate constant for the gas phase reaction between a substrate, S, and a
reactive species, X (atom or radical), may be determined by either absolute or relative

rate methods.

2.3.1 Absolute methods

The gas phase reactions studied are usually bimolecular of the type:

X + S —k;—> products 27

X —k—> loss of X (28)

where X is either OH or NO; radicals, Cl atoms or Os, etc. and S is an organic or
inorganic substrate. Pseudo-first-order conditions are generally used regardless of the
absolute experimental technique employed. Usually, small concentrations of X are

monitored in the presence of a large excess of S. The rate of loss of X may be expressed

as:

|

-d[X]/ dt kAX]S] +  kJX] I

It

(kx[8] + ka)[X] I
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where k; is the bimolecular rate constant for reaction of X with S and ky is a correction
for other losses of X.. If the initial concentration of substrate, [S]o is present in large
excess over the initial concentration of reactive species, [X]o, i.€. [S]o = 10[X], then the
concentration of S remains esse}ltiaﬂy unchanged during the reaction. And X will decay

exponentially with time as in a first order reaction. Thus equation II may be expressed as:

-d[X]/dt = KTX] ' I
where k = kx[S)] + K.

Rearranging:

-d[X)/X] = -d In[X] = k dt v
Integrating:

(XY = <Kt

or

In [X] = -kt + In [XJo A%

A plot of In[X] versus time should be linear with k' obtained from the slope. A series of
reactions at varying [S]o leads to a set of corresponding k' values after correction for wall
loss. Hence, a plot of k' versus [S]o should be linear with slope equal to k., the
bimolecular rate constant. Pseudo-first order conditions oblivates the necessity for

measurement of absolute concentrations of X since any physical property proportional to
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same value of k. Accurate absolute concentrations of 8 are, however, required.

In eﬁpeﬁmehts relevant to the atmospheric chemistry of aromatics the techniques most
routinely employed are fas¢ ﬂou;\discharge systems (FFDS) and flash photolysis (FP). In
fast flow discharge an excess of inert gas (typically He or Ar) is mixed with the reactants
Xl and S in a flow tube typically 2-5cm in diameter and 1 meter in length. As the mix:tﬁre
travels down the flow tube at relatively high linear flow speeds (~ 1000 cm s™), reactive
species X reacts with the substrate S. The decay of X along the tube is monitored and
applied to equation V to obtain the rate constant. The term fast flow comes from the high
flow speeds while the discharge term is comes from the use of microwave discharge to

generate the reactive species X.

The technique employed in fast flow discharge systems depends on the reaction under
investigation. One approach is to inject X at a fixed point at the upstream end of the tube
where it mixes with S. The decay of X is then monitored using a detector which moves

along the length of the flow tube. However, if variation of the reaction times is required,

one of the reactants enters at the upstream end of the flow tube and the second reactant is
added through a moveable inlet. In this case the detector is fixed at the downstream end of
the flow tube and the reaction time is varied by moving the mixing point for X and S using

a moveable injector and fixed detector.

Hydroxyl radicals may be generated by:
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H + NO, -» OH + NO , (29)
F + HO —» OH + HF (30)

with H and F atoms being generated from microwave discharge of the parent diatomic
gases H; and F; respectively. Most FFDS studies have employed reaction (29) as the
source of OH radicals which, under the experimental conditions used, is free of

interference from vibrationally excited OH radicals.

The detection systerns used to monitor OH in fast flow discharge systems may be
resonance fluorescence (RF), laser induced fluorescence (LIF) and mass spectrometry
(MS). Resonance fluorescence is usually used for atomic species (e.g. H, O, Cl) but may
also be used for certain diatomics such as the OH radical. Laser induced fluorescence is
used more often for molecular species as it offers more sensitivity and wider applications
but with greater complexity.

The flash photolysis technique, developed by Norrish and Porter [56] in the late 1940s
relies on a flash of light to generate the reactive species X. The flash lamp is triggered and
the pulse of light dissociates a parent molecule, producing the reactive species X on a
millisecond timescale. The light source has now been replaced by high-powered lasers
with pulse duration down to the nanosecond range with high repetition rate. Following the
photolytic flash the time decay of the reactive species is monitored by resonance

fluorescence or laser induced fluorescence similar to that described for FFDS.
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2.3.2 Relative rate method

If the absolute rate constant for reaction of the reactive species, X, with a reference
compound, R, has been well est‘?iblished by one or more of the absolute techniques
previously described, then the rate constant for reaction of X with the substrate, S, can be
determined by monitoring the competitive loss of R and § in the presence of X. The |
experimental technique involves observing the competitive reactions of R and S with the

reactive species X in the same reaction vessel:

X + S —ks— products 3D

X + R —kg—> products (32)

Assuming that the only loss process for S and R is by reaction with X and providing
dilution due to sampling is negligible, then the rate of decay of § and R may be expressed

mathematically as:

-d/[S]/dt = ks[X][S]

-d/[R)/dt = kr[X][R]

Hence

-d[S}/[S] = -d In[§] = ks X]dt
-d[R)/[R] = -d In[R] = kp[X]dt
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Combining these equations and eliminating X leads to the expression:

dIn[S]/dt

il

k/kg dIn[R]/dt V1

!
\‘

Integrating from t=0 to t gives:
m(Slo/[S]) =  ks/kg In((RI/[R]) vii

A plot of In([S]e/[S])) versus In([R]o/[R]¢) should yield a straight line of slope k/k; and
zero intercept. Since the rate constant for the reference reaction kg is known, ks can be

calculated from the slope.

A variety of photolytic and non-photolytic sources of OH radicals have been used in
relative rate studies. The major photolytic sources of OH radicals used in early studies
were:

Photolysis of hydrogen peroxide (H20,) [57]:

H,0, + hv(A=254pnm) — 20H

Photolysis of nitrous acid (HONO) [58]:

HONO + hv(A<400nm)—» OH +  NO

Photolysis of NO,-organic-air mixtures [59], where the major sources of OH were

probably the reactions:
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NO + NO, + H,0 — 2HONO
HONO > OH + NO
HO, + NO > OH +  NO,

y\

Y

Photolysis of methyl nitrite in air has been widely employed as an OH source over the past

two decades[60]:

CH;0NO + hv — CH;O + NO
CH;O + 0, — HCHO + HO,
HO, + NO - OH + NO,

More recently, photolysis of ozone/water vapour mixtures has been used to generate OH
in relative rate studies[617]:
0o, + hv (A=254nm) >  O('D) + 0,

o('D) + H,0O —»  20H

Three different non-photolytic sources of OH radicals have also been used. The formation
of OH from the reaction of hydrazine (N,H,;) with ozone (Os) has been utilised despite the
fact that the reaction mechanism is not fully understood [62]. The thermal decomposition

of HO:NO; in the presence of NO in air has been used by Bames et al [63] to generate

OH radicals:
HO,NO, > HO, + NO,
HO, + NO — OH + NO,
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2.4 PREVIOUSLY REPORTED RATE DATA

2.4.1 Room temperature rate data

\
The dominant reaction channel at room temperature is OH addition to the aromatic ring to

form an energy-rich OH-aromatic adduct:

This energy-rich adduct can either decompose back to reactants or be collisionally

stabilised by a third body (M):
%

+M )

Kinetic studies on the pressure dependence of the reaction of OH radicals with benzene in
argon [46,64-66] and in helium [46,67] show that, at room temperature, the rate constant
is in the fall-off region between second and third order kinetics below ~25-50 Torr total
pressure of diluent gas, while similar studies on the OH + toluene react_ion reveal a
pressure independent rate constant above ~100 Torr of argon [68,69]. Ravishankara et al
[70] have demonstrated that the rate constants for the reaction of OH with the xylene

isomers reach their high pressure limit at ~ 20 Torr of argon at 298K.
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The available room temperatﬁre rate data for reaction of OH radicals with alky!
substituted and halogenated aromatics at, or close to, the high pressure limit are listed in
Tablé 24 Dﬁe to the large number of kinetic studies to date, the table includes the rate
constants recommended after aﬂ\‘extensive literature review by Atkinson [29] in 1989
(which takes all previous work into accéunt) and rate data reported since this review. For
compounds where insufficient work has been carried out to date for a recommended ;/alue

to be stated with confidence, all rate data are included.

In general there is good agreement between the recommended room temperature rate
constant of Atkinson [29] and the more recent determinations for toluene {71,72], m-
xylene [71] and 1,3, 5-trimethylbenzene [71]. Kramp and Paulson [71] also set out to
reduce the degree of uncertainty in the rate constants previously reported for reaction of
OH with m-xylene and 1,3,5-trimethylbenzene which showed a scatter of £25% and £35%
respectively. These investigators carried out a series of relative rate measurements

using ten different reference compounds and the resultant rate constants are in excellent .

agreement with those recommended by Atkinson{29].

Kinetic studies on the reaction of OH radicals with halogenated aromatics are more
limited. Recommended rate constants exist only for the monchalobenzenes,
hexafluorobenzene and benzyl chloride, while p-dichtorobenzene {73,74] is the only

otherhalogenated aromatic for which more than one study exists.

The data in Table 2 4 clearly demonstrates that increasing the number of alkyl substituents

on the aromatic ring leads to greater reactivity towards the electrophilic OH radical.
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Since the dominant reaction channel under these conditions is addition of the electrophilic
" OH radical to the aromatic ring, this trend can be rationalised in terms of an increase in the
electron density of the aromatic ring with increase in the number of electron donating alkyl
groups. For example, k(OH + tc;luene) is about a factor of 4 greater than k(OH +
benzene). k(OH + xylenes) are approximately an order of magnitude greater than k(OH +
benzenes) while k(OH + trimethylbenzenes) are about 4 orders of magnitude larger tﬁén
k(OH + benzene). Rate data for reaction of OH with the tetramethylbenzene isomers have

not been previously reported.

The rate of OH radical addition is also influenced by the position of alkyl substituents on
the ring, i.e. the reactivity differs for the different isomers. The recommended rate
constants for k(OH + xylenes) are in the order: k(OH + m-xylene) > k(OH + o-xylene) ~
k(OH + p-xylene). A similar trend is observed for the ethyltoluene isomers. The
trimethylbenzene isomers also show significantly different OH radical rate constants with
k(OH + 1,3,5-trimethylbenzene) > k(OH + 1,2,3-trimethylbenzene) ~ k(OH + 1,2 4-

trimethylbenzene).

The recommended rate constants for the monosubstituted alkyl benzenes are, within the
etror limits, equal to that for toluene suggesting that increasing size of the alkyl substituent
has a negligible affect on the electron density of the aromatic ring; the decrease in
reactivity for t-butylbenzene being possibly due to steric hindrance to OH attack at the
ortho position. Kinetic studies carried out on monosubstituted alkylbenzenes by Ohta and
Ohyama [75], Ravishankara ef af [70] and Lloyd ef al [76] have concluded that all mono-

substituted alkylbenzenes have essentially the same reactivity with the OH radical. This is
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somewhat surprising since one might expect that, as with straight chain alkanes, increasing
the length of the alkyl group should enhance the importance of the abstraction pathway
and hence lead to an increase in the overall reaction rate.

\.
Aromatic compounds with saturated cyclic substituents, namely indane and tetralin, would
be expected to exhibit the same reactivity towards OH as the ortho-dialkylsubstituted "
benzenes, o-xylene (13.7 x 10 cm® molecule™ s') [29] and o-ethyltoluene (12.3 x 1072
cm’® molecule™ s™) [29). The low pressure room temperature rate constant reported by
Baulch et al [77] for indane (9.2 + 1.3 x 10" ¢m® molecule” s ) is reasc;.hasl}; close to
that expected for OH addition to the aromatic ring. However, the rate constant determined
by Atkinson and Aschmann [78] for reaction of OH with tetralin (34.3 £ 0.6 x 10" cm’
molecule” s) at 298K and atmospheric pressure appears unexpectedly high compared to
indane, suggesting greatly enhanced OH addition to the aro.matic ring and/or H-atom
abstraction from the saturated ring. It is difficult to reconcile these rate data given that the

only differences between the two compounds is a small degree of ring strain in the five

membered ring and the presence of an additional -CH,- group in tetralin.

The presence of a halogen substituent on the benzene ring leads to a decrease in reactivity
towards OH radicals compared to benzene, presumably due to the negative inductive
effect of the halogen reducing the electron density of the ring. The reactivity of the mono-
halobenzenes is consistent with the trend in electronegativity values of the halogen
substituents : k(OH + fluorobenzene) < k(OH + chlorobenzene) < k(OH + bromcbenzene)

<k(OH + iodobenzene).
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Table 2.4 Rate constants for the reaction of OH radicals with aromatic compounds at

- Room temperature and at, or close to, the high pressure limit,

e molecule
@ 123 E Atkinson [29]
benzene
114 E Atkinson [29]
benzene-dg
596 E Atkinson [29]
’ ! 5505 RR Kramp + Paulsen [71]
@ 59+15 RR Anderson + Hites [72]
58+15 RR Anderson + Hites [72]
toluene
CD3 6.31 E Atkinson [29]
D D
D D
toluene-dg
71 E Atkinson [29]
ethylbenzene
L
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.

iso-propylbenzene

Atkinson [29]

4.60 +0.45 Ohta + Ohyama [75]
tert-butylbenzene
13.7 Atkinsan [29]
o-Xylene
23.6 Atkinson [29]
@ 220+27 Kramp + Paulson [71]
m-xylene
14.3 Atkinson [29]
p-xylene
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19.2 Atkinson {29}
@ |
m-ethyltoiuene
i2.1 Atkinson [29]
p-ethyltoluene
i 151041 Corchnoy + Atkinson [79]
p-cymene
@I 32.7 Atkinson {29]
1,2,3-
trimethylbenzene
32.5 Atkinson [29]
1,2,4-
trimethylbenzene
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‘ 57.5 E Atkinson [29]
\
57.3£53 RR Kramp + Paulson [71]
- 1,3,5-
trimethylbenzene
: 9.2° DF-RF Baulch et al [77]
indane
343+06 RR Atkinson +Aschmann [78]
tetralin
0.69 E Atkinson [29]
@
fluorobenzene
%1 0.77 E Atkinson [29]
chlorobenzene
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r .
0.77 E Atkinson [29]
\ :
bromobenzene
I
': 1.1 E Atkinson [29]
iodobenzene
CF3 0.46+0.12 RR Atkinson et al [80]
benzotrifluoride
CF3 0.24£0.08 RR Atkinson e al [80)
;1
4-chloro-
benzotrifluoride
I 0.42 £ 0.02 FP-RF Wahner + Zetzsch [73]

&

o-dichlorobenzene
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i ol 0724002 FP-RF Wahuner + Zetzsch [73]
% \
|
m-dichlorobenzene
1 0324002 FP-RF Wahner + Zetzsch [73]
@ 043 +0.09 RR Arnts ef al [74]
1
p-dichlorobenzene
1 0.50£0.10 FP-RF Rinke + Zetzsch [82]
@m
1
1,2,4-
trichlorobenzene
@ 3.06+£0.24 FP-RF Ravishankara et al [70]
n-propyl-
pentafluorobenzene
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0.172 E Atkinson [29]
\
hexafluorobenzene

a 0.32 and 1.3 Torr total pressure.

E Evaluated rate constant based on extensive literature review.

RR Relative rate method.

DF-RF Discharge Flow-Resonance Fluorescence technique.

FP-RF Flash Photolysis-Resonance Fluorescence technique.

2.4.2 Temperature dependant rate data

As outlined in Section 2.2 the reaction of OH radicals with aromatic compounds proceeds
via two alternate pathways: (i) abstraction of a H-atom from the alkyl group (except for
benzene) and (ii) OH addition to the aromatic ring. Previous studies have shown that the
relative contribution of the addition and abstraction pathways is temperature dependant
[46,70]. At temperatures <325K there is insufficient energy for H-atom abstraction to
occur to any great extent and OH addition predominates. At temperatures >325K H-atom
abstraction is feasable but the OH-aromatic adduct formed in the addition pathway
becomes less stable and tends to decompose back to reéctants due to the excess energy
(~75kJ mol™") which the addition adduct contains from the exothermicity of the forward
reaction. As the temperature is increased the rate of decomposition of the adduct increases

and, above 450K decomposition occurs so fast that only the abstraction pathway is
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observed experimentally. At ambient conditions of temperature and pressure addition
predominates with abstraction being of the order of 2-14% depending on the individual

aromatic [29].

There havé been relatively few temperature studies on OH-aromatic reactions, Table 2.5.
The reported data of Perry ef al [81], Tully et al [46], Lorenz and Zellner [65], Witte ef al
[82] and Wallington ef al {83] have been included in the evaluated expression (T<325K)
of Atkinson[29]. More recently, Semandeni e a/ [84] have derived Arrhenius parameters
using previously reported data, the data of Knispel ef a/ [85] and his own work. The
evaluated expressions (T<325K) of Atkinson [29] and Semandeni et al/ [84] for benzene
and toluene are in very good agreement: The only temperature dependant studies

subsequent to this are those of Anderson and Hites [72] for reaction of OH with toluene.

All previous studies (T < 363K) on the reaction of OH with benzene [46,65,82,84], with
the exception of Knispel et al [85], have reported a small positive temperature dependence
over the range 234-354K, while k(OH + toluene) [46,80] exhibits a small negative
temperature dependence over the same temperature range. k(OH + xylenes), based on the
work of Perry ef al [81] and Nicovich ef af [86], is independent of temperature over the
range 296-320K. Similarly, the studies of Perry ef al [81] on the trimethylbenzene isomers
reveal a temperature independent rate constant over the range 295-325K. Wallington et al
[83] have found the monohalogenated benzenes to exhibit a zero temperature dependence
over the range 234-303K, however Witte et al [66] observed a slight temperature

dependence for the OH-bromobenzene reaction with a small positive activation energy
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similar to that of benzene as has Rinke and Zetzsch [82] for k(OH + 1,2,4-

trichlorobenzene) and Wallington et a/ [83] for k(OH + hexafluorobenzene).
In summary, the reaction of benz\ene and some of the less reactive aromatics with OH have

small positive activation energies whereas toluene and the more reactive aromatics tend to

have small negative activation energies, or activation energies close to zero.
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2.4.3 Aims of this work

The main objectives of this study were :

)

(i)

(iif)
(iv)

™)

|
To measure relative rate constants for the reaction of OH radicals with selected
aromatic compounds using a novel source of OH radicals in a NOx - free
environment, namely photolysis of ozone in the presence of molecular hydrogen.
To conduct a systematic study on the reaction of OH radicals with a series of
monoalkyl substituted benzenes in order to establish what affect, if any, increasing
the length of the alkyl side chain has on the reactivity.

To extend the kinetic database for reaction of OH radicals with
tetramethylbenzenes.

To resolve the apparent discrepancy in the reported rate data for reaction of OH
radicals with indane and tetralin.

To extend the kinetic database for reaction of OH radicals with halogenated

aromatics, in particular chlorotoluenes and fluorotoluenes.
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3.0 EXPERIMENTAL
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3.1 MATERIALS

The materials used, their stated purity and manufacturers are listed below:

\
Zéro grade air,'ﬁséd as diluent gas, was purchased from Air Products Ltd. Nitrogen, air
and hydrogen for the gas chromatograph and high purity oxygen (99.999%) used as ”

diluent gas, were purchased from BOC Ltd.

Hydrogen (99.99+%) and chlorine (99.5%) reactant gases were purchased from Aldrich

Chemical Co. Ltd.

Cyclohexane (99.7%), toluene (99.8 %), toluene-dg {100% atom D), ethylbenzene
{95.8%), n-propylbenzene (98%), n-butylbenzene (99+%), 1,2,4,5-tetramethylbenzene
(98%),' 1,3,5-trimethylbenzene (98%), 2-fluorotoluene (99+%), 3-fluorotoluene (99%), 4-

fluorotoluene (97%), 2-chlorotoluene (99%), 3-chlorotoluene (98%), 4-chlorotoluene

(98%) 1,2-§iiethylbenzene (>99%), indane (97%) and tetralin (99%) were purchased from

Aldrich Chemical Co. Ltd.

3.2 APPARATUS

A block diagram of the experimental apparatus is shown in Figure 3.1. The apparatus

consisted of a vacuum line and associated vacuum equipment, a Teflon reaction chamber

surrounded by photolysis lamps and housed in a constant temperature cabinet, a gas
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Figure 3.1 Schematic diagram of experimental apparatus.

Integrator

Hydrogen

Vacuum pump

Storage traps
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chromatograph and computing integrator. The vacuum line was a conventional mercury-
free Pyrex line with greéseless stopcécks. The vacuum was maintained by an Edﬁards
two-stage rotary pump (model E2M?2) in combination with a cryogenic trap and monitoréd
with a vacuum guage (Edwards Speedivac-Guage model B5). Reactanf vapour pressures
were measured using a Chell 10 Torr pressure gauge coupled with a CPD 1A pressure
readout unit. The reactants were swept into the reaction chamber with diluent gas via a
1/8” 0.d. Teflon tube and all flow rates were monitored by an Aalborg mass flow meter
(fnodel GFM 1700). The flow of molecular hydrogen into the reaction chamber was

monitored by an Alltech digital flow meter (model 4700).

The reaction chamber was a 50 litre FEP Teflon bag housed in a constant temperature
cabinet and surrounded by two banks of photolysis lamps. Germicidal lamps (Philips TUV
15W, A =254nm) were used to generate OH radicals by photolysing ozone in the presence
of molecular hydrogen while white lamps (Thorn 40W, 290< A<400nm) were used to
generate chlorine atoms from photolysis of molecular chiorine. Heat, when required, was
supplied by a hot air blower with temperatures maintained within +2K and monitored with

a DeltaOhm temperature probe (model HD 8501 H).
3.3 PROCEDURE

Zero-grade air was passed through an ozone generator (Monitor Labs) for 10 minutes at a
flow rate of 3 litres/min giving a final ozone mixing ratio of ~1000 ppm. Hydrogen was
then passed directly into the reaction chamber from a lecture bottle at 0.5 litres/min. for 1

minute to give a final mixing ratio of ~10,000 ppm. The reference organic was degassed
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using liquid nitrogen before a known quantity of the vapour was allowed into a calibrated
bulb (121 cm®). The vapour in the remainder of the va;:uum line was condensed into its-
storage tréip ﬁsing liquid nitrogen. The contents of the calibrated bulb were then flushed
into the reaction chamber by a stream of zero-grade air. This procedure was repeated for
the substrate aromatic resulting in mixing rat_igs in the range 5 - 20 ppm for the substrate
and reference organic. The reaction chamber was covered with an opaque cover to

prevent pre-photolysis of the reactants. After ~30 minutes a gas chromatographic analysis
was carried out in triplicate to ensure that the reactant aromatic and reference organic
were uniformly mixed. The reactants were then irradiated for ~20 second periods between
which gas chromatographic analyses were carried out in duplicate to determine the loss of

both substrate aromatic and reference organic.
3.4 ANALYSIS

Concentrations of the substrate aromatic and reference organic were measured by gas
chromatography (Shimadzu GC 8A or Ai Cambridge model GC94), with flame ionisation
detection. Samples of the reaction mixture were drawn through a 2 cm® Teflon coated
stainless steel sample loop using a rotary pump. On-column injection of gas samples was
carried out using a six port Valco gas sampling valve connected in series with the GC
carrier gas flow circuit. Chromatograms were recorded and stored on a computing
integrator (Spectra-Physics Data Jet). Concentrations of aromatic substrate and reference
organic were determined by measuring peak heights and peak areas. Table 3.1 shows the

reference organics and analytical conditions used for each aromatic substrate, -
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The experimental procedure for the temperature dependant studies was similar to that
outlined for the room temperature experiments. Reactions were carried out at a
number of temperatures over the range 243 - 323 K.

\
A set of experiments was also carried out at room temperature using toluene as the
substrate, cyclohexane as the reference and photolysis of ozone in the presence of
water vapour as the source of OH radicals. The same procedure was followed for
intfoducing the substrate, reference and ozone. In piace of hydrogen liquid water
(~0.5 cm®) was injected into a heated reservoir, vaporised and flushed into the reaction

chamber in a stream of zero grade air to give a final mixing ratio of ~10,000 ppm.

The reactivity of two aromatics (indane and tetralin) with chlorine atoms was also
investigated. The experimental procedure for introducing the substrate and reference
was similar to that described previously for the hydroxyl radical reactions. A known
pressure of molecular chlorine was placed in a calibrated bulb. The chlorine in the

remainder of the vacuum line was condensed into its storage bulb using liquid nitrogen.

The contents of the calibrated bulb were then flushed into the reaction chambe; with
zero grade air to give a final mixing ratio of 100 ppm. After uniform mixing the
reactants were irradiated by two bé.nks of fluorescent lamps (Thorn 40W) for 2 minute
periods between which gas chromatographic analyses were carried out in duplicate to

determine the decay of substrate aromatic and reference organic.

80



4.0 RESULTS
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4.1 ROOM TEMPERATURE OH RADICAL REACTIONS
The kinetic investigation was carried out using a relative rate method. This method is
based on monitoring the relativ\e decay rates of two or more organics, including one

whose OH radical reaction rate constant is well known.

Hydroxy! radicals were generated from the photolysis of ozone in the presence of

molecular hydrogen:
0; + hv( A =254nm)»> 0O, + O('D) (5)
o('D) + H —> OH + H (33)

In air the hydrogen atom produced reacts with molecular oxygen to form a

hydroperoxy radical (reaction 34) which reacts with ozone to generate another OH

radical (reaction 35):
H + 0, +M — HO, + M 34
HOz + 0O - OH + 20, (35)

The aromatic substrate and reference organic (cyclohexane) react with the OH radical:

OH + aromatic - products (36)

OH + cyclohexane — products (37)
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Provided that the aromatic and cyclohexane are consumed solely by reactions (36) and
(37) respectively and since dilution due to sampling is avoided by the use of a

collapsible Teflon chamber, the loss of aromatic and cyclohéxane may be expressed as:

\
:d_[a’;ﬂ”ﬂ = ks OH |[aromatic) %
and
_ d[cycfzhexane] - kw{OH ] [cyclohexﬂ"e] x

where ki and ks, are the bimolecular rate constants for reactions (36) and (37)
respectively. Rearranging and integrating X and X1 yields the expression (described in

detail in section 2.3.2):

In |aromaticloe _ fl—s]n [cyclohexarels XTI
faromatic]s  ksw  [cyclohexare):

where [aromatic]p and [cyclohexane], are the concentrations of the aromatic and
cyclohexane at time zero and [aromatic); and [cyclohexane); are the corresponding
concentrations at time t. Thus a plot of In{[aromatic]e/[aromatic);) against
In([cyclohexane]o/[cyclohexane]) should yield a straight line of slope ks¢/ki; and zero

intercept. A knowledge of ks, allows ki to be calculated from the slope.

When using the relative rate technique any loss of substrate and/or reference other than

by reaction with the OH radical (e.g. wall loss and/or photolysis) must be taken into
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acclount. To check for such loss processes 5oth substrate and reference were allowed
to remain in the dark over the time-scale of the experiments. No measufable loss of any
of the aromatic substrates or reference was observed. Secondly, mixtures of substrate
and reference were irradiated, \m the absence of the radical precursor. No significant
loss of sﬁbétrate or reference ﬁvas observed for all aromatics studied. Separate mixtures
of substrate and reference were irradiated in the presence of the radical precursor to
check for interference from reaction products in the gas chromatographic analysis of

aromatic and reference.

Plots in the form of equation XTI are shown in Figures 4.1 - 4.8 for the aromatics
studied in this work. The slopes of these plots kss/'ks7 and the calculated bimolecular
rate constants are shown in Table 4.1. These values were placed on an absolute basis

using the following recommended room temperature rate constants:
k(OH + cyclohexane)=7.21 x 10 cm® molecule™ s [87]

and

k(OH + 1,3,5-trimethylbenzene) = 57.5 x 102 cm® molecule™ s [20]
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Figure 4.1 Plots in the form of equation XII for the reaction of Toluene with OH
radicals using irradiated Oy/H>Q mixtures and irradiated O yH, mixtures as the

source of OH radicals at 298£2K and | atm total pressure.
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Figure 4.2 Plots in the form of equation XII for the reaction of Toluene-h; and

Toluene-ds with OH radicals at 29842K and 1 atm total pressure.
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Figure 4.3 Plots in the Jorm of equation XII for the reaction of toluene, Ethylbenzene,
n-Propylbenzene and n-Butylbenzene with OH radicals at 298+2K and 1 atm total

pressure.
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Figure 4.4 Plots in the form of equation XII for the reaction of a series of

Alkylbenzenes with OH radicals at 2982K and at 1 atm total pressure.
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Figure 4.5 Plots in the form of equation XII for the reaction of 2-Fluorotoluene, 3-
Fluorotoluene and 4-Fluorotoluene with OH radicals at 298+2K and 1 atm total

pressure.
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Figure 4.6 Plots in the form of equation XII for the reaction of 2-Chlorotoluene, 3-
Chlorotoluene and 4-Chlorotoluene with OH radicals at 29842K and | atm total

pressure.
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Figure 4.7 Plot in the form of equation XII for the reaction of 1,2,4,5-

Tetramethylbenzene with OH radicals at 29842K and 1 atm total pressure.
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Figure 4.8 Plots in the form of equation XII for the reaction of ortho-Diethylbenzene,

Indane and Tetralin with OH radicals at 298+2K and 1 atm total pressure.
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Table 4.1 Rate constant ratios, kis'ks,, and calculated rate constants for the reaction

of OH radicals with Aromatic compounds at 29842K and I atm total pressure.

Toluene 0.82 +0.03 5942022
Toluene-dsg 0.80£0.01 5.77£0.07
Ethylbenzene 0.88 £0.04 6.34+£0.29
n-propyibenzene 1.00 £0.04 7.21+£0.29
n-butylbenzene 1.32 £0.07 9.52+0.50
2-fluorotoluene 0.29 £ 0.01 2.09+£0.07
3-fluorotoluene 0.61 £0.01 4.40 £ 0.07
4-fluorotoluene 0.421+0.02 303+0.14
2-chlorotoluene 0.34 £0.03 245+0.22
3-chlorotoluene 0.65 £ 0.07 4.72 £0.50
4-chlorotoluene 0.48 £ 0.06 3.46+.043
i,2,4,5-tetramethy1benzene 0.90 £ 0.06 516+34
ortho-diethylbenzene 1.73+£0.06 125+04
Indane 3311026 239+1.9
Tetralin 3.67+0.18 265+1.3
a: Errors quoted are two least-squares standard deviations of the slopes of the
plots shown in Figures 4.1 - 4.8.
b: Errors quoted do not include the error in the rate constant for reaction of OH

radicals with the reference organic.
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4.2I TEMPERATURE DEPENDANT OH RADICAL REACTIONS

The protocol for measuring the rate constants as a function of temperature was simnilar

to that used for the room temperature studies. Cyclohexane was used as the reference
|

organic and relative rate constants were placed on an absolute basis using the

temperature dependant k(OH + cyclohexane) rate expresston recommended by

Atkinson [87]:
k(OH + cyclohexane)= 2.88 x 1077 T? ¢*"™ ¢m’ molecule™ s™

The aromatics selected for study were toluene, 3-fluorotoluene, 3-chiorotoluene,
indane and tetralin. Relative rates of decay were measured at various temperatures
over the range 245 - 323K and plots in the form of equation X1I for each temperature
are shown in Figures 4.9, 4.11, 4.13, 4.15 and 4.17. The rate constant ratios, kag/’ka,
and the calculated rate constants, kss, are shown in Table 4.2 for each aromatic. Rate
constants as a function of temperature, plotted in Arrhenius form, are shown in Figures
4.10,4.12,4.14, 4.16 and 4.18. The Arrhenius parameters obtained from these plots

are shown in Table 4.3.
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F z'éure 4.9 Plots in the form of equation XII for the reaction of Toluene with OH

radicals over the temperature range 243 - 323K and at I atm total pressure.
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Figure 4.10 Arrhenius plot for the reaction of Toluene with OH radicals over the

temperature range 243 - 323 K and at latm total pressure.
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Figure 4.11 Plots in the form of equation XI1 for the reaction of 3-Fluorotoluene with

OH radicals over the temperature range 248 - 323K and at 1 atm total pressure.
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Figure 4.12 Arrhenius plot for the reaction of 3-Fluorotoluene with OH radicals over

the temperature range. 248 - 323 K and at 1 atm total pressure.
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Fi iéure 4.13 Plots in the form of equation xi Jor the reaction of 3-Chlorotoluene with

OH radicals over the temperature range 243 - 323K and at | atm total pressure.
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Figure 4.14 Arrhenius plot for the reaction of 3-Chlorotoluene with OH radicals over

the temperature range 243 - 323 K and ar 1 atm rotal pressure.
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Figure 4.15 Plots in the form of equation xi! Jor the reaction of Indane with OH

radicals over the temperature range 245 - 323K and at | atm total pressure.
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Figure 4.16 Arrhenius plot for the reaction of Indane with OH radicals over the

temperature range 245 - 323 K and at I atm total pressure.
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Figure 4.17 Plots in the form of equation XII for the reaction of Tetralin with OH

radicals over the temperature range 243 - 323K and at 1 atm total pressure.
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Figure 4.18 Arrhenius plot for the reaction of Tetralin with OH radicals over the

temperature range 243 - 323 K and [ atm total pressure.
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Table 4.2 Rate constant ratios, ki/ks;, and calculated rate constants for the reaction
of OH radicals with a series of Aromatic compounds over the temperature range 243

- 323K and at 1 atm total pressure.

Toluene 243 1.21 £0.02 7.35
258 1.04 +0.02 6.62
273 0.95 +0.01 634
298 0.824 £0.03 >.94
323 0.742 +0.02 - 580

3-fluorotoluene 248 0.82 £0.03 5.02
278 0.67 +0.02 4.50
298 0.61 +£0.01 ' 4.40
303 0.55 +0.01 4.06
323 0.48 £0.02 3.74
3-chlorotoluene 243 0.91 £0.03 5.53

260 0.80 + 0.04 5.11
273 0.74 +0.08 492
298 0.65 +0.07 4.72
323 0.56 + 0.05 4.39

Indane 245 4.02+0.14 2451
273 3.66 £0.28 2433
298 331 +026 23.86
313 3.15+0.22 23.83
323 304 + 035 23.79

Tetralin 243 3.85+0.23 23.37
273 3.73 £ 0.11 24.82
298 3.67+0.18 26.46
313 3514016 26.57
323 3.49 + 0.24 27.28
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Table 4.3 Arrhenius parameters for the reaction of OH radicals with selected

Aromatic compounds over the temperature range 243 — 323K and at 1 atm total

pressure.

Toluene 2.41£0.96 -2236 £ 199
3-fluorotoluene 1.41 £0.99 -2610£112
3-chlorotoluene 222+1.21 -1845 £ 295

indane 21.6+59 -249 + 56
tetralin 425+128 1172+ 199
a: Errors quoted are two least-squares standard deviations of the slopes of the

plots shown in Figures 4.10, 4.12, 4.14, 4.16 and 4.18.
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4.3. . ROOM TEMPERATURE Cl ATOM REACTIONS

The reactivity of indane and tetralin with chlorine atoms was investigated using the

‘relative rate method. Cl atoms were generated by photolysis of molecular chlorine:

\
Cl, + hv(290<A<400nm) — 2Cl1 (38)
G+  aromatic —  products (39)
Ci + cyclohexane — products (40)

Plots in the form of equation XII for reaction of indane and tetralin with Cl atoms are
shown in Figure 4.19. Rate constant ratios, kso/kso, and bimolecular rate constants, ks,

are shown in Table 4.4. Rate constants were placed on an absolute basis using:

k (C] + cyclohexane) = 3.08 x 10™° cm® molecule™ s [88]
y
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Figure 4.19 Plots in the form of equation XTI Jor the reaction of Indane andTtetralin

with Cl atoms at 29842K and 1 atm total pressure.
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Table 4.4 Rate constant ratios, ksy/k,, and calculated rate constants for the reaction

of Cl atoms with Indane and Tetralin at 29842K and 1 atm total pressure.

indane 0.74£0.06 2.28£0.18
tetralin 1.07 £0.04 3.30+0.12
a: Errors quoted are two least-squares standard deviations of the slopes of the

plots shown m Figure 4.19.

b: Errors quoted do not include the error in the rate constant for reaction of Cl
atoms with the reference organic.
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5.0 DISCUSSION
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51 PHOTOLYSIS OF OJ/H; MIXTURES AS A SOURCE OF OH RADICALS

Photolysis of ozone in the presence of hydrbgen as the precursor of OH radicals has not
been previously reported in relat}'ve rate studies. Ozone was photolysed at 254 nm to yield

O('D) and molecular oxygen:
0 + hv(A=254nm) - 0O, + o('D) (41)
The O('D) reacts rapidly with molecular hydrogen to form OH radicals:

o('D) + H, - OH + H (42)
with kgz = 1.1 x 10" ¢’ molecule™ s™ [89]
The fate of the hydrogen atom in air subsequent to reaction (42) is combination with

molecular oxygen to yield HO, radicals:

H + 0, + M> HO, + M 3)

with ky3 = 7.5 x 10! cm® molecule™ s [89]

Reaction of hydrogen atoms with the substrate and/or reference organic is insignificant at
the organic/oxygen concentration ratios used in this study. Baulch er al [89] have
evaluated kinetic data for the reaction of hydrogen atoms with several aromatics and

values are typically of the order of 10"* cm’® molecule™ s™ at room temperature.
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Reactions of OH radicals with molecular hydrogen:

OH + H, —> HO + H

\
with ke = 6.7 x 107 cm® molecule™ s7 [84]

is unimportant since OH is regenerated by reaction of HO, with ozone:

HO, + O3 —> OH + 20;

with kss = 2.0 x 107 cm® molecule” s [84]

44) - 7'

(43)

Relative rate measurements were made at 298+2K and in latm. of air using toluene as

substrate and cyclohexane as reference to verify that the rate constant ratios from both the

ozone/hydrogen, and the more routinely employed ozone/water OH radical precursor,

were in agreement. The results of these experiments are plotted in the form of equation

XII in Figure 4.1. The slopes of the plots, kig/kss, of 0.82 (ozone/hydrogen) and 0.81

k(OH + cyclohexane) = 7.49 x 10"? cm® molecule™” s™'[85]

the following absolute rate constants were calculated:
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- (ozone/water) are in excellent agreement, When placed on an absolute basis using:



k(OH + toluene) = 5.94 + 0.22 x 102 cm® molecule s™ {ozone/hydrogen)

and

k(OH + toluene) = 5.86 + 0.19 x 10" cm® molecule™ s (ozone/water)

\
\\

Both determinations are in excellent agreement with the recommended rate constant of
5.96 x 10'? cm’ molecule s7'[29]. The result strongly suggests that there are no
complications associated with this method of OH radical generation. Hence, all rate
constants reported in this study have been obtained using photolysis of Os in the presence

of H, as the OH radical source.

This novel source of OH radicals has the potential to overcome some of the limitations

previously encountered when using photolysis of ozone in the presence of H>O such as:

Interference from water vapour bands in the infrared analysis of reactants and/or

reaction products.

. . Limited variation in relative humidity experiments due to the large concentrations
of water required.

. The inaccessibility of low temperature studies due to the relatively low vapour
pressure of water.

o The potential for the occurrence of heterogeneous reactions on the walls of a

“wet” reaction chamber.
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52  ISOTOPE EFFECTS

The origin of<a11 kinetic isotope effects lies in the changes in the quantised molecular
energy levels which occur when :he vibration frequencies and moments of inertia of a
molecﬁle are modified by isotopic substitution. The changes are purely mass effects, since
isotopic substitution has no affect on the electron distribution or potential-energy surface
for a molecule, and hence no affect on the ground-state geometry or the force constants
for vibration of the molecule. In the case of a simple harmonic oscitlator the vibration

frequency is given by:
v = 1727 (k/p)*?

and isotopic substitution alters the vibrational frequency by changing the reduced mass p

with a constant value of the force constant k.

The crucial effect of the changes in vibrational frequencies is to modify the vibrational
energy levels of the molecule. The zero-point energies { 1/2 hv) of the affected vibrations
will change on isotopic substitution and this wilt change the critical energy Es. For
example, R;C-H and RsC-D have zero point energies of %hvy ~ 17.2 and 12.1 kJ moi™*
respectively. This gives rise to a difference in the critical energies for C-D and C-H fission

of’

Eo(R;C-H) — Eo(R3C-D) = AE, ~ 5.1 kJ mol’
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Hence:

| k(R:C-H)/k(R3C-D) = exp (AE«/RT)
\

would give a ratio of 7.8 at 298K and 2.7 at 600K.

For example, the C-H reduced mass in toluene-hs 1s less than the C-D reduced mass in
toluene-dg and hence has a greater zero point energy. When the C-H and C-D bonds are
broken in the transition state of an abstraction reaction the activation energy diﬁ‘erenée
corresponds to the difference in zero point energy of the reactants, i.e. the abstraction
pathway for toluene-dg will have a greater energy barrier than for toluene-hs - called a
primary isotope effect. Hence, the rate constant for D-atom abstraction will be expected
to be less than that for H-atom abstraction and this difference in reactivity has been
observed by Atkinson and Aschmann [78] in the reaction of toluene-hg and toluene-dg with
NO; radicals, where H(D)-atom abstraction is the sole reaction pathway: k(NO; +
toluene-hg) = 7.81 x 10" cm® molecule s while k(NO; + toluene-ds) = 3.43 x 10" em®

molecule™ 57! at 298K.

As outlined in Section 2.2 evidence that OH addition to the aromatic ring dominates over
H-atom abstraction from the alkyl substituent of toluene at room temperature is found in
the absence of a primary kinetic isotope effect when H-atoms are replaced by D-atoms
[46,81]. Table 5.1 shows a comparison of the room temperature rate data obtained in this

work with previously reported values for the reaction of OH radicals with toluene-hg and
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toluene-ds. All previously repbrted k(OH + toluene-hs) determinations are 1n good
agreement and the rate constant obtained in this work (5.94 + 0.22 x 10" cm® molecule™
s) at 298K @d latm. is in excellent agreement with the recommended value (5.96 x 107
cm?® molecule™ 57)[29]. There h;ve been only two kinetic studies to date on the reaction
of OH radicals with toluene-ds, both using absolute techniques and both in very good
agreemeﬁt [46,81]. The rate constant recommended by Atkinson [29] of 6.31 x 107 cm®
molecule™ s™ (calculated from the Arrhenius parameters) for OH + toluene-d; represents .
the average of these values. The corresponding rate constant obtained from this study
(5.77 £ 0.07 x 10" cm® molecule™ s™) is somewhat lower than the recommended value
but more in line with that expected based on the difference between H-atom and D-atom
abstraction from the methyl substituent which contributes about 10% to the overall
reaction.
In truth the rate constants determined in this work for toluene-hs (5.94 +0.22 x 10" cm’
lmolect.lhe'1 s™) and toluene-dg (5.77 £ 0.07 x 107 cm® molecule™ s7) do not differ within
——the experimental uncertainties; consistent with the predominantly addition pathway. Since
the abstraction pathway only contributes ~10% to the overall reaction any decrease in
reactivity due to isotopic substitution would, for these two compounds, be outside the

precision of the experimental technique.

It is interesting to note that at temperatures greater than 425K (where H-atom abstraction

is the dominant reaction channel) the rate constants may be expressed as:
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k(OH + toluene-hg) = 7.58 x 107® T exp(11/T) [29]

k(OH + toluene-ds) = 6.85 x 10" T? exp(-276/T) [29]
\

resulting in ky/kp = 2.1 at 600K. This is close to the theoretical vaiue of 2.7, suggesting

that the C-H (C-D) bond is almost fully broken at the top of the energy barrier.
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Table 5.1 Rate constants for the reaction of OH radicals with T. oluene-h; and Toluene-ds

at room temperature and at, or close to, the high pressure limit.

Toluene-hg 6.36 + 0.69 FP-RF Tully et al [46]
6.40 & 0.64 FP-RF Perry et al [81]
55+05 RR Kramp and Paulson [71]
50+15 RR Anderson and Hites [72]
58415 RR Anderson and Hites[72]
6.06 + 0.17 RR Ohta and Ohyama[75]
6.11 + 0 40 FP-RF Davis et al[68]
FP-RF Hansen et al[90]
578 £0.58
RR Edney et al[91]
5.44 £ 0.55
E Atkinson[29]
5.96
RR This work
5.94 + 0.22°
B Tt o -RR This work
5.86 +0.19° -
6.40 £ 0.20 FP-RF Tully et al[46]
6.13 +£0.63 FP-RF Perry et al[81]
6.31 E Atkinson[29]
5.77 £ 0.07 RR This work

a 0./H, as OH radical source.

b: 0,/H,0 as OH radical source.
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5.3 MONOALKYL SUBSTITUTED BENZENES

Included in 'l;able 5.2 are room temperature rate constants from this work together with
those previously repofted [70,75\576] and the evaluations of Atkinson[29] for reaction of
hydroxyl radical radicals with a series of monoalkyl substituted benzenes. in general,
there is broad agreement between previously reported values for each individual aromatic

where more than one study exists.

The room temperature rate coefficients obtained for reaction of OH with ethylbenzene by
Ohta and Ohyama [75] and Lloyd ez al [76], both using the relative rate method, are in
very good agreement while the absolute value of Ravishankara ez al [70] is ~15% higher.
The rate constant obtained in this work (6.34 £ 0.29 x 10 ¢m® molecule” s7) is lower
than all previous values and hence lower than the recommended value (7.1 x 10™? ¢m’

molecule™ s™) [29], but agrees within the overall experimental uncertainties.

While the rate constants reported by Lloyd ez al [76] and Ravishankara ez &I [70] for

OH + n-propylbenzene are in good agreement, the value obtained by Ohta and Ohyama
[75] is 20% greater. The corresponding rate coefficient obtained in this study (7.21 £ 0.29
x 10" ¢m® molecule™ s') is somewhat higher than those previously reported and almost
20% higher than the recommended value of Atkinson [29]. This study represents the first

reported rate data for reaction of OH with n-butylbenzene.
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Table 5.2 Rate constants for the reaction of OH radicals with a series of alkyl substituted

benzenes at room temperature and at, or close to, the high pressure limit.

Toluene 637 +£0.17* RR Ohta and Ohyama [75]
5.96 : E Atkinson {29]
@ 5,94+ 0.22 RR This work
Ethylbenzene 6.84 £ 0.30 RR Ohta and Ohyama [75] |
7.95+0.50° FP-RF Ravishankara et al {70]
6.94+139° RR Lloyd et al [76]
71 E Atkinson [29]
6.34 + 0.29 RR This work
n-propylbenzene 6.94+0.24 RR Ohta and Ohyama [75]
5.86 +0.50° FP-RF Ravishankara et al [70]
542 + 1.09° RR Lloyd et al [76]
6.0 E Atkinson [29]
721+ 0.29 RR This work
n-butylbenzene 9.52 + 0.50 RR This work
a: Experiments carried out at an unspecified temperature.
b: Experiments carried out at 200 Torr total pressure .
c Experiments carried out at 30512K.

120



There has been no single syst‘ematric study to date on the reaction of OH radicals with the
series of monoalkyl substituted benzenes listed in Table 5.2, Lloyd ez af [76] reported the
first rate con.stants for ethylbenzene (6.94 + 1.39 x 107 cm? molecule'i. s!) and n-
propylbenzene (5.42 + 1.09 x 18"2 em’ molecule” ) at 298K and atmospheric pressure
using the relative rate method. Ravishankara ef al {70] later reported room temperatu;e
rate constants for ethylbenzene (7.95 £ 0.50 x 10" ¢m® molecule s™) and n-
propylbenzene (5.86 #+ 0.50 x 102 cm® molecule™” 5™') from flash photolysis-resonance
fluorescence studies, and concluded that the increase in chain length of the alkyl
substituent has no affect on reactivity towards the OH radical. This invariance of the rate
constant as a function of the chain length of the substituent was rationalised by
Ravishankara er a/ {70] in terms of similar Hammett constants for the alkyl substituents
combined with the dominant reaction pathway being OH addition to the aromatic ring.
More recently, Ohta and Ohyama [75] carried out an extensive kinetic study on the
reactions of OH radicals with mono-, di- and trialkyl benzenes. Their reported room
temperature rate constants for toluene (6.37  0.08 x 10™2 ¢m® molecule™ s7),
ethylbenzene (6.84 0.30 x 10" cm’® molecule™ s') and n-propylbenzene (6.94 +0.24 x
1072 cm® molecule™ s), while appearing to show a small increase with increasing length
of the alkyl substituent, do not differ within the quoted experimental errors. From the

reported OH rate data for monoalkyl substituted benzenes relevant to atmospheric

conditions, Atkinson [29] concluded that the room temperature rate coefficient for toluene

is reasonably applicable to the higher monoalkyl substituted benzenes.

121



The room temperature OH rédical rate constants obtained in this systematic study for
monoalkyl substituted benzenes, Table 5.2, show a sﬁlall but definite increase with
increasing cﬁain length of the alkyl substituent: toluene (5.94 £ 0.22 x 10" cm® molecule™
s < ethylbenzene (634 + o.‘zé\x 102 em® molecule™ ) < n-propylbenzene (7.21 + 0.29
x 10" cm® molecule™ s™) < n-butylbenzene (9.52 + 0.50 x 10™? cm’ molecule™ s). These
values have been obtained using a single reference (cyclohexane) and hence, the

differences are believed to be outside experimental error.

Further experimental evidence from this study in support of these reactivity differences is
illustrated in Figure 4 .4, which shows the relative rates of disappearance of pairs of mono-

alkyl substituted benzenes, resulting in:

k(OH + ethylbenzene)/k(OH + toluene) = 1.04 + 0.003
k(OH + n-propylbenzene)/k(OH + ethylbenzene) = 1.10 £ 0.004
and

"k(OH + n-butylbenzene)/k(OH + n-propylbenzene) = 1.39 £ 0.010

The increase in reactivity of monoalkyl! substituted benzenes with increasing length of the

alkyl side chain observed in this work could be dué to:

) An increase in the importance of the abstraction pathway with increasing number
of -CH;- groups in the alkyl side chain, and/or

(i)  Enhanced addition to the aromatic ring due to an increased inductive effect with

increasing size of the alkyl substituent.
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Should the observed increase in reactivity be due to an increase in the contribution of the

abstraction pathway, one would expect:

@

(ii)

abstraction from the o-CH; group to be more facile based on thermochemical
considerations given tha\t the benzylic C-H bond strength is 368 kJ mol compared
to 397 kJ mol” for secondary C-H bonds [92] and hence toluene and ethylbenzene

to show the biggest difference in reactivity and

reactivity differences (Ak) with increasing length of side chain to approach that for
H-atom abstraction from a ~CH,- group in a normal alkane (1.23 x 102 cm®

molecule™ s")[87]. A plot of Ak vs. number of ~CH,- groups is shown in Figure

5.3.

Figure 5.3 Plot of Ak versus number of CH: groups for this series of Monoalkylbenzenes.

Ak X 102 cm® molecule™ ™
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The trend illustrated graphicaﬂy in Figure 5.3 suggests that the observed reactivity
differences cannot be rationalised solely in terms of an increase in the contribution of the
abstraction pathway. Support for enhanced OH addition to the aromatic ring with
increasing size of alkyl substitue;;t comes from a comparison of the rate constants with the

corresponding ionisation potentials for this series of compounds, Table 5.3, which show a

definite increase in reactivity with decreasing ionization potential.

Table 5.3 Ionisation Potentials and room temperature OH radical rate constants for a

series of monoalkyl substituted benzenes.

Toluene - 8.821 £0.01 5.94
Ethylbenzene 8.76 £0.01 6.34
n-propylbenzene 8.72 +0.01 7.21
n-butylbenzene 8.69 +0.01 9.52
~a:  Rosenstock et al [93].
b: This work.

In conclusion, it would appear that the small but definite increase in reactivity towards OH
with increasing length of the alkyl chain is probably a combination of both a greater

contribution of the abstraction pathway and enhanced addition to the aromatic ring.
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5.4 DIALKYL SUBSTITUTED BENZENES

Table 5.3 co;ltains kinetic data at 298K and at, or close to, the high pressure limit for
reaction of OH radicals with sel;cted ortho-dialkyl substituted benzenes, previously
reported and obtained in the present study. Rdom temperature rate constants have be¢n
reported for reaction of OH radicals with o-xylene using both absolute [70,81,86,90] and
relative rate techniques [59,75,88,91,93,94]. All reported values are in good agreement
resulting in a recommended limiting high-pressure value of 13.7 x 10" cm® molecule s

at room temperature {29].

Two room temperature studies have been carried out, both using the relative rate
technique, on the reaction of OH radicals with o-ethyltoluene with the reported rate
constants being in excellent agreement [75,76]. The unit-weighted average of these rate
data results in a recommended value of 12.3 x 10" ¢’ molecule™ s [29]. The reactivity
of o-ethyltoluene towards OH is equal to that of o-xylene, within the quoted errors,

consistent with the dominant reaction pathway being OH addition to the aromatic ring. - - -

Kinetic data for the reaction of OH with o-diethylbenzene has not been reported
previously. The room temperature OH radical rate constant obtained in this study (12.4 £
0.4 x 10" cm® molecule™ s7) is equal, within the experimental uncertainties, to that for o-
xylene and o-ethyltoluene supporting the predominance of OH addition to the aromatic

ring under these experimental conditions.
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Table 5.4 Rate constants for the reaction of OH radicals with a series of Aromatic

compounds at room temperature and at, or close to, the high pressure limit.

s

o-xylene 12.6 £ 0.6 RR Ohta and Ohyama [75]
11.2+34 RR Doyle et al [59] -
@: 15.3x1.5 FP-RF Hansen et al [90]
143+ 1.5 FP-RF Perry et al [81]
124+12 FP-RF Rawvishankara ef al [70]
14.0 RR Cox et al [94]
142 +1.7 FP-RF Nicovich ef al [86]
13.6 RR Klidpfter et al [95]
12.6 RR Edney et al [91]
122406 RR Atkinson ef al [88]
13.7 E Atkinson [29]
o-ethyltoluene 12.0+2.4 RR Lloyd et al [76]
125£13 RR Ohta and Ohyama [75]
@1 12.3 E Atkinson [29]
_| o-diethylbenzene 125+ 04 RR This work
Indane 92+20 DF-RF Baulch et al [77]
@ 239+ 1.9 RR This work
Tetralin 343+06 RR Atkinson and Aschmann [78]
26.5+1.3 RR This work
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Previous kinetic studies on the reaction of OH radicals with aromatic compounds
containing saturated cyclic substituents are limited to a single study on indane by Baulch et
al [77] and én tetralin by Atkinson and Aschmann [78]. The almost factor of four
difference between the reported\rate constants for these compounds is surprising given the
similarity in their structures. The value of k(OH + indane) =9.2 +2.0 x 10" ¢m®
molecule™ s reported by Baulch ef al [77] is broadly in line with that obtained for ortho-
dialkyl substituted benzenes suggesting that the dominant reaction pathway is OH addition
to the aromatic ring. The corresponding rate constant for tetralin (34.3 + 0.6 x 10™** ¢’
molecule” s™) reported by Atkinson and Aschmann {78] implies a much larger
contribution from the abstraction channel if one assumes that the addition component is
similar for all ortho-dialkyl substituted benzenes, both cyclic and acyclic. The difference in
the reported rate data of these two aromatics does not seem plausible given that the only
differences between hese two compounds is the presence of an additional -CH,- group in
tetralin and some degree of ring strain in the saturated five membered ring.. While k(OH +
tetralin) = 26.5 + 1.3 x 10™ cm® molecule™ s from this work is ~25% less than the value
obtained by Atkinson and Aschmann [78], (using a similar experimental technique) the OH -
rate constant measured in this study for indane (23.9 £ 1.9 x 10"% cm® molecule” s™') at
298K and | atm of air is more than a factor of two greater than that previously reported

by Baulch ez al [77].

Baulch e al {77] used the absolute technique of discharge flow with OH detection by
resonance fluorescence to measure the rate constant for indane at room temperature and

at 40Pa (0.32 Torr) and 170Pa.(1.3Torr) total pressure. The results obtained at the two
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different pressures were the same, within the error limits, and the absence of a pressure
dependence was considered by the invesigators to be consistent with the dominant

reaction pathway being a labile hydrogen atom abstraction from the saturated ring;

This is in sharp contrast to all previous work {29 and references therein] on the alkylated
aromatics where it has been clearly demonstrated that the room temperature rate constant
shows a pressure depeﬁdence below about ~25 — 50 Torr total pressure as a result of OH
addition to the aromatic ring being the dominant reaction channel. Based on previous
kinetic and mechanistic studies on o-dialkyl substituted benzenes the addition reaction

would be expected to make a significant contribution:

©[>+OH — b:>

If the addition component to the overall room temperature rate constant for OH + indane

is assumed to be similar to that for acyclic ortho-dialkyl substituted benzenes at, or close
to, the high pressure limit (~12x10"? cm® molecule? s?), then this value, combined with

that obtained in the low pressure study of Baulch ef al [77], results in an overall rate
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constant of 21.2x10™*cm’® molecule” s , close to the value of 23.9 + 1. 9x10™ cm®
molecule” s obtained in this study. Hence it is suggested that the rate constant reported
by Baulch e af [ 77] reflects only the contribution of the abstraction channel and the

\
pressure dependence of this reaction warrants further investigation.
The reason for the discrepancy in k{(OH + tetralin) féported by Atkinson and Aschmann
[78] and obtained from this study is not obvious but might be due to the use of different
reference compounds in the relative rate studies. The enhanced reactivity of tetralin over

other ortho-dialkyl substituted benzenes towards OH radicals suggests that the addition

channel contributes only ~50% to the overall rate constant under atmospheric conditions:

HO. H
00 -« — OO

with H-atom abstraction from the saturated ring making up the remainder:

O o — OO .

+ H>0O
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Supporting evidence that the enhanced reactivity of indane and tetralin towards OH
radicals, over that observed for acyclic dialkyl substituted benzenes, is due to an increase
in the contﬁiaution of the abstraction channel comes from a compa.ﬁson of the Arrhenius
parameters obtained in this stud} for reaction of OH with toluene, indane and tetralin, and
shown in Table 4.3.The negative temperature dependence obtained for toluene in this
study (kog= 2.41x107e****T c¢m® molecule” s7') and in previou; investigations

(ko= 1.81x 10"%:3“55’*1“3"'r cm® molecule™ s') [29 and references therein] is indicative of
addition being the dominant pathway. The essentially zero activation energy obtained in
this work for indane (kop= 21.6x10"%*™*"T cm® molecule” ™) implies a significant
contribution from the abstraction channel, while the positive temperature dependence
observed for tetralin (kon = 42.5x 107%™ =*T cm?® molecule” s™') suggests an even greater

importance of H-atom abstraction from the saturated ring,

As stated previously, a substantial fraction (~50%) of the overall OH + indane and OH +
tetralin reaction appears to proceed via H-atom abstraction from the saturated ring at
room temperature and atmospheﬁc pressure. The average reactivity per —-CHy- group in
the saturated ring of ~3 x 102 cm® molecule™ s™ is thus much greater than that observed
for the corresponding cycloalkanes, cyclopentane and cyclohexane, where kog ~ 1.2 x 107

12 ¢m® molecule™ 5™ per —CH,- group [87].

Further support for facile H-atom abstraction from the saturated ring in indane and tetralin

comes from a consideration of the kinetic data in Table 5.5 for the reaction of Cl atoms
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with indane and tetralin and the reaction of NOj radicals with tetralin, both of which are

postulated to proceed solely via H-atom abstraction from the saturated ring:

D0 — OD .
0D .

o

+ HCI(HNOs )

|
8

THCI(HNG;)
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The reported room temperatﬁre rate constant for reaction of NQ, radicals with tetralin
[98] is almost two orders of magnitude greater than that for reaction with cyclohexane
[97] (0.23 x‘IO'IE cm’ molecule” 5™ versus 22 x 10 cm® molecule™ s per ~CH,- group).
‘There appears to be no sigm'ﬁce;}lt difference between the kei values for cyclopentane,
cyclohexane, indane and tetralin which is not surprising given that these reactions are all
close to the collision limit. However, on a per —~CH>- basis, the ~CH:- groups in indane

and tetralin are ~50% more reactive than those in cyclopentane and cyclohexane.

Hydrogen atom abstraction in solution phase by ROO",{99 ], CCl;',{100 ], t-BuO’

(101 ],and CHj;' {102] radicals has also been observed to proceed at a faster rate for

indane and tetralin than for alkylsubstituted benzenes. The relative rate constants (per
active H-atom) obtained by Meyer ef al [102] for H-atom abstraction by methy! radicals
from a series of aromatic compounds are listed in Table 5.6 together with the
corresponding values for other radical species. While the difference in reactivity between
toluene (or o-xylene) and indane (or tetralin} can be explained in terms of the ease of
abstraction of secondary h&dlgogen atoms compared to primary hydrogen atoms, the
tabulated data clearly shows that, regardless of the abstracting species, indane and tetralin
are significantly more reactive than ethylbenzene. Meyer e a [102] proposed that in the
case of ethylbenzene there is a significant loss of resonance energy in the transition state
due to the skewed conformation of the alkyl side chain as a result of repulsion between the

closest B-hydrogen on the alkyl side chain and the ortho-hydrogen of the ring. This is in

contrast to indane and tetralin where there is no such repulsion due to more rigid
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conformation of the bi-planar structure and hence no loss of stabilisation in the transition

state resulting in greater reactivity.

\
Table 5.6 Relative rate constants (per active H Atom) for H-atom abstraction from a

series of Aromatic compounds by various radicals in solution phase.

toluene 1.00 1.00 1.00 1.00
o-xylene - - 1.20 0.99
ethylbenzene 7.75 4.6 32 412
indane 37 7.1 - 8.3
Tetralin 134 256 152 23
af99]: b [100]; c[101]; d[102].

In summary, it would appear that the contribution of the abstraction pathway to the

overall rate constant for reaction of indane and tetralin with OH radicals is considerably
greater than for the corresponding ortho-dialkyl substituted benzenes.If this was simply
due to the weaker C-H bonds in the -CH;- group adjacent to the aromatic ring, as has
been postulated by Atkinson [98] to account for the enhanced reactivity of tetralin with
NO; radicals, one would expect ortho-diethyl benzene to be considerably more reactive
towards OH radicals than o-xylene and closer to that observed for indane. Quite obviously
this is not the case, suggesting that the rigid conformation in indane (and tetralin) due to
the presence of the saturated ring leads to a more favourable transition state for H-atom

abstraction by OH radicals, as suggested by Meyer et al [102].
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3.5 TRI- AND TET-RAMETHYL SUBSTITUTED BENZENES

Table 5.7 shbws the recommended room temperature rate constants for reaction of QH
radicais with benzene, mono-, d\l- and tri-methyl substituted bénzenes, together with the
value obtained in this study for 1,2,4,5-tetramethylbenzene. A comparison of the reactivity
of hydroxyl radicals with benzene and toluene reveals that addition of a methy! grOupﬂ to
the aromatic ring increases the room teinperature rate constant of the OH-aromatic
reaction by a factor of ~5. Moreover, there is about another three-fold increase in
reactivity with the addition of a second methyl group. The presence of a third methyl
substituent on the aromatic ring leads to a further two-fold increase in koa. As discussed
previously in Section 2.0 the dominant reaction pathway for hydroxyl radicals with
benzene and alkyl substituted aromatics is electrophilic addition to the aromatic ring.
Hence, this observed trend can be rationalised in terms of an enhanced inductive effect

with increased methyl group substitution making OH addition to the ring more facile.

1t is well known that the electron donating ability of a substituent to an aromatic ring is  _
also very sensitive to the position of substitution. A striking feature of di- and tri-
methylbenzenes is the differences in reactivity of the different isomers towards OH

radicals. For example, the room temperature rate constant for meta-xylene is almost twice
that for ortho- or para-xylene. Similarly, 1,3,5-trimethylbenzene is considerably more
reactive than 1,2 3- or 1,2,4-trimethylbenzene. These differences have not been

rationalised in depth in any of the kinetic studies carried out to date.
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" Table 5.7 Rate constants for the reaction of OH radicals with a series of methyl

substituted benzenes at room temperature and at, or close to, the high pressure limit.

benzene 1.23 Atkinson[29]
Q
Toluene 5.96 Atkinson[29]
o-xylene 13.7 Atkinson[29]
]
m-xylene 23.6 Atkinson[29]
Q
p-xylene 143 Atkinson[29]
0
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1,2,3-trimethylbenzene 32.7 Atkinson[29]
1,2,4-trimethylbenzene 32.5 Atkinson[29]
1,3,5-tnmethylbenzene 57.5 Atkinson[29]
u
1,2,4,5-tetramethylbenzene 51.57 + 3.4 This work
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The stability of the OH—aromﬁtic adduct formed in the addition pathway is central to this
discussion. As with carbocations, the stability order of alkyl radicals is tertiary > secondary
> primary. ”fhis is due to the delocalisation of electrons through overlap

between the p orbital occupied l§y the odd electron of the carbon radical centre and a o
orbitgl of the methyl group as shown below. Overlap of a filled orbital and a half-filled
orbital has a net stabilising effect. This kind if stabilisation due to delocalisation of o bond

orbitals is known as hyperconjugation.

Figure 5.2 shows all possible resonance structures for addition of OH to the ortho, meta
and para positions of toluene. The ortho and para addition adducts both have resonance
structures that contain a tertiary carbon radical which can be stabilised by
hyperconjugation. The meta addition pathway has no such resonance structures. As a
result addition of OH to the ortho and para positions has a lower energy barrier than
addition to the meta position. In a product study on the reaction of OH with toluene Gery
et al [103] found that 81% of the total cresol yield was o-cresol, 17% was p-cresol and .
2% was m-cresol. In aromatic substitution terminology this is expressed as the methyl

group having an activating effect and ortho and para directing characteristics.
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Figure 5.2 Resonance structures following addition of OH radicals to the ortho, meta

and para positions of Toluene.

Hy H3 Hs Hj
OH H ol
_OH H H
OH . - H
] i
| .
Hz H3 Hy H3
H OH OH H
H H H H
OH H OH H OH H OH H

Applying this rationale to the xylenes isomers, the two methyl groups on each xylene will
activate (i.e. the vacant sites will be ortho or para to a methyl group) and deactivate

(meta) the following positions:

om op, 00  om om
mp om om om
mp op
o-xylene m-xylene p-xylene
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The vacant sites on ortho- aﬂd para-Xylene are each activated by one methyl group so they
are expected to have similar reactivities. Three of the four vacant sites on meta-xylene are
activated by ‘both methyl groups so it is expected that m-xylene will have a much gréater

reactivity. This is supported by ;\he data in Table 5.7 with meta-xylene some 60-70% more

reactive towards OH radicals than ortho- or para-xylene.

The trimethylbenzene isomers are shown below with the vacant sites labelled as being

ortho, meta or para influenced:

°““’@I - @
mmp ' omp oom
omp o0p

1,2,3-trimcthylbenzene  1,2,4-trimethylbenzene  1,3,5-trimethylbenzene

1,2,3- and 1,2,4-trimethylbenzene both have two vacant sites activated by two of the
methyl groups with the third site activated by one ﬁethyl groﬁp sb these compounds are
expected to have similar reactivities with respect to reaction with the OH radical. 1,3,5-
trimethylbenzene has all three vacant sites activated by all three methyl groups suggesting
that this isomer should be significantly more reactive with OH. The recommended rate

data in Table 5.7 supports this conclusion.
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Applying this argurhent to the tetramethyl benzene isomers, {shown below with
ortho,meta and para labelling) it is clear that the isomers will not exhibit similar reactivities

towards the OH radical:

ommp oofmp /@ oomm
ommp oomm
oomp

1,2,3,4-tetramethylbenzene 1,2,3,5-tetramethylbenzene 1,3,5-tetramethylbenzene

1t is predicted that the room temperature rate constant for reaction of OH radicals with
1,2,3,4-tetramethylbenzene will be similar to that obtained in this study for OH + 1,2 4,5-
tetramethylbenzene (62.45 + 4.4 x 10"? cm® molecule™ s™?) as both isomers have two

vacant sites activated by two of the methyl groups. It is also predicted that 1,2,3,5-

tetramethylbenzene will be considerably more reactive with OH since the vacant sites are =

activated by three of the methyl substituents.
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5.6 HALOTOLUENES

Rate data obtained in this work for the reaction of OH radicals with monoftuorotoluenes
. _

and monochlorotoluenes at 298K and atmospheric pressure are listed in Table 5.8. This

study represents the first reported kinetic data on the gas phase reactions of OH radicals

with these aromatic substrates, previous studies being confined to halogenated benzenes.

The reactivity differences observed in this study between halobenzenes and their non-
halogenated analogue, toluene, are consistent with the deactivating influence of halogen
substituents. The presence of a F- or Cl- substituent on the aromatic ring leads to an
approximately two-fold decrease in reactivity compared to toluene. The rate data also
shows that fluorine is slightly more deactivating than chlorine, consistent with their

Pauling electronegativity values.

The data in Table 5.8 also illustrate significant differences in reactivity between the
different isomers with the same tend being observed for both fluoro- and chlorotoluenes,
i.e. 3-halotoluene > 4-halotoluene > 2-halotoluene. This trend is similar to that observed
for alkyl-substituted benzenes where meta- > ortho- > para-. Despite the deactiviting
affect of F- and Cl- substituents towards the addition of an electrophilic species such as
the OH radical, halogens have ortho- and para- directing characteristics which make them

unique as substituents in electrophilic aromatic substitution reactions.
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Table 5.8 Rate constants for the reaction of OH radicals with a series of Halotoluenes at

298+2K and 1 atm total pressure.

“2-fluorotoluene 2.09 £ 0.07
CH;

| Thls work

o4

3-fluorotoluene 4.40 £ 0.07 RR This work

)
@g

F

4-fluorotoluene 3.03+0.14 RR This work
CHj3

O

2-chlorotoluene 2,45+ 0,22 RR This work
CHy

Q

3-chlorotoluene 4,72 + 0.50 RR This work
CHj

O

Cl

4-chlorotoluene 3.46 + 0.43 RR This work
CHjz

O
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Support for the reactivity trénds observed in this study comes from the previously
reported kinetic data of Ohta and Ohyama [77], Atkinson ez al [80], Rinke and Zetzsch
[82], Walliﬂgton et al [83] and Edney e? al [91] for the reaction of OH with halogenated
benzenes. The room temperatu;é rate constants for OH + chlorobenzene obtained by
Rinke and Zetzsch [82], Atkinson ef af [80], Wallington ef a/ [80], and Edney et a/ [91]
result in recommended value of 0.77 x 10™% cm® molecule™ s [29], which is about 60%
less than that recommended for OH + benzene (1.23 x 10 cm® molecule™ s [29],
confirming the deactivating effect of the chlorine substituent. The rate data of Wahner and
Zetzsch [73] at 298K f01; reaction of OH with ortho-, meta- and para-dichlorobenzene of
0.42, 0.72 and 0.32 respectively (all in units of 10”2 cm® molecule™ s™), shows that the
presence of a second chlorine substituent leads to a further reduction in reactivity towards

OH.

Systematic studies have also been carried out by Rinke and Zetzsch [82] and Wallington et
al [83] on the reaction of fluoro-, chloro-, bromo- and iodobenzene with OH radicals. In
both studies the reactivity was observed to decrease uniformly with increasing

electronegativity of the halogen substituent.

5.6.1 Chlorine atom production in the reaction of OH radicals with halogenated

aromatics

Studies have been carried out to investigate Cl atom production in the reaction of OH
radicals with chloroalkenes and chlorinated aromatics [91,104,105,106]. A kinetic study
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by Edney et al [91] on the OH + allyl chloride reaction showed that koy varied in the
presence or absence of a scavenger species (methane) suggesting that Cl atom production
was sigﬁiﬂcaht in this reaction. In a subsequent study on benzyl chloride and
chlorobenzene. Edney ef al [10;1\] in 2 later study modified the rate expression used to

| calculate the OH radical rate constant in an attempt to take CI atom production into
account. In addition Tuazon et al [105] identified chlorinated products from the reaction
of OH with chloroethenes that strongly suggested Cl atom production. Kleindienst ez a/
[106] and Tuazon et al [105] have measured the Cl atom yield to be as low as 0.077 and
0.084 respectively from the OH + benzyl chlonide reaction and no significartt difference

was observed in the value of koy in the presence and absence of a Cl atom scavenger.

Experiments were carried out in this work to investigate the potential for Cl atom
production in the reaction of OH radicals with chlorotoluenes. The rate constant for
reaction of 2-chlorotoluene with OH radicals was measured in the presence and absence of
a Cl atom scavenger (methane). The rate coefficients obtained differed slightly but were

within the overall expenimental uncertainties: . . _ e

k(OH + 2-chlorotoluene) 2.45 £ 0.22 cm’® molecule™ 5™

k(OH + 2-chiorotoluene + methane) 2.72 +0.29 cm’® molecule™ s

Hence the degree of Cl atom production in the reaction of OH radicals with
chlorotoluenes appears to be negligible. The production of fluorine atoms from the

reaction of OH with fluorotoluenes is not expected on thermochemical grounds.
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In conclusion, reactivity trends observed in the present study for the halotoluenes are
dictated by the nature and position of the halogen substituent and are totally consistent

\ _
with the trends found in previous studies on other halogenated aromatics.
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5.7 CORRELATIONS

Kinetic data are now available f:(\)r the gas phase reactions of the OH radical with a wide
variety of organic compounds [29]. These data allow possible trends and correlations to
be examined for certain classes of organics such as aromatic compounds. Correlations are
useful (i) as a method of highlighting the general trend in chemical behaviour of different
compounds, (i} in allowing an estimate of unknown rate coefficients to be made, and (iii)

in pointing out experimental inconsistencies in a data set.

Zetzsch [107] has established two predictive tools for the estimation of rate constants for
the reaction of OH radicals with aromatic compounds. The basis of these two techniques
are a correlation between (a) rate data and the electrophilic substituent constants

developed by Brown and Okamoto [108], and (b)rate data and ionisation potential of the

aromatic.

(a)  Electrophilic Substituent Constants
Zetzsch [107] has shown that for benzene, biphenyl and a series of substituted monocyclic

aromatics, the room temperature rate constants for the addition of OH radicals to the

aromatic ring correlate well with the sum of the electrophilic substituent constants ¥.c".
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The following assumptions were made when calculating >c™:

. Steﬁc hindrance is not taker‘;\ into account, i.¢. attack at ortho- and para- positions are
equal.
¢ The total substituent constant Zc" is the sum of each of the individual sunstituent
constants.
¢ OH attacks at the site which yields the most negative summation of %™

¢ Ifall positions are occupied, the ipso position is treated like a meta position.

A unit-weighted least squares analysis of k** versus Xo" by Zetzsch [107] yielded the

expression:
log K** (cm’® molecule™ s™) = -11.4 - 1396 X1
Using a more extensive kinetic database Atkinson [109] has modified XTII to yield:
log k** (cm® molecule s1) = 11,64 - 131%6" XTIV

Table 5.9 lists the sum of the electrophilic substituent constants, >c*, the rate constants

calculated using expression XIV and the experimental rate constants from this work.
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Table 5.9 Calculated rate constants based on Electrophilic Substituent C onstants versus

experimental rate constants for reaction of OH with selected Aromatic compounds.

Toluene -0.311 5.85 5.23
Ethylbenzene -0.295 5.58 6.34
n-propylbenzene -0.295 5.58 721
1,2.4,5- -0.754 22.27 51.57
tetramethylbenzene
1,2,3,4- -0.754 2227 -
tetramethylbenzene
1,2,3,5- -0.999 46.63 -
tetramethylbenzene
2-flucrotoluene -0.139 3.48 2.09
L
3-fluorotoluene -0.384 7.29 4.40
4-fluorotoluene -0.139 3.48 3.03
2-chlorotoluene 0.048 1.98 2.45
|
3-chlorotoluene -0.197 4.15 4.72
4-chlorotoluene 0,048 1.98 3.46
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It is clear from a comparison. of the calculated and experimental rate constants listed in
Table 5.9 that this correlation may be used to predict OH rate constants to within + a
factor of ty;;ically < 2 (with the exception of 1,2,4,S-tetramethylbenzene)_ The agreement
between the calculated and experimental rate constants for toluene, ethylbenzene and n-
propylbenzene is very good. The calculated value for 1,2,4,5-tetramethylbenzene is
underestimated but supports the order of reactivity postulated in Section 5.5 where by the
1,2,4,5- and 1,2,3,4- isomers have similar reactivities and that of the 1,2,3,5- isomer is

greatly enhanced due to the positioning of the methyl groups on the ring,

The rate constants predicted for the halotoluenes are within a factor of < 2 of the
experimental values, while the 3-halo isomer is predicted to be the most reactive
consistent with the experimental data. Since one of the basic assumptions in deriving
expression X1V is that attack at the ortho and para positions are equal, the 2-halo and 4-
halo toluenes are predicted to have the same reactivity. The chiorotoluenes are predicted
to be less reactive than the corresponding fluorotoluene isomers, in contrast to the results
obtained in this study and in the work of Wallington ez a/[83] on halobenzenes, where it
was shown that the reactivity was observed to decrease with increasing electronegativity
of the halogen substituent. The electrophilic substituent constants derived by Brown and
Okamoto [108] for F- (-0.073) and Cl- (0.114) suggest that Cl- is more deactivating than

E-
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{(b)  Ionisation Potentials (IP)

For addition feactions several examples exist which show a dépendence of the rate
constants on ionisation potential\of the reactants. Gaffney and Levine [110] observed a
linear correlation for log ko versus ionisation potential for the olefins and chlorinated_
olefins. Zetzsch [107] found that the reactivities of a series of substituted aromatics with
OH radicals increase rapidly with decreasing ionisation potential of the reactant aromatic
and derived the following expression using benzene, aniline, para-chloroaniline,phenol,
1,2,4-trichlorobenzene, benzonitrile, nitrobenzene and twelve alkyl substituted

benzenes:
log k (cm® molecule’1 s') = 0.74 - 1.361IP (eV) XV

Table 5.9 lists the jonisation potentials, the rate constants calculated from expression XV
and the experimentally determined rate constants for the reaction of OH radicals with
aromatics from this work. The calculated rate constants for the toluene, ethylbenzene and

n-propylbenzene are in excellent agreement with the experimentally determined values.

It is interesting to note that the calculated rate constants for reaction of OH with indane
and tetralin are an order of magnitude lower than the experimental values from this work,
supporting the proposition that H-atom abstraction from the saturated ring contributes
significantly to the overall reactivity for these two compounds, The calculated and

experimental rate constants for the halotoluenes agree within a factor of £2.
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Table 5.10 Calculated rate constants based on Ionisation Potentials versus experimental

rate constants for reaction of OH with Aromatic compounds.

Toluene 8.821+£0.01 5.54 5.94
Ethylbenzene 8.76 £ 0.01 6.70 6.34
|
n-propylbenzene 8.72+0.01 7.60 7.21
n-butylbenzene 8.69 £ 0.01 8.40 9.52
Indane - 9.05£0.05 2.70 23.86
Tetralin 9,14+ 0.05 2.04 26.46
2-fluorotoluene 8.915 +0.01 4.13 2.09
3-fluorotoluene 8.915+£0.01 4.13 4.40
4-fluorotoluene 8.785+£0.01 6.20 3.03
2-chlorotoluene 8.83 £0.02 5.38 ' 2.45
3-chlorotoluene 8.83£0.02 5.38 4.72
4-chlorotoluene 8.70+£0.02 8.09 3.46
a: Rosenstock et al [93].
b: This work.
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5.8 ATMOSPHERIC IMPLICATIONS

It is well recognised tﬁat the reaction of the OH radical with aromatics is thinitial
step in the oxidation leading to the formation of ozone. The effective time before
these aromatics generate ozou\e is determined by their lifetimes with respect to
reaction with the OH radical. 'i‘he atmospheric lifetime, 1, can be determined from a

knowledge of the OH radical reaction rate constant,k, and the atmospheric

concentration of the hydroxyl radical, {OH), using the expression:
T = 1/(k[OH]) XVI

where [OH] is taken as $x10° per cm™ which is typical of polluted urban air {111].
Table 5.11 shows the room temperature rate constants and atmospheric lifetimes
calculated using expression X VI for the series of aromatics studied in this work. As
expected the compounds which are more reactive with the OH radical reactive
compounds such as indane, tetralin and 1,2,3,4-tetramethylbenzene have relatively
short atmospheric lifetimes, of the order of one day and hence their initial oxidation
processes will lead mainly to local photooxidant formation: The photochemical
oxidation of halotoluenes, which have atmospheric lifetimes typically greater than

five days, will contribute to regional oxidant formation.
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Table 5.11 Room temperature rate constants and atmospheric lifetimes with respect

to reaction with the OH radical for the Aromatic compounds studied in this work.

toluene

75941022 39

toluene-d8 577 +£0.07 4.0
ethylbenzene 6.34 +0.29 37
n-propylbenzene 7.21+£0.29 32
n-butylbenzene 9.52 £0.50 24
o-diethylbenzene 12.47 £0.43 1.9
indane 23.86 +1.88 1.0
tetralin 2646 £ 1.30 0.9
1,2,4,5-tetramethylbenzene 51.57+34 04
2-fluorotoluene 2.09+0.07 111
3-fluorotoluene 4.40 £0.07 53
4-fluorotoluene | 303+ 0.14 7.6
2-chlorotoluene 2.454+0.22 9.4
3-chlorotoluene 472 £0.50 49
4-chlorotoluene 3461£043 6.4
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