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Abstract

This thesis presents the results of kinetic studies on the reactions of chlorine atoms with
a series of aromatic compounds. The rate constants (in units of 10" ¢m® molecule’ s™)
for the following reactions were determined at 298 = 2 K using a relative rate technique:
(Cl + benzene < 0.1), (Cl + toluene = 6.70 + 0.41), (C! + toluene-d;=3.75 + 0.24) (Cl +
o-xylene = 16.9 £ 0.8), (Cl + o-xylene-d,, = 13.7 £ 1.0) (Cl + m-xylene = 15.0 + 0.8),
(Cl+ p-xylene = 19.1 £ 0.6), (C! + p-xylene-d ;= 10.1 = 0.6) (Cl + p-xylene-d,= 104
0.6) (Cl + 1,3,5-trimethylbenzene = 26.8 £ 1.8), (Cl + 1,2,4,5-tetramethylbenzene =
28.8 £ 1.5), (Cl + o-ethyltoluene = 21.9 % 1.0}, (Cl + m-ethyltoluene = 22.1 £ 1.1), Cl +
p-ethyltoluene = 20.7 = 0.8), (Cl + ethylbenzene = 12.3 £ 0.3}, (Cl + n-propylbenzene =
21.9 £ 0.6), (Cl + n-butylbenyene = 28.0 = 1.8), (Cl + 2-fluorotoluene = 3.38 + 0.36),
(C] + 3-fluorotoluene = 3.34 + 0.26), (C] + 4-fluorotoluene = 4.96 = 0.45), and (C] + 2-
chlorotoluene = 4.94 + (0.79).

Room temperature rate constants (in units of 10" ¢cm® molecule™ s™') for the following
reactions were also determined using the absolute technique of pulsed laser photolysis -
resonance fluorescence:

(Cl + 2-fluorotoluene = 2.87 £+ 0.16), (Cl + 3-fluorotoluene = 4.00 + 0.15), and (Cl + 4-
fluorotoluene = 5.67 + 0.206).

The mechanism for these chlorination reactions was also investigated. The good
correlation between log k., and log k., for a series of aromatics combined with the poor
correlation between log k., and log k,,, strongly suggests that the dominant pathway for
reaction with chlorine atoms is H-atom abstraction from: the alkyl substituent(s). The
observed increase in reactivity with increasing length of the alkyl side chain is further
support for this mechanism. Finally, the existence of a strong kinetic isotope effect
between selected aromatics and their deuterated analogues provides additional evidence
that the dominant if not exclusive reaction channel is H-atom abstraction.

In general the reactivity of chlorine atoms towards aromatic compounds is one to two
orders of magnitude greater than that of hydroxyl radicals. Hence, should the ambient
concentration of chlorine atoms be in the range 10° - 10° per cm’, atmospheric loss
through reaction with chlorine atoms will be significant and of the same order as that
from reaction with hydroxyl radicals.



Chapter 1

General Introduction



1.1. STRUCTURE AND CHEMISTRY OF THE ATMOSPHERE

The earth is surrounded by a layer of gases approximately 500 km thick known as the
atmosphere. The atmosphere is stratified on the basis of temperature. Fig. 1.1. shows
the change in temperature and pressure with altitude; pressure decreases steadily with
increasing distance from the surface of the earth whereas the variation in temperature is

more erratic.

The temperature of the atmosphere decreases steadily from the surface of the earth until
it reaches a minimum of 217 K at an altitude of 10-16 km. This minimum is known as
the tropopause and the region of the atmosphere below this is the troposphere. Abave
the tropopause is a region called the stratosphere where the temperature increases to 271
K at the stratopause situated at 50 km above the earth’s surface. Between 50 km and 85
km is the mesosphere where the temperature decreases to a minimum of 181 K at the
mesopause. The outermost layer of the atmosphere is the thermosphere where the
temperature reaches 1470 K. The region beyond the thermosphere is known as the

exosphere.

1.1.1. The lonosphere and the Exosphere
The mesosphere and thermosphere together are known as the ionosphere. Maost of the
sun’s ionising radiation is absorbed in this region causing the ionisation of species

present.
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Figure 1.1.  Structure of the atmosphere showing the variation of temperature and

pressure with altitude,



The most abundant ions in the ionosphere are O,", 0" and NO". The phenonomen
known as the Aurora, when displays of coloured lights are seen in the sky near the
poles, occurs when streams of charged particles from the sun (the solar wind) ionize
atmospheric gases. The exosphere merges with the interplanetary medium and has no
definite outer boundary. It is very rarefied and consists of hydrogen and helium with

some atoms of oxygen at lower altitudes (up to 600 km).

1.1.2. The Stratosphere

The chemistry of the stratosphere is dominated by ozone. Ozone is present throughout
the troposphere, stratosphere and lower mesosphere but it reaches a peak in
concentration in the lower stratosphere, at an altitude of 20-25 km. This is known as the
ozone layer. Ozone is vital to life on earth as it protects plants and animals from the

sun’s harmful ultra-violet radiation via the following reaction:

o, + hv (A =220-315nm) —»  O('D) + 0, (1.1)

In 1930 Chapman {1] proposed a theory to explain the concentration variation of ozone

in the troposphere and stratosphere. This theory involved five reactions:



O, +  hv(k<245nm) —»  o(P) + O(P) (1.2)

oCP) + 0, + M - 0, + M (1.3)
oCPy + OCP) + M - 0, + M (1.4)
oC’P) + 0, - 20, (1.5)
O, + hv (A =220-315nm) - O('D) + 0, (1.1)

Reactions 1.3, 1.4 and 1.5 are all exothermic and dump heat into the stratosphere. This
accounts for the increasing temperature in the stratosphere. Chapman’s theory fitted the
observed ozone concentration trend quite well but overestimated the actual
concentration of ozone indicating that other ozone depleting reactions were taking place.
[t was later found that chemical species which react with stratospheric ozone can be
classified into three groups: hydrogen containing, nitrogen containing and chlorine

containing spectes.

HO, cycle (x =0,1,2)

The hydrogen atom is an effective remover of ozone:

H + O, —-> OH + O, (1.6)
OH + O —» H + 0 (1.7)
Net: O, + O o 20, (1.5)
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OH and HO, also react with ozone:

OH + 0, - HO, + 0, (1.8)
HO, + 0, — OH + 20, (1.9)
Net: 20, - 30, (1.10)

Hydrogen atoms are formed in the stratosphere from the reaction of oxygen atoms with
molecular hydrogen while hydroxy! radicals are formed from the reaction of oxygen

atoms with molecular hydrogen, water and methane:

o('D) + H, -» H + OH (1.1
o('D) + H,O - 20H (1.12)
o('D) + CH, - CH, + OH (1.13)

NO, cycle (x =1,2)
NO is formed in the stratosphere from the reaction of oxygen atoms with N,O. N,O is
emitted into the troposphere from natural microbiological processes in the soil. It is

unreactive in the troposphere and diffuses up to the stratosphere where it reacts with

O('D):

o('D) + N,O <

NO +  NO (1.14)

N, + O, (1.15)

11



The pathway which leads to formation of molecular nitrogen and oxygen (1.15) is the

dominant one, particularly between 20 and 40 km [2].

The NO formed then reacts with ozone:

NO + 0O, = NO, + 0O, (1.16)
NO, + O -5 NO + O (1.17)
Nett: O, + O - 20, (1.5)

Cl0, cycle (x=10,1)
Methyl chloride and hydrogen chloride are emitted naturally by wood burning and
ocean processes respectively. They are the main biogenic source of chlorine atoms in

the stratosphere. Chlorine atoms react rapidly with ozone:

Cl + 0, - ClO + 0, (1.18)
Clio + O —> Ci + o, (1.19)
Net: O, + 0 - 20, (1.5)

When the HO, NO,, and CIO, cycles are incorporated into the Chapman mechanism the
resulting ozone concentration versus altitude profile i1s in excellent agreement with

observed data.

12



Depletion of stratospheric ozone by anthropogenic sources

In 1974 Rowland and Molina [3] proposed that chloroflucrocarbons (CFCs) can lead to
the destruction of stratospheric ozone. Chlorofluorocarbons are non-toxic, non-
flammable and chemically stable. They have been widely used since the 1930s and
have a variety of applications including refrigerants, aerosol propellants and foam-
blowing agents. The stability of CFCs means that once emitted to the atmosphere they
do not react in the troposphere but are transported to the stratosphere. There, they are

photolysed by the shorter wavelength light to release chlorine atoms, eg.

CFClL, + hv(A<240mm) —> Cl +  CECl (1.20)

The chlorine atoms then react with ozone as per reactions 1.18 and 1.19. Because the
chlorine atom is catalytic, one CFC molecule can lead to the destruction of many ozone

molecules.

In 1985 Farman et al. [4] reported a springtime depletion in ozone above Antarctica
which had occurred annually since the 1970s. During the Antarctic winter there is no
sunlight therefore no ozone is formed. The radicals in the HO_, NO,, and C10O, cycles
all revert to nactive forms including H,0, HNO,, HCI, CH,C! and CIONO,. Strong
winds create a vortex in the stratosphere which effectively cuts off the Antarctic
stratosphere from the rest of the stratosphere. These conditions cause the temperature to

decrease to ~190 K and polar stratospheric clouds containing hydrated HNO, crystals

13



are formed. HCI is adsorbed onto the crystals and a number of heterogeneous reactions

can occur including the following:

HCI + CIONO,,, - Clh, * HNO, (1.21)

This leads to a build up of Cl, and other active chlorine gases such as HOCI in the

stratosphere. In October sunlight returns and chlorine atoms are released.

Cl, + hv (A > 430 nm) - 2C1 (1.22)

These radicals react rapidly with ozone leading to a massive decrease in stratospheric
ozone concentrations. By December the circumpolar vortex has gone and Antarctic
ozone can mix with ozone in the rest of the stratosphere. Since measurements of the
ozone hole began there has been a steady increase in the amount of ozone lost each
spring. Nearly all the ozone between 14 and 18 km now undergoes depletion and the
ozone hole lasts longer continuing well into December [5-6]. The Arctic is less
susceptible to a polar vortex because it is an ocean surrounded by continents while the
Antarctic 1s a continent surrounded by oceans. However ozone depletion has been

observed over the Arctic in recent years [7-9].



1.1.3. The Troposphere

The troposphere comprises two distinct regions. The region of the troposphere nearest
the surface of the earth is known as the boundary layer. Its depth varies between about
100m at night and 1000m during the day. Above the boundary layer is the free
troposphere. Species with longer atmospheric lifetimes reside here. There is also a
contribution from stratospheric components which undergo downward mixing. Table
1.1. shows the average composition of the unpolluted atmosphere along with
approximate atmospheric lifetimes. Components with lifetimes of a few days are
mainly found in the boundary layer. Those with longer lifetimes mix in the free

troposphere and species with lifetimes of a year or more will reach the stratosphere.

When a chemical species is emitted to the troposphere from anthropogenic or biogenic
sources it has three possible fates:

1) transportation to the stratosphere

2) wet or dry deposition

3) chemical transformations

Transportation to the stratosphere

Tropospheric components which have an atmospheric lifetime greater than 1 year can be

transported to the stratosphere where they may then undergo chemical transformation.

15



Table 1.1. Average composition of the dry unpolluted atmosphere [10]

Component Average Concentration Approx. Atmospheric

/ ppm Lifetime *

N, 780840 10° years

0, 209460 5000 years

Ar 9340 )

Ne 18 } not

Kr 1.1 ) cycled

Xe 0.09 )

CO, 332 15 years

CO 0.1 05 days

CH, 1.65 7 years

H, 0.58 10 years

N,O 0.33 20 years

O, 0.01-0.1 100 years

NO/NO, 10°-107 1 day

NH, 107 - 107 5 days

SO, 107 - 10" 10 days

HNO, 10°- 107 1 day

a atmospheric lifetime, 1, is defined as 7 = % where

A = global atmospheric burden (Tg)

F = global flux into and out of atmosphere (Tg year™)

16



Wet or dry deposition

Wet deposition refers to the removal of water soluble species from the atmosphere via
precipitation and is significant for NO, and SO,. The pollutant can be incorporated into
clouds or rain and these processes are known as rainout and washout respectively.
Occult desposition occurs when pollutants are deposited onto surfaces by fogwater.
This can be a significant loss process for water soluble pollutants as the pollutant

concentration in fogwater is higher than in rainwater.

Dry deposition occurs when atmospheric constituents are adsorbed onto soil, water or
plant surfaces. Deposition of the species at the surface of the earth leads to a
concentration gradient and this drives the process for gases. For particles gravitational
settling also occurs. Compounds which undergo dry deposition include SO,, O,, CO,

and SO,.

Chemical transformations

Chemical constituents can undergo chemical transformation in the troposphere via
photolysis and/or reaction with hydroxy! radicals (OH), nitrate radicals (NO,), ozone
(O,) or chlorine atoms (Cl). For many compounds, particularly saturated organics,

reaction with the hydroxyl radical is by far the dominant loss process.

17



The main source of OH in the natural troposphere is the photolysis of O, to give an
excited oxygen atom (O('D)) which can either relax to a ground state oxygen atom

(O(P)) or react with water vapour to give the hydroxyl radical:

0, +  hv(A=220315mm) » O(D)+ O, (1.1)
o('D) + H,0 -  20H (1.12)
o(D) + M -  OCP) + M (1.23)

Nearly all ground state oxygen atoms will regenerate ozone:

op) + O, + M - 0 + M (1.3)

The ozone necessary for production of excited oxygen atoms can be provided by

downward mixing of stratospheric ozone. It is also facilitated by the photolysis of NO,,

where present, to produce oxygen atoms which then form ozone via reaction 1.3:

NO, + hv (& < 400nm) >  o¢p) + NO (1.24)

The hydroxyl radical is also formed to a minor extent via reaction of O('D) with

molecular hydrogen or methane:

18



o('D) + H, - H + OH (1.11)

o(D) +  CH, > CH, + OH (1.13)

The hydroxy! radical reacts with many trace species in the troposphere including carbon
monoxide, sulfur dioxide, hydrogen sulfide, methane, non methane hydrocarbons and
nitric oxide. The most significant sinks for OH in the remote troposphere are reaction

with methane and carbon monoxide:

OH +  CH, —~» CH, + H,0 (1.25)

OH + CO > CO, + H (1.26)

The radicals formed in reactions 1.25 and 1.26 react with molecular oxygen to form

peroxy radicals:

CH, + O, + M —> CHO, + M (127

H + 0 + M —> HO, + M (1.28)

In regions of the troposphere where the mixing ratio of NO is below 30 ppt the peroxy

radicals are mainly consumed via reaction with the hydroperoxy radical:

CH,0,+  HO, > CHOOH + 0O, (129

HO, +  HO, > H0, + 0, (130

()

19



Hydrogen peroxide and methyl hydroperoxide can be removed from the troposphere via

wet deposition.

For atmospheric mixing ratios of NO > 30 ppt, NO reacts rapidly with the peroxy

radicals to form NO, and the corresponding -oxy radicals:

HO, + NO ~» OH + NO, (1.31)

CH,0,+  NO ~» CHO + NO, (1.32)

The methoxy radical produced in reaction 1.32 reacts with molecular oxygen to form

formaldehyde:

CHO + O, -~ HCHO + HO, (1.33)

Formaldehyde is photochemtcally labile:

H + CO (1.34)
HCHO + hv

H o+ HCO (1.35)

Reaction 1.35 is the dominant pathway and occurs at A <338 nm. Both the HCO and H

radicals react with oxygen to yield HO,:

HCO + O, » CO + HO, (1.36)

20



H + 00 + M —> HO, + M (1.28)

The hydroperoxy radical can take part in reactions 1.29, 1.30 and 1.31. Thus a HO,
cycle exists which results in an overall conversion of NO to NO,. The trace gases, CO
and CH,, are oxidised and the active radical species are regenerated. Larger
hydrocarbons are oxidised in a similar manner to methane with the production of a

peroxy radical which reacts with NO to form an -oxy radical and NO.,.

RO, + NO > RO +  NO, (1.37)

1.1.4, Polluted Atmosphere

Photochemical smog was first identified in Los Angeles in the 1940s but now occurs to
some extent in most cities. The main contributory factors are sunlight, vehicle exhausts
and static air caused by temperature inversions or geological basins. The primary
poilutants involved in photochemical smog are NO, CO and hydrocarbons which are
emitted from both stationary sources {e.g. stack emissions) and mobile sources (e.g. car
exhausts). NO is formed at high temperatures, such as those found in the internal

combustion engine.

N, + O, - 2NO (1.38)

21



Carbon monoxide is also a product of combustion and is particularly associated with the
petrol engine. The main source of hydrocarbons is the combustion of fossil fuels. One

important class of hydrocarbons present in the troposphere is aromatic compounds.

Aromatic hydrocarbons in the atmosphere are classed as air pollutants and can have a
direct effect on health as well as contributing to the formation of secondary air
poliutants including ozone. Commercial uses of aromatic hydrocarbons include use as
solvents and in paint and polymer manufacture. Single ring compounds are constituents
of petrol and this is a large source of their release to the atmosphere. Table 1.2. lists

some of the aromatic compounds found in petrol.

Reaction with hydroxy! radicals (OH) during the daytime and nitrate radicals (NO3)

during night-time is believed to be the dominant loss process for aromatic compounds in
the troposphere [11-12]. Since the reactivity of chlorine atoms is one to two orders of
magnitude greater than that of OH radicals towards volatile organic compounds (VOCs)
a chlorine atom concentration in the troposphere greater than 10* cm™ could provide a

significant degradation route for aromatic compounds.

22



Table 1.2.

Aromatic hydrocarbons present in petrol

benzene

methylbenzene (toluene)
1,2-dimethylbenzene (o-xylene)
1,3-dimethylbenzene (m-xylene)
1,4-dimethylbenzene (p-xylene)
1,2,3-trimethylbenzene
1,2,4-tnmethylbenzene
1,3,5-trimethylbenzene (mesitylene)
ethylbenzene
1,2-diethylbenzene
1,3-diethylbenzene
1,4-diethylbenzene
1-methyl-2-ethylbenzene (o-ethyltoluene)
1-methyi-3-ethylbenzene (m-ethyltoluene)
1-methyl-4-ethylbenzene (p-ethyltoluene)
n-propylbenzene
n-butylbenzene
1-butylbenzene
t-butylbenzene
1,2-dimethyl-4-ethylbenzene
1,3-dimethyl-4-ethylbenzene

1,4-dimethyl-2-ethylbenzene

23




Under photochemical smog conditions an important source of OH is photolysis of

nitrous acid. HONO 1s formed from the heterogeneous reaction of water and NO.:

INO, + H,0 —  HONO +  HNO, (1.39)

There is a strong diumal variation in the atmospheric concentrations of HONO with

levels increasing at night. After sunrise nitrous acid undergoes photolysis:

HONO + hv(A <400nm) — OH + NO (1.40)

NO and CO enter a chain mechanism with OH resulting in the net formation of NO,:

OH + €O - H + COo, (1.26)
H+ 0,+ M —> HO, + M (1.28)
HO, + NO - OH +  NO, (131)
Net: NO+0, + CO —> NO, + CO, (1.41)

NO, is responsible for the brown haze which is a distinctive feature of photochemical
smog. It undergoes photolysis to form oxygen atoms which then react with molecular

oxygen to form ozone:

24



NO, + hv (A < 400nm) — OCP) + NO (1.24)

orp) + 0, + M - 0, + M (1.3)

Ozone is damaging to plants and affects the respiratory system in humans.

The VOCs emitted are oxidised to form oxygenated products.

OH + RCH, —» HO + RCH, (1.42)
RCH, + O, —  RCH,0, (1.43)
RCH,0, + NO — RCH,O + NO, (1.44)
RCH.O + O, - RCHO + HO, (1.45)
HO, + NO —» OH + No, (1.31)
Net RCH, + 2NO + 20, — RCHO + NO, (1.46)

One of the characteristic products of photochemical smog is peroxyacetyl nitrate (PAN).

Its main source is acetaldehyde oxidation:

OH + CHCHO —> H0 + CHCO (1.47)
CH,CO + O, >  CH,C(0)0, (1.48)
CH,C(0)0, + NO -  CH,C(0)0+ NO, (1.49)
CH,C(0)0 + NO, -  CH,C(O)ONO, (1.50)

peroxyacetyl nitrate
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PAN is hazardous to plants and animals but is important as a sink for reactive nitrogen
in the polluted atmosphere. PAN can enter the free troposphere where it is stable due to
the low temperatures. When the compound is transported to the boundary layer higher
temperatures cause it to decompose releasing NO, In this way PAN represents a source

of reactive nitrogen in remote atmospheres.

Figure 1.2. shows the concentration of NO, NO,, O, and volatile organic compounds as
a function of time during a typical photochemical smog incident. Moming rush hour
leads to high levels of NO and hydrocarbons. NO is oxidised to NO, which is
photolysed by the mid-day sun. NO and O, are mutually destructive therefore the
conversion of NO must be complete before O, can be formed in appreciable quantities.

The concentrations of ozone and other secondary pollutants peak in the early afternoon.
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1.2. CHLORINE IN THE TROPOSPHERE

1.2.1. Sources of Chlorine in the Troposphere

Chlorine deficits in sea-salt particles

Waves breaking on the surface of the ocean cause the formation of liquid aerosols; when
the relative humidity is below the deliquesence point (~75%) evaporation occurs
resulting in the formation of solid sea-salt particles with diameters of 0.1-100um [14].
In the ocean the ratio of chlorine to sodium is approximately 1.8 : I [15]. This ratio is
considerably decreased in sea-salt particles, particularly in the presence of high NO,
concentrations [15,16], with up to 89% depletion of chlonne observed [16]. In 1941
Cauer [17] found that chloride in sea spray converts to gaseous chlorine compounds.
This possibility was the subject of much research during the 1950s [18-23] and the
general conclusion was reached that most of the chlorine deficit observed in sea-salt
particles was due to the volatilisation of HCI. This can occur when the pH of the marine

particle (normally between 7 and 9 [16]) is less than 3 due to the adsorption of acids

[16,24]:
HNOJ(N + NaCl,, - HCl(g) + NaNOum (1.51)
H,S0,,, +  2NaCl, ~  2HCl, + NaSO,,  (1.52)

g and p indicate gaseous and particle phase respectively.
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HCl is a potential source of chlorine atoms via reaction with hydroxyl radicals in the gas

phase:

HCl + OH - H,O0 + Cl (1.53)

The main loss process for HCI in the troposphere is via wet and dry deposition {15,25]
therefore reaction 1.53 is unlikely to occur to any significant extent. HCI can also be re-
incorporated into particulate matter with an estimated time scale of the order of 10

minutes for scavenging of HCl by sea-salt aerosol [16].

Laboratory studies of sea-salt reactions

A number of laboratory studies have been carried out, particularly since the late 1980s,
investigating the possibility that gaseous chlorine compounds, other than HCI, are
released from sea-salt particles and that these gases could be a source of chlorine atoms
in the troposphere {26-33]. Finlayson-Pitts et al. [26] studied the reaction of CIONO,
and N,O, with NaCl. For the former reaction, mixtures of CIONO, in helium were
flowed through a cylindrical cell packed with NaCl and then into a mass spectrometer.
The N,O, experiments were carried out by placing dilulte mixtures of N,O; in | atm. air
into a reaction bulb containing ~ 100g of NaCl. The reactants were allowed to mix in

the dark for one hour before FTIR analysis of the reacted gas mixture.
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The investigators found that gaseous CIONO, and N,O; react with dry NaCl to produce
Cl, and CINO, respectively, both of which photolyse at A > 350 nm to give chlorine

atoms:

NaCl, + CIONO,, —= Cl, + NaNO,,  (1.54)
Cl, +  hv > 20l (1.22)
NaCl,, + N0y, CINO,, + NaNO,,  (1.55)

CINO, +  hv - Cl +  NO, (1.56)

A reaction mechanism was proposed which suggests that reactions 1.54 and 1.55 may
be faster at lower temperatures. These reactions, therefore, would be particularly
significant at higher latitudes. Behnke et al. [33] carried out aerosol smog chamber and
wetted-wall flow tube experiments on the reaction of N,O; with liquid NaCl aerosols
and bulk NaCl solutions. The results showed that the uptake of N,O, by NaCl solutions
to produce CINO, is a very efficient process even for very dilute NaCl solutions and
thus is a very likely source of CINO, and hence chlorine atoms in the marine boundary

layer.

The reaction of sea-salt with NO, has been studied in detail [27-29,31-32] by techniques
including diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) [27,28]
and electron paramagnetic resonance (EPR) [29]. All investigators agree that this

reaction results in the formation of sodium nitrate and NQOCI:
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NaCl , + 2NO

(p)

"g) - NOCl,, +  NaNO,,, (1.57)

NOCI can then undergoes photolysis to produce chlorine atoms:

NOCI + hv(A=280-400nm) - Cl + NO (1.58)

However, there is general agreement between all the researchers that reaction 1.57 is too
siow under ambient conditions to contribute to the tropospheric concentration of

chlorine atoms.

As well as releasing photolysable chlorine gases reactions 1.54, 1.55 and 1.57 result in
the formation of sodium nitrate. It was suggested [26] that once the NaCl at the surface
of the sea-salt particles had reacted with NO, the nitrate formed would prevent any
further reactions between NO, and chloride in the bulk particle. More recent studies
have shown that this ts not the case [24,29,34-35] since in the presence of water the
nitrate recrystallises into separated microcrystallites of NaNQO, exposing fresh layers of
NaCl for reaction. This occurs at relative humidities less than the deliquesence point

(34].

Keene et al. [16] measured the concentration of chloride, nitrate and sulphate anions on

sea-salt particles. They found that chloride deficits in the particles were enhanced at

night as would be expected if photolysable inorganic chlorine containing gases are being
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released. These results led the authors to conclude that reactions 1.51, 1.52, 1.54, 1.55
and 1.57 could not account for all of the chlonne deficit found. They hypothesised a
photochemical mechanism for the formation of Cl, initiated by ozone which was

originally suggested by Behnke & Zetzsch [36]:

O, +  hv(A=220-315am) > O(D)+ O, (1.1)
O('D),, +  H0, - 2-0H, (1.11)

‘OH,, -  -OH, (1.59)
‘OH,, + Cr, -  CIOH, (1.60)

CIOH,, & OH, + Cl, (1.61)
Cl, +cry, - Cly, (1.62)
Cly +  Cly, - Cl, +  2Cr (1.63)

Zetzsch and Behnke [30,36] observed that Cl, is also formed in the dark in the presence

of NaCl and O,. They proposed a direct surface reaction between O, and C!:

H20

2CT + Oy —>  Cly, + 20H + 0O, (1.64)

HOC! is another inorganic chlorine containing gas which is easily photolysed to give
chiorine atoms. 1t is formed by the heterogeneous hydrolysis of chlorine nitrate:

CIONO, + HO

NEH

o) - HOCl,, + HNO,, (1.65)

HOCI + hv - Cl + OH (1.66)
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Reaction 1.65 has been studied in relation to the stratosphere [37] but similar reactions
are likely to occur in the troposphere, particularly at lower temperatures. The
heterogeneous reactions of chlorine nitrate (reactions 1.54 and 1.65) have first order rate
constants in the range 107 to 10” s [38] and compete with the photolysis of chlorine

nitrate (see table 1.3., reaction 1.67).

1.2.2. Concentrations of Chlorine Atoms in the Troposphere

There is an increasing body of evidence which supports the presence of significant
amounts of chlorine atoms in the troposphere. However, results of other studies have
been published which are in conflict with this. Table 1.4. summarises estimated

chlorine atom concentrations in the marine boundary layer (MBL).

Non-Arctic studies

Modelling studies camed out by Singh and Kasting [38] showed that 20 - 40% of the
total oxidation of non-methane hydrocarbons (NMHCs) is caused by chlorine atoms.
From this they estimated a chlorine atom concentration of 10° ¢m™ in the marine
troposphere.  This estimate is hkely to be too low as the authors disregarded
heterogeneous chemistry and assumed that the reaction of HCl with hydroxyl radicals

was the main source of chlorine atoms.



Table 1.3. Photolysis rate constants for reactions which yield chlorine atoms

|

Reaction

Rate constant / s

Cl, + hv — 2Cl (1.22) 1.76 x 10°
HOCI + hv —» ClI + OH (1.66) 1.92 x 107
NOCI + hv —» Cl + NO (1.58) 1.42 x 10°
CINO, + hv — Cl +NO, (1.56) 332x 107
CIONG, + hv —» Cl + NO, + O (l.67) 479 x 107?
a Photolysis rates are calculated using the rate constants and cross sections of

DeMore et al. [39] and the solar fluxes from WMO [40]. The rates are the

diumnally-averaged value at 19.5 km for a solar zenith angle of 50°.
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Table 1.4.

Cl atom concentrations in the marine boundary layer

Cl,"  includes Cl, and HOCI

_ Concentration/em’  Location Remarks Reference
10° Global modelled assuming 1000pptv  [38]
Troposphere HCI and reaction with OH
6x10°-1x10° North Atlantic modelled based on CI [16]
deficits
0.1-4x10° Global modelled based on reaction ~ [30]
Troposphere of NaCl with N,O; only
<10 - 10° Florida, U.S.A. modelled based on measured  [41]
HCI" and CI’
4x10°-8x 10 Alert, Canada inferred from NMHC data [42]
2x10°-8x 10° Tropical Paciftc inferred from NMHC data [43]
10’ (upper limit) Marine Boundary inferred from NMHC data (44}
Layer
<5-15x 10’ Marine Boundary  inferred from NMHC data [45]
{upper limit) Layer
10° Alert, Canada modeiled based on measured  [46]
Cl!(p)
10* North Atlantic inferred from NMHC data [47]
HCI" includes HCI, CIONO,, CINO, and NOCI



Modelling studies were also carried out by Keene et al. {16] who included a number of
chlorine chemistry scenarios in their model.  Their minimum chlorine atom
concentration of 10° cm™ corresponded to the inclusion of reaction of HCl with
hydroxyl radicals only while their upper limit of [Cl] = 10° cm” included the reactions

HCI + OH (1.53), CIONO, + CI'(1.54) and O, + CI'(1.64).

Pszenny et al. [41] used a tandem mist chamber to measure concentrations of HCI
(including HC!, CIONO,, CINO, and NOCI) and Cl," (including Cl, and HOC)) in the
marine troposphere. By applying a photochemical mode! to the measured values of
[C1,"] the authors calculated a chiorine atom concentration in the MBL of 10* - 10°
atoms cm”. A possible source of error is that the measured values of [HCY'] includes
photolysable chlorine (CIONQO,, CINO, and NOCI) and this is not included in the
model. The results of this measurement study showed that afier sunrise [Cl,"] decreased
while {HC!'] increased and the reverse happened at night. This is consistent with levels
of photolysable chorine (Cl,,)) building up at night due to heterogeneous reactions and
releasing chlorine atoms during the day. The chlorine atoms then react with NMHCs
forming HCI which explains the observed increase in {HCI']. Their results for the
decline in [Cl,’] after dawn suggests a lifetime due to photolysis of a few hours
implying that HOCI is the dominant precursor rather than Cl, since HOCI has a longer

photolysis lifetime than Cl..
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A similar study by Spicer et al. [48] used an atmospheric-pressure chemical ionization
tandem mass spectrometer to measure concentrations of Cl, in air originating from the
marine boundary layer of the North Atlantic. Their results were in the same range as
Pszenny et al. [41] and they also noticed a build-up of Cl, at night indicating the

existence of a non-photolytic mechanism for Cl, production.

Singh et al. [43] measured the concentrations of C,H,, C,H;, C,H,, C,Cl; and (CH,),S in
the marine boundary layer of the tropical Pacific Ocean. All these compounds react
much faster with chlorine atoms than with hydroxyl radicals (k. = 60 k,,). By
comparing concentrations of the organics measured in the daytime with those measured

during the night the authors inferred a chlorine atom concentration of 10* - 10° cm”.

Wingenter et al. [47] monitored the decrease in concentration with respect to time of
five C,-C; non-methane hydrocarbons and two halocarbons in a parcel of air in the
marine boundary layer of the North Atlantic. The rate constants for reaction of these
compounds with chlorine atoms is different to the rate constants for their reaction with
hydroxyl radicals therefore the decrease in concentration of the hydrocarbons and
halocarbons depends on the concentration of chlorine atoms and hydroxyl radicals in the
MBL. From their results the authors calculated a chlorine atom concentration of 10 cm’

? in the marine boundary layer.
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A number of studies [44,45] found evidence for low concentrations of chlorine atoms in
the troposphere. Singh et al. [45] analysed the atmospheric budget of tetrachloroethene.
Since the main sources of atmospheric C,Cl, are anthropogenic, data is available for the
global emission rates. Using modeiling studies, the authors compared the amount of
C,Cl, emitted with the amount measured in the atmosphere and found that almost all the
depletion of C,Cl, observed could be accounted for by reaction with hydroxyl radicals.
The authors concluded that the concentration of chlorine atoms in the atmosphere is low
and calculated an upper limit in the MBL <5 - 15 x 10’ cm”. Possible sources of error
in the study could include inaccurate values for C,Cl, emissions and QH concentrations

and the possibility of an oceanic source of C,Cl,.

Rudolph et al. [44] performed similar calculations with the budgets of tetrachlorethene
and ethane. Their results yielded an upper limit of 10° cm™ for the concentration of
chlorine atoms in the marine boundary layer. The resuits for C,Cl, were quite different
to those for C,H, and the overall results had a large uncertainty. Both studies [44,45]
used limited sets of data. The studies of Singh et al. {43] and Jobson et al. [42] which
looked at a larger number of hydrocarbons probably give more accurate estimates for

chlorine atom concentrations in the troposphere.
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Arctic studies

A number of monitoring studies [42,46,49,50] have been cammied out in the Arctic region
due to the long period of darkness during the winter when concentrations of
photolysable chlorine would be expected to build up followed by a decrease after
sunrise. Impey et al. [46] found this to be the case when they measured photolysable
chlorine (assumed to be mainly Cl, and HOCI) in the Arctic using a photoactive halogen
detector. The results of the study suggested that chlorine atoms were present in the
marine boundary layer in concentrations of about 10" cm”. The sampling period
represented the transition from 24 hour darkness to 24 hour daylight. As expected the
concentration of photolysable chlorine decreased continually after sunrise until it was
below the detection limit of the instrument. The diurnal profile, however, showed a late
moming maximum and a minimum near midntght which does not indicate the presence
of a rapidly photolysable species. The authors suggested that this implies a photo-
induced source as well as a dark mechanism for Cl,,, production which agrees with the

findings of Keene et al. [16] and Behnke & Zetzsch [36].

Jobson et al. [42] measured a number of C,-C, hydrocarbons, including benzene, in the
Arctic MBL from January (24 hour darkness) to April (24 hour sunlight). During the
winter when there was no sunlight they found that the concentrations of the
hydrocarbons correlated with those of methane and throughout the sampling period the
decrease in hydrocarbon concentrations was generally consistent with hydroxyl radical

chemistry. In the Arctic spring the tropospheric 0zone concentration occasionally drops
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dramatically and three such episodes were observed during this study. Dunng these
periods of ozone depletion the concentrations of most of the hydrocarbons also showed
a substantial decrease. These concentration changes showed excellent correlation with
chlorine atom rate constants giving strong evidence that chlorine atoms were present at
concentrations between 4 x 10° - 8 x 10* cm™. The loss of ozone was purported to be
due to the presence of bromine atoms at concentrations of 10° - 10" em™, a finding

which is consistent with the data of Impey et al. [46].

Shepson et al. [49] measured the concentrations of methanali, ethanal and propanone in
the Arctic spring. They observed an increase in concentration of the carbonyl
compounds during low ozone episodes. Bromine atoms, which were assumed to be
responsible for the ozone depletion, represent a path for removal of the carbonyl
compounds, and hence could not be responsible for the observed concentration increase.
Chlonne atoms lead to both thé production and loss of carbonyl compounds. Modelling
studies carried out by the authors showed that chlorine atom concentrations of the order
of 5 x 10* em™ would result in the efficient production of the carbonyl compounds but
not at the high concentrations found in the study. They noted that the carbonyl
concentration is inversely proportional to the bromine atom/chlorine atom ratio but
imposed a lower limit of [Br}/[C1]=1000 after Jobson et al. [42] which gave an upper
limit of [Cl} = 5 x 10* atoms cm™. Their mode! implies that higher concentrations of

chlorine atoms would explain their results.
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Wegner et al. [50] measured the concentration of HCI and HCHO at a site in Northern
Sweden and found that the concentration of both compounds was much higher in air
which originated from polar maritime regions than that which originated from
midlatitudinal maritime regions while continental midlatitudinal air had the lowest
concentrations of all. A strong positive correlation between the two species was also
found. The results of this study are consistent with the presence of chlorine atoms in the
marine boundary layer as chlorine atoms are responsible for the production of HCHO

and HCL.

Role of Chlorine Atoms in Air Pollution

The heterogeneous reactions of NO, with NaCl is particularly relevant in the polluted
marine atmosphere and hence has implications for many large coastal cities around the
world. In addition sea-salt particles can be transported inland and have been identified
at distances up to 900 km from the sea [51]. NaCl particles can also be released from

oil wells; large amounts were measured after the o1l well buming in Kuwait [52-54].

Chlorine atoms can have an impact on the concentration of secondary air pollutants.

Singh and Kasting [38] found that, while chlorine atoms in the troposphere had little

effect on PAN concentrations as they are involved in both its production and its loss,

removal of ozone from the atmosphere via direct reaction can occur:

c1 + 0, - Clo + O, (1.18)
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However in polluted environments the increased supply of peroxy radicals from the
reaction of NMHCs with chlorine atoms would increase the ozone concentration. The
net effect of chlorine chemistry is to decrease the concentration of ozone at NO,
concentrations below about 20 pptv and to stimulate ozone production at higher NO,
concentrations [41]. In the remote marine boundary layer, where the concentration of

NO, is low, O, may also be removed by adsorption onto sea-salt particles.

Keene et al. [16] suggest that this is the reason for low ozone concentrations measured
in the MBL. Singh et al. [43] concluded that the effect of chlorine atoms on loss of

ozone would only be significant at concentrations of 10° em”.

Hov [55] examined an industrial area where molecular chiorine was emitted as a
pollutant along with hydrocarbons, SO,, NO, and CO. It was found that the presence of
chlorine atoms (10° cm™) caused a large increase in the concentration of OH and HO,
radicals, aldehydes and peroxyacetylnitrate (PAN) and a smaller increase in ozone. The
concentration of NO, and SO, also increased causing very rapid nitric acid and sulphate
formation. In the absence of chlorine less than 1% of the hydrocarbons present were
degraded within an hour whereas with chlorine concentrations of 10° atoms cm” up to
70% of the hydrocarbons were removed in the same time period. Modelling studies by
Hov [55] showed that if chlorine emissions were removed the concentration of PAN
decreased by a factor of 30 demonstrating that the presence of chlorine atoms has a large

effect on the formation of secondary pollutants.
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Chapter 2

Kinetic Studies on the Reactions of
Chlorine Atoms with Aromatic

Compounds



2.1. INTRODUCTION

2.1.1. Experimental techniques for kinetic analyses
Rate constants for gas phase reactions are determined using either the relative rate
method or an absolute technique. For kinetic analyses, the majority of atmospherically

relevant gas phase reactions studied are simple bimolecular reactions in the form:

k
A + B - products (2.1)

where A is the reactive atom, radical or molecule (e.g. OH, Cl, NO,, O,)
B is the stable species (e.g. VOCs, NO, NO,, SO,)

k is the rate constant for the reaction

The relative rate technique involves measuring the loss of the more stable species (B in
eqn. 2.1) relative to the loss of a reference compound. The absolute rate constant for the
reaction of the reference compound with the reactive species (A in eqn. 2.1} must be

known.

The reactant substrate and reference compound react with the reactive species, A, thus:

k
A+ reactant substrate ——— products (2.2)
A+ reference compound ——k-r—)- products 2.3)
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Assuming that the loss process for the reactant and reference compounds is solely via

reactions 2.2 and 2.3, then

-d{reactant substrate]/dt = k [A] [reactant substrate]

-d[reference compound)/dt = k,[A] [reference compound]

where k, and k; are the rate constants for reactions 2.2 and 2.3 respectively.

Rearranging gives

-d In[reactant substrate] = k [A]dt

-d In[reference compound] = k [A] dt

Integrating these equations gives

- {In[reactant substrate]; - In[reactant substrate],,} = kAt
- {In[reference compound), - Infreference compound],,}=  k[A]t

Eliminating [A] and rearranging gives
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[reactant substrate] Y ks [reference compound]
In = — In )

[reactant substrate] | kr [reference compound], I

where [reactant substrate],, and [reference compound],,, and [reactant substrate], and

[reference compound], are the concentrations of the reactant substrate and reference

compound at times ‘ and ¢ respectively. Hence, a plot of In ([reactant

substrate],/[reactant  substrate],} agamnst In ({reference compound],/[reference

compound],) should give a straight line of slope &/k; with zero intercept.

When using the relative rate technique 1t is assumed that the only loss process for the
reactant substrate and reference compound 1s via reaction with A and this assumption
must be verified. However, if other loss processes exist that are quantifiable (eg.
photolysis) the relative rate technique can still be employed. The loss of the reactant
substrate and reference compound is usually monitored using gas chromatography or

infrared spectroscopy.

Determination of an absolute rate constant tnvolves measuring either the loss of a
reactant or the formation of a product with respect to time. The techniques used in the
study of atmospherically relevant gas phase reactions involve measuring the loss of
either the reactive species (reactant A in egn. 2.1) or the substrate (reactant B in eqgn.

2.1) under pseudo-first-order conditions where the concentration of the other reactant is
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in large excess. The rate of disappearance of the reactant with the lowest concentration

follows a simple exponential rate law:

[A), =[A], exp(-k't) where k' =k [B] + k,
where k'is the pseudo first order rate constant,
k is the bimolecular rate constant for the reaction
[A] is the concentration of the reactant with lower concentration

[B] is the concentration of the reactant in excess

Most absolute rate constants are measured using either a fast flow discharge system
(FFDS) or a flash photolysis system. In a fast flow system an inert gas (¢.g. He or Ar)
flows at speeds of ~1000 cm s through a flow tube of diameter 2 - 5 cm and length 1 -
3 m. At the end of the tube is a detector to monitor the concentration of the more
reactive species, A. The reactants, A and B, are introduced at a known distance from
the detector and this distance is varied by means of a moveable injector. Thus the decay

of A with time is monitored and the rate constant can then be calculated.

In a FFDS system the reactive species, A, 1s generated by means of a microwave
discharge. Hydrogen and oxygen atoms can be produced by direct discharging of the
corresponding diatomic molecules, however, this can result in a mixture of atoms and
molecules in different excited states. This problem is avoided by using an indirect

discharge method. For example, ground state oxygen atoms can be produced by the
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microwave discharge of molecular nitrogen to form nitrogen atoms which are then

reacted with NO:
A= 1-50cm
N2 —_— IN (2.4)
N + NO —> N, + oCP) (2.5)

Hydroxyl radicals can be produced in a number of indirect ways including the reaction
of hydrogen atoms with NO, (2.6) and the reaction of fluorine atoms with water (2.7).

In both cases the reactant atom is produced by microwave discharge of the parent

molecule:
H + NO, - OH + NO (2.6)
F + HO - OH + HF 2.7}

The decay of the reactive species is followed as a function of time by monitoring some
physical property which is proportional to concentration. A variety of detection systems
are employed, the most popular being resonance fluorescence, laser induced

fluorescence, laser magnetic resonance and mass spectrometry.

Resonance fluorescence is used when the reactive species is an atom (e.g., H, N, O, F,
Cl, Br) although it can also be used for some molecular species, e.g. OH [56]. In a
resonance lamp the diatomic molecule is passed through a microwave discharge which
causes some of the molecules to dissociate. Some of the resulting atoms are

electronically excited and fluoresce. This light is absorbed by atoms of the same species
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in the flow tube which then also fluoresce. A photomultiplier tube measures the

intensity of this fluorescence and hence the relative concentration of the atomic species.

Laser induced fluorescence is similar to resonance fluorescence and is used to measure
the concentration of molecular radical species. It was first used to measure the hydroxyl
radical in 1977 by Lengel et al. [57]. The species being measured is excited using a dye
laser, the laser being tuned so that the radical species undergoes one particular
rovibrational transition resulting in greater selectivity. Fluorescence then occurs and the

relative concentration of the radical species can be found.

Laser magnetic resonance can be used to detect species with a magnetic moment which
includes most radicals. The technique is based on the Zeeman effect: a magnetic field
causes shifts in the energy levels of the radical so that it absorbs infrared energy
produced by a CO, laser. When the absorption is known the concentration can be found

from the Beer-Lambert law.

A number of reactive species, particularly the more stable moiecules, can be monitored
using conventional mass spectrometry. Difficulties anse when attempting to measure
concentrations of atoms and radicals due to fragmentation in the electron impact ioniser.
Jones and Bayes [58] found that using photons to cause ionisation avoids these

problems, a technigue known as photoionisation mass spectrometry.
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The technique of flash photolysis was developed by Norrish and Porter in the 1940s
[59]. It involves using a flash of light to generate the reactive species whose
concentration 1s then monitored as a function of time. The photolysis chamber contains
the premixed reactant and radical precursor and thererfore the mixing time is zero; an
advantage over FFDS. In order to avoid the accumulation of photolysis or reaction
products and to minimize any uncertainties in reactant concentration arising from
adsorption on the reactor walls, expeniments are carried out under slow flow conditions.
The flow rate ts such that each photolysis flash encounters a fresh reaction muxture.
Some examples of precursors are Cl, for Cl atoms, CH,ONO for CH,O radicals and
CH,COCH, for CH, radicals. A variety of precursors have been used to produce OH
radicals including H,O [60], H,O, [61], HNO, [61,62], O;-H,O {63] and NO,-H, [64].
Excimer lasers [61] or frequency quadrupled Nd:YAG lasers [63] are normally used to
provide the photolysis light. These supply short pulses of monochromatic radiation
with a choice of lasing wavelengths. The reactive species can also be generated by a
short pulse of high energy electrons, a technique known as pulse radiolysis. The main
methods used for detection of the reactive species in flash photolysis systems are

resonance fluorescence, laser-induced fluorescence and resonance absorption.
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2.1.2. PREVIOUS KINETIC STUDIES ON REACTIONS OF CHLORINE

ATOMS WITH VOLATILE ORGANIC COMPOUNDS

To date most of the work carried out on the reactions of chlorine atoms with volatile
organic compounds has been related to stratospheric chemistry. The rate constant for
the reaction of chlorine and methane has been particularly well documented using both
absolute techniques [65-77] and the relative rate method [66,77-82]. The reaction

proceeds via abstraction of a hydrogen atom from methane to form HCL

CH, + C - HC + CH, (2.8)

Some of this HCl can diffuse to the troposphere where it undergoes wet and dry

deposition thus providing a sink for stratospheric chlorine atoms.

CH,C1 is the most abundant natural VOC and is present in the stratosphere. It was
therefore considered as a potential sink for stratospheric chiorine atoms. The kinetics of
the reactions of chlorine atoms with halogenated methanes were investigated in a
number of studies [66,73,82-84]. This progressed to the study of the reactions of
chlorine atoms with halogenated ethanes, particularly as these compounds were

considered as replacement compounds for CFCs [85].
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As interest in the gas phase chemistry of chlorine atoms grew the kinetics of the
reactions of chlorine with many volatile organic compounds were studied including
alkanes [66,86-93], alkenes and alkynes [88,94-97], aromatic compounds [88,95,98-
1017 halogenated compounds [73,85,87-89,92,65,102-114], nitrogen containing

compounds [115-119], and oxygenated compounds [90,104,105,115,117,120-129].
The available rate data for reactions of chlorine atoms with aromatic compounds are

shown in Table 2.1. together with kinetic data for the reactions of chlorine atoms with

alkanes and alkenes.
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Table 2.1. Rate constants for reaction of chlorine atoms with alkanes, alkenes

and aromatic compounds at 298 K

Substrate 10" x k, Technique Literature
cm’ molecule’'s™ Reference
alkanes
methane 0.01 Review Atkinson [130]
0.01 £ 0.001 Review DeMore et al. [131]
0.0094 = 0.004 FFD-RF Beichert et al. [66]
0.0099 + 0.004 TFT-RF Seeley et al. [132]
0.0093 = 0.009 LP-IR Pilgrim et al. [133]
ethane 5.9 Review Atkinson [130]
5.7+£0.6 Review De More et al. [131]
5.53=0.21 FED-RF Beichert et al. [66]
55+£0.2 LP-IR Pilgrim et al. [133]
575 £ 0.20 FP-RF Tyndall et al. [87]
|
propane 13.7 Review Atkinson [130]
1418 Review De More et al. [131]
123+1.0 FFD-RF Beichert et al. [66]
13.8+£02 LP-IR Pilgrim et al. [133]
13.7+£ 0.7 RR Tyndall et al. [87]
L n-butane 21.8 Review Atkinson [130]
223 £3.29 DF-RF Lewis et al. [86]
21.5+£0.15 FP-RF Tyndall et al. [87]
21.9+1.0 RR Tyndall et al. [87]
21.1£1.8 FFD-RF Beichert et al. [66]
1-butane 14.3 Review Atkinson [130]
15109 RR Wallington et al. [90]
146 £0.6 DF-RF Lewis et al. [86]
13.7+£0.2 RR Atkinson & Aschmann [88]
14.0+£ 0.8 FFD-RF Beichert et al. [66]
13.0+0.1 RR Hooshivar & Niki [134]
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Table 2.1. continued

n-pentane 28 Review Atkinson [130]
310+ 1.6 RR Wallington et al. [90]
252+1.2 RR Atkinson & Aschmann [88]
25.0x0.2 RR Hooshiyar & Niki [134]
i-pentane 22 Review Atkinson [130]
203x08 RR Atkinson & Aschmann [88]
19.6 £0.2 RR Hooshiyar & Niki [134]
neopentane 11 Review Atkinson [130]
11.0+£0.3 RR Atkinson & Aschmann [88]
- :
n-hexane 34 Review Atkinson [130]
345+23 RR Wallington et al. {90]
30306 RR Atkinson & Aschmann [88]
30504 RR Hooshiyar & Niki [134]
cyclohexane 35 Review Atkinson [130]
36.1 £1.5 RR Wallington et al. [90]
3l x14 RR Atkinson & Aschmann [88]
308+1.2 RR Aschmann & Atkinson [91]
n-heptane 39 Review Atkinson [130]
34112 RR Atkinson & Aschmann [88]
36.5+0.6 RR Hooshiyar & Niki [134]
n-octane 46 Review Atkinson [130]
405+ 1.2 RR Aschmann & Atkinson [91]
409+ 1.2 RR Hooshiyar & Niki [134]
n-nonane 48 Review Atkinson {130]
429 1.2 RR Aschmann & Atkinson [91]
n-decane 55 Review Atkinson [130]
487+ 1.8 RR Aschmann & Atkinson [91]
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Table 2.1. continued

atkenes
ethene 10.7 Review Atkinson [130]
10.6+£1.3 RR Atkinson & Aschmann [88]
12.1 £0.7 RR Wallington et al. [95]
propene 28 Review Atkinson [130]
10613 RR Atkinson & Aschmann [88]
12.1 £ 0.7 RR Wallington et al. [95]
1,2-propadiene 42 Review Atkinson [130]
438+ 2.6 RR Wallington et al. [95]

aromatic hydrocarbons

benzene 1.5+£09 W RR Atkinson et al. [88}
<04 RR Wallington et al. [95]
< 0.00005 RR Noziere et al. [98]
0.0089 = 0.0016 RR Berho et al. [99]
0.00013 + 0.00003 RR Shi et al. [100]
toluene 5.89 + 0.36 RR Atkinson et al. [88}
559+0.28 RR Wallington et al. [95]
5.81 = 1.81 RR Bartels et al. [135]
5.65+£0.60 PR-UVS Markert et al. [101]
6.1 £0.2 RR Noziére et al. [98]
59+0.5 RR Shi et al. [100]
o-xylene 12009 RR Wallington et al. [95]
15+ 1 RR Shi et al. [100]
m-xylene 120+1.4 RR Wallington et al. [95]
14+ 1 RR Sht et al. [100]
_—
p-xylene 133+0.8 RR Wallington et al. {95]
15+ 1 RR Shi et al. [100]
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Table 2.1. notes

FFD-RF

TFT-RF

LP-IR

FP-RF

RR
Df-RF

determined using the absolute technique of fast flow discharge with resonance
fluorescence at 1 Torr pressure.

determined using the absolute technique of turbulent flow tube with
resonance fluorescence at ~ 60 Torr pressure.

determined using the absolute technique of laser photolysis with continuous
wave infrared long-path absorption at 10 Torr pressure.

determined using the absolute technique of flash photolysis-resonance
fluorescence at 15 - 60 Torr pressure.

determined from relative rate measurements at 1 atm. pressure.

determined using the absolute technique of low pressure discharge-flow-
resonance fluorescence.

PR-UVS determined using the absolute technique of pulse radiolysis combined with

DF-MS

time-resolved ultraviolet spectroscopy at | atm. pressure.
determined using the absolute technique of discharge flow combined with
mass spectrometry

56



The first kinetic data for the reactions of chiorine atoms with aromatic hydrocarbons
was reported by Atkinson and Aschmann [88]. They used the relative rate method with
gas chromatographic analysis to determine rate constants for the reactions of chiorine
atoms with benzene and toluene at room temperature and atmospheric pressure.
Wallington et al. [95] reported rate constants for the reactions of chlorine atoms with
benzene, toluene, o-xylene, m-xylene and p-xylene at ambient ternperature and pressure,
using the relative rate method with FTIR analysis.  More recently Shi and Bernhard
[100] also measured relative rate constants for the reaction of chlorine atoms with
benzene, toluene, o-xylene, mi-xylene, p-xylene, chlorobenzene and styrene at room
temperature and atmospheric pressure. Markert and Pagsberg [101] determined the rate
constant for the reaction of chlorine atoms with toluene using the absolute technique of

pulse radiolysis combined with time-resolved ultraviolet spectroscopy.

In the course of their work on the benzylhydroperoxy radical, Noziére et al. [98]
employed the relative rate method to determine rate constants for the reaction of
chlorine atoms with benzene and toluene under ambient conditions of temperature and
pressure. Bartels et al. [135] also determined the rate constant for the reaction of
chlorine atoms with toluene using the relative rate technique during a study of the
reactions of benzyl radicals with hydrogen atoms, oxygen atoms and molecular oxygen.
Notano et al. [136] are currently studying the reactions of chlorine atoms with a series
of aromatic compounds using the absolute technique of pulsed laser photolysis -

resonance fluorescence. Their results to date are included in the discussion section.
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While the rate constants reported for the reaction of chlorine atoms with toluene, o-
xylene, m-xylene and p-xylene are all in good agreement there are discrepancies in the
reported values for reaction of chlorine atoms with benzene. Noziére et al. [98] found
that, in the presence of oxygen, the reaction is affected by the secondary formation of
hydroxyl radicals. Berho et al. [99] studied this reaction in detail and found that the
reactivity of benzene towards chlorine atoms is a function of the oxygen concentration
and that no reaction occured in the absence of molecular oxygen. Shi and Bernhard
[100] showed that, in the absence of molecular oxygen, the reaction is complicated by
secondary radical reactions which may explain the discrepancies between previously

reported values [88,95,98].

To date there has been little information regarding the mechanism for the reaction of
chlorine atoms with aromatic compounds. The rate constants measured by Wallington
et al. [95] for reaction of chlorine atoms with benzene, toluene and the xylenes led the
authors to propose that, with the exception of benzene, the reactions proceed through a
mechanism involving hydrogen atom abstraction from the substituent alkyl group(s).
Markert and Pagsberg [101] measured the yield of benzyl radicals from the reaction of
chlorine atoms with toluene and concluded that the reaction proceeds exclusively by H-

atom abstraction from the methyl group.
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Chlorine atorns may be present in significant amounts in the marine boundary layer (see
Chapter 1) and hence could impact on the atmospheric chemistry of pollutants emitted
in coastal zones. Aromatic compounds are emitted in large quantities in urban and
industrial areas therefore it is important to understand the possible influence of chlorine
atom chemistry. The main focus of the present study was to extend the database for
reactions of chlorine atoms with aromatic compounds. The results of the study are
compared with previously reported values and discussed in terms of structure-reactivity

relationships, the mechanism for these reactions and atmospheric lifetimes.
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2.2. EXPERIMENTAL

2.2.1. Relative Rate Studies

Materials

The matertals used, their stated purities and their manufacturers are listed below.

Zero grade nitrogen and high purity air were obtained from Air Products Ltd. Nitrogen,

air and hydrogen for the gas chromatograph and high purity oxygen were obtained from

BOC Ltd.

Cyclohexane (99.5%), benzene (99%), toluene (99.5%), toluene-d, (100% atom D), o-
xylene (98%), o-xylene-d,, (99+ atom % D), m-xylene (99+ %), p-xylene (99+ %), p-
xylene-d,, (99+ %), p-xylene-d, (99+ %), 1,3,5-trimethylbenzene (98%), 1,2,4,5-
tetramethylbenzene (98 %) o-ethyltoluene (99%), m-ethyltoluene (99%), p-ethyltoluene
(99%), ethylbenzene (99%), n-propylbenzene (98%), n-butylbenzene (99+ %), 2-
fluorotoluene (99+ %), 3-fluorotoluene (99%), 4-fluorotoluene (97%), 2-chlorotoluene
(99+ %), chlonne (99.5+ %) and methane (99.0+ %) were obtained from Aldrich

Chemical Company Ltd.

Apparatus
The experimental arrangement is shown in Figure 2.1, It consisted of a pyrex vacuum
line combined with a 50dm3 FEP collapsible Teflon reaction chamber. The chamber

was surrounded by sixteen photolysis lamps (Thorn 40W White 3500) and housed in a

commercial deep freeze cabinet.
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Figure 2.1.  Schematic of Apparatus used in the Relative Rate Study
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The vacuum was maintained by means of an Edwards direct drive rotary vane pump
(model E2M2) in combination with a cryogenic trap. Taps were of the greaseless
variety with Teflon O-rings obtained from J. Young Ltd. The vacuum was monitored
using an Edwards pressure gauge (model PR-10K) connected to a readout unit (Edwards
Pirani 10). Reactant pressures were measured using an Edwards Barocel pressure
sensor (type 600AB, 0-10 Torr) in conjunction with a digital readout unit (Chell MK
7576). The reaction temperature was maintained at 298 + 2 K using a combination of
hot air blowers and fans and monitored by a thermocouple placed in the centre of the

chamber.

Procedure

The diluent gas cylinder of zero-grade air, nitrogen or oxygen was connected to a 131
cm’ mixing bulb via a digital flowmeter (Aalborg GFM17) using 1/4” O.D. Teflon
tubing and the mixing bulb was connected to the 50dm’ FEP Teflon bag using 1/8” O.D.
Teflon tubing, thus allowing the controlied passage of diluent gas into the bag. The
reaction chamber was cleaned before each experiment by flushing it several times with
diluent gas. A gas chromatographic analysis of the emptying diluent gas was performed
to ensure that no contaminants remained from previous experiments. Prior to addition
of reactant, the bag was filled to approximately half its volume with diluent gas to
minimise wall loss. The vacuum line and mixing bulb were then evacuated to <10
Torr pressure. Each of the reactants (molecular chlorine, aromatic substrate and

reference organic) was degassed at 77K prior to use. The aromatic substrate vapour was
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shared from a storage vessel into the vacuum line and mixing bulb to a desired pressure,
typically 0.3 - 6 Torr. A reactant pressure of 1 Torr in the (31 cm’ mixing bulb
corresponded to a mixing ratio of 3.4 ppm (1 ppm = 2.46 x 10" molecules cm™ at 298 K
and 760 Torr). The mixing bulb was then isolated from the remainder of the vacuum
line and the reactant flushed into the reaction chamber with diluent gas. The remainder
of the reactant in the vacuum line was frozen back into its storage vessel using liquid
nitrogen. This procedure was repeated for the reference organic and molecular chlorine
and the bag subsequently filled to capacity with diluent gas. The reactants were allowed
to mix in the dark for at least 30 minutes prior to photolysis. Uniform mixing was

confirmed by gas chromatographic analysis of the reaction mixture.

Analysis

The reaction mixture was irradiated for two minute periods between which analysis of
the reactants was carried out by gas chromatography (Ai Cambridge model GC94
series) fitted with a flame 1onization detector. On-column injection of gas samples was
carried out using a 2 cm’ injection loop attached to a 6-port Valco gas sampling valve
connected in series with the GC cammer gas flow circuit. Samples of the reaction
mixture were drawn through the inmjection loop using the rotary vane pump.
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 2.2. shows the reference organics and

anaiytical conditions used for each aromatic substrate.
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Table 2.2. Reference organics and gas chromatographic conditions used for each

aromatic compound studied in this work.

Aromatic Reference Type Column fnternal Column | Detector N3 Flow
Substrate Organic Length Diameter Temp Temp / ml min*!
fm / mm fC *C J
benzene methane DB-5 30 0.53 28 85 10
toluene cyclohexane DB-5 30 0.53 60 80 10
toluene-dg cyclohexane DB-3 30 0.53 40 85 10
o-xylene cyclohexane DB-1 30 (.53 60 100 10
o-xylene-dg cyclohexane DB-5 30 0.53 40 100 10
m-xylene cyclohexane DB-5 30 0.53 3055 90 10
p-xylene eyclohexane DB-5 30 0.53 65 85 10
p-xylene-d ;g cyclohexane DB-1 30 0.53 48 120 10
p-xylene-dg cyclohexane DB-1 30 0.53 46 120 10
1,3,5- cyclohexane DB-5 30 0.53 05 85 10
trimethylbenzenc
1,2,4,5-tetra cyelohexane DB-1 30 0.53 100 160 10
methylbenzene

o-ethyltoluene cyclohexane DB-1 30 0.53 100G 130 10
m-cthyltoluene cyclohexane DB-! 30 0.53 95 130 10
p-cthyltoluene cyclohexane DB-1 30 0.53 100 130 10
cthylbenzene cyclohexane DB-5 30 0.53 3000 85 10
n-propylbenzenc cyclohexanc DB-1] 30 0.53 65 90 10
n-butylbenzene cyclohexane DB-1 30 0.53 %0 140 10
2-fluorotoluene cyclohexane DB-1 30 0.53 20 120 10
3-fluorotoluene cyclohexane DB-1 30 0.53 40 120 10
4-fluorotoluene cyclohexane DB-1 30 0.53 40 120 10
2-chlorotolucne cyclohexane DB-1 30 0.53 94 120 10
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2.2.2. Absolute Rate Studies using Pulsed Laser Photolysis - Resonance
Fluorescence

Materials

Helium carrier gas (UHP certified to >99.9995%, Alphagaz) was passed from tank to
cell through a liquid nitrogen trap. Chlorine (99.8%, UCAR) was degassed several
times at 77K before use. Oxygen was certified to >99.995 % (Alphagaz). The
aromatics 2-fluorotoluene (99+%, Aldrich), 3-fluorotoluene (99%, Aldrich) and 4-

fluorotoluene (>99%, Aldrich) were degassed a number of times at 77K before use.

Apparatus

A schematic diagram of the pulsed laser photolysis-resonance fluorescence (PLP-RF)
apparatus used in this study is shown in Figure 2.2. A Nd:YAG laser was used to
generate chlorine atoms in the system by dissociation of the molecular chlorine
precursor. The concentration of the chlorine atoms was measured by resonance

fluorescence using a chlorine atom resonance lamp.

The reaction cell was constructed of Pyrex and had an internal volume of about 200 cm’.
The pressure in the cell was regulated by means of calibrated mass flow meters (Tylan
FC260 and FC2901) and monitored with a pressure gauge (Tylan CDLC-31).
Evacuation was achieved by means of a rotary vacuum pump attached via an adjustable

valve.
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Figure 2.2.  Schematic of Apparatus used in the PLP-RF Study of the Reaction of

Chlorine Atoms with 2-, 3- and 4-Fluorotoluene
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Cl atoms were produced by photolysing Cl, at 355 nm. The source of the 355 nm
radiation was a pulsed, frequency tripled, Nd:YAG laser (Surelite II, from Continuum).
The laser beam had a puisewidth of 4-6 ns (full width at half maximum (fwhm)) and a
linewidth of 0.002 nm. The chlorine atom concentration was monitored using a
resonance fluorescence technique. Radiation at A = 135 nm was used to excite
resonance fluorescence from Cl atoms in the cell. The radiation was obtained from a
microwave driven lamp, through which He containing ~ 0.3 % of Cl, flowed at P ~ 1.3
Torr. The lamp was situated perpendicular to the photolysis laser beam. A CaF,
window was placed between the lamp and the cell. The resonance fluorescence was
collected at 90° to both resonance lamp and photolysis laser beams by two CaF, lenses
and imaged onto the photocathode of a solar blind photomultiplier tube (Hamamatsu
R1459P). The regions between the two lenses and between the last lens and the

photomultiplier were maintained under vacuum.

Procedure

In order to avoid accumulation of photolysis or reaction products, the experiments were
carried out under slow flow conditions. The linear flow velocity through the ceil was in
the range 2 to 4 cm s™' and the repetition rate of the photolysis laser was 10 Hz. Under
these conditions, the gas mixture was flushed out from the interaction zone before the
next laser pulse arrived. Reactant aromatics and Cl, were flowed from 10 litre bulbs
containing dilute mixtures in helium. Concentrations of the different gases in the cell

were calculated from measurements of the appropriate mass flow rates and the total
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pressure. The mass flow meters (models FC 260 and FC 2901) and the pressure gauge
(CDLC-31) were from Tylan General. Rate constants were measured at total pressures
of 60 Torr and 15 Torr; in all cases the temperature was 298 + 2 K. The main
experimental error in the rate constant measurements comes from the uncertainty in the
calculated concentration of the aromatics. This is estimated from the uncertainties in the

flow rates and pressure readings which are estimated to be 2% and 1% respectively.

Signals were obtained using photon counting techniques in conjunction with multi-
channel scaling. The fluorescence signal from the photomultiplier tube was processed
by a digitizer (7803, Canberra) and sent to an EG&G multi-channel scaler (TP14P) to
collect the time resolved signal. The multi-channel scaler was coupled to a
microcomputer for imaging and analysis of the signals. Data acquisition was started
prior to the photolysis pulse to obtain the background level of scattered light. A home
made delay generator pre-triggered the acquisition before triggering the laser puise. The
background was subtracted from the post photolysis signal to obtain the temporal profile
of the Cl atoms. The Cl temporal profiles following 5000 to 25000 laser pulses were
coadded to enhance the signal to noise ratio. The detection imit for Cl atoms defined as
S/NB = 1, (where § is the signal above the background, B) was around 8x10° atoms cm

for 1 second integration.
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2.3. RESULTS

2.3.1. Relative Rate Method

The kinetic investigation was carmed out using a relative rate technique which involves
measuring the relative rates of disappearance of the aromatic substrate under
investigation and a reference organic whose Cl atom rate constant is well known.

The aromatic substrate and reference organic react with atomic chlorine thus:

. k
Cl- + aromatic substrate __° o products (2.9)
Cl- +  reference organic ___k'__,. products (2.10)

Assuming that the loss process for the aromatic substrate and reference organic is solely

via reactions (2.9) and (2.10),then

il

-d{aromatic substrate}/dt k, [C]-] [aromatic substrate]

-d[reference organic}/dt k. [Cl'] [reference organic]

where k, and k, are the CI atom rate constants for reactions (2.9) and (2.10) respectively.

Rearranging and integrating gives
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[aromatic substrate] Y ks [reference organic]
In - = — In o
(aromatic substrate] | kr [reference organic] | I

where [aromatic substrate],, and [reference organic],, and [aromatic substrate], and

[reference organic], are the concentrations of the aromatic substrate and reference
organic at fimes ¢ and ¢ respectively. Hence a plot of In ([aromatic
substrate],/{aromatic substrate],) against In ([reference organic],/[reference organic],)

should give a straight line of slope &/, with zero intercept. A knowledge of k, from the

literature allows k_ to be calculated from the slope.

When using the relative rate technique it is assumed that the only loss process for the
aromatic substrate and reference organic is via reaction with chlorine atoms. To ensure
that this condition was obeyed mixtures of molecular chlonne with the aromatic
substrate and reference organic were allowed to stand in the dark over the timescale of
the experiments. No significant loss of any of the reactants was observed. Mixtures of
the aromatic substrate and reference organic were photolysed in the absence of
molecular chlorine with no resultant loss of either being observed. Separate mixtures of
chlorine with the aromatic substrate and reference organic were irradiated and analysed
by gas chromatography to check for the formation of potentially interfering products in

the gas chromatographic analysis.
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The results obtained in this work were plotted in the form of equation I (Figures 2.3-
2.12). Good linear plots with zero intercepts were obtained (with the exception of

benzene) for all aromatic substrates.

Table 2.3. shows the rate constant ratios obtained in this work for the reaction of
chlorine atoms with a series of aromatic compounds at 298 K and 1 atm. total pressure.

The rate constants were placed on an absolute basis using:

k. (Cl+ CH,) 1.0x 10" cm’ molecute’ s [130]

k (Cl+c-CHp) = 3.5x107 om molecule’ s'  [137)
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Table 2.3. Rate constant ratios, k/k,, and rate constants, k,, for the reaction of

chlorine atoms with a series of aromatic compounds determined in

this work at 298 + 2 K and 1 atm. total pressure

a b
Substrate k/k, 10" x K,
cm’ molecule's”
benzene J 0.35+0.12 <0.1
toluene | 0.19=0.12 6.70 = 0.41
toluene-d, 0.11 £0.01 3.75£0.24
o-xylene 0.48+0.03 16.9 £ 0.8
|
o-Xylene-d,, 0.39+0.03 137+ 1.0
m-xylene 0.43 £0.02 150+ 0.8
[
p-xylene 0.55+0.03 19.1+ 0.6
p-xXylene-d,, 0.29 £ 0.02 10.1 0.6
p-xylene-d, 0.30x0.02 10.4 £0.6
—
1,3,5-trimethylbenzene 0.77£0.05 26.8+ 1.8
|
1,2,4,5- 0.82 = 0.04 288+1.5
tetramethylbenzene
o-ethyltoluene 0.62£0.03 219+ 1.0
|
m-ethyltoluene 0.63£0.03 221+ 1.1
p-ethyltoluene 0.59£0.03 20.7+£0.8
ethylbenzene 0.35+0.01 12303
n-propylbenzene 0.63 £0.02 219+ 0.6
|
n-butylbenzene | 0.79 £ 0.06 280x1.8
|
2-fluorotoluene | 0.10+0.01 3.38 £ 0.36
3-fluorotoluene 0.10+ 0.01 3.34x0.26
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Table 2.3. continued

4-fluorotoluene 0.14 £ 0.01 4.96 £ 0.45
2-chlorotoluene 0.12+0.02 4.94 £ 0.79
a Errors quoted are two least-squares standard deviations of the slopes of the plots

shown in Figures 2.3 - 2.12. Errors quoted do not include systematic error.

b Errors quoted do not include the error in the rate constant for reaction of chiorine

atoms with the reference organic.
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2.3.2. Absolute Method
For a reaction mixture containing Cl,, the aromatic substrate (RH) in helium as diluent,
and in the absence of secondary reactions, the temporal profile of chlorine atoms is

governed by the following reactions:

k

Cl + RH - products (2.11)
k0

Cl - loss by diffusion (2.12)

Experiments were carried out under psuedo first order conditions with the concentration
of the aromatic in large excess over the chlorine atom concentration. Typically, the
concentration of Cl, was approx. 3 x 10" molecules cm™ giving an initial concentration
of chlorine atoms, [Cl],, of around 5x10"" atoms cm™. The initial concentration of the
aromatic substrate was 7-335 x 10" molecules cm”. Under these conditions, the rate of

disappearance of Cl atoms follows a simple exponential rate law:

[C1], = [C1], exp(-k't) where k' =k [RH] + k,

where k'1is the pseudo first order rate constant,
k 1s the bimolecular rate constant for the reaction of Cl with the aromatic
substrate, and

[RH] 1s the aromatic concentration.
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The first order decay rate of Cl in the absence of the aromatic, kg, is the diffusion rate of
Cl atoms out of the detection zone. Under the experimental conditions, k, was ~ 40 s

atP=60 Torrand ~60s* at P=15 Torr.

The initial concentration of Cl used was around 3-5 x 10" molecules cm™ in order to get
a sufficient signal to noise ratio. This concentration was obtained with a Cl,
concentration of ca. 3 x 10" molecules cm™ and 15 to 30 mJ/pulse as photolysis fluence
at 355 nm. The excess concentration ranges of the aromatics were (in 10> molecules
em™): (28 - 335), (11 - 220), (7 - 110), for 2-fluorotoluene, 3-fluorotoluene and 4-

fluorotoluene respectively.

Oxygen was added to the reaction mixture to avoid the regeneration of Cl via the

reaction;

R +C, — RCl+ Cl (2.13)

where R refers to CH,FCH,

In the presence of oxygen the following reaction takes place:

R + O, - products (2.14)
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The O, concentration was limited by the efficient quenching of Cl atom fluorescence by
O, and also by the absomption of the vacuum UV radiation from the fluorescence. The
intensity of the fluoresence signal was reduced at least by a factor of 2 in the presence of
[O,] = 10" molecules cm™, It was found that the maximum O, pressure at which rate
constants could be measured was 0.4 Torr. Some experiments were carried out with
other aromatics in the absence of O, and the resulting rate constants were consistently
lower than those measured with 0.4 Torr of O, although the difference was within the

experimental errors.

The plots of k' - k, vs. the initial aromatic concentrations are shown in Figure 2.13.
Bimolecular rate constants obtained at 15 Torr, 60 Torr and the overall value for
reaction of Cl atoms with 2-fluorotoluene, 3-fluorotoluene and 4-fluorotoluene are

shown in Table 2.4,
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Total Pressure
Filled symbols : 60 Torr
Open symbols : 15 Torr

800 -

{ 3-Nuorotoluene
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2-Nuorotoluene
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(k'-k0)/s-1

o+ttt
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Figure 2.13. Plots of (k’- k) versus concentration of 2-fluorotoluene, 3-fluorotoluene
and 4-fluorotoluene at 298 + 2 K,
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Table 2.4. Rate constants for the reaction of chlorine atoms with a series of
aromatic compounds at 298 + 2 K using the technique of pulsed laser
photolysis-resonance fluorescence

b
P=15Torr P =60 Torr Overall
a
Aromatic [Aromatic] k k k
Substrate / molecules cm? | / ¢m’ molecule’ s | /cm® molecule™ s? | /cm® molecule s

2-fluorotoluene

(28 - 335) x 10"

343+ 0.17 x 10"

275+£0.08x 10"

2.87+0.16x 10"

3-fluorotoluene

(11-220) x 10"

4.45+0.24 x 10"

390+ 0.08 x 107"

4.00+0.15x 10"

4-fluorotoluene

(7-110)x 10"

5.74 £ 042 x 10"

5.59+0.35x 10"

5.67+0.26x 10"

a Errors quoted are two least-squares standard deviations of the siopes of the plots
shown in Figure 2.13. Errors quoted do not include systematic error which is

likely to be 5-10 %.

b The overall rate constant was calculated from the slope of a plot of all the values

obtained at 15 Torr total pressure and 60 Torr total pressure
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2.4. DISCUSSION

Room temperature rate constants obtained in this study for the reaction of chlorine
atoms with a series of aromatic compounds are shown in Table 2.5, together with the
available literature data. There 1s good agreement between the relative and absolute rate
constants obtained in this work for 2-, 3- and 4-fluorotoluene. The pulsed laser
photolysis - resonance fluorescence technique employed in this work was also used by
Notario et al. [136] to determine absolute rate constants for reaction of chlorine atoms
with a series of aromatic hydrocarbons, The rate constants determined during that
study, which are also included in Table 2.5, are in very good agreement with the relative
rate constants obtained in this work. This agreement lends confidence to the accuracy

of the rate data obtained by the relative rate method.

Previously reported rate constants for the reaction of chlorine atoms with benzene show
poor agreement. The value obtained by Atkinson and Aschmann [88] is several orders
of magnitudes greater than that obtained by Wallington et al. [95], Noziére et al. [98],
Berho et al. [99] and Shi et al. [100]. Noziére et al. [98] carried out relative rate studies
on the reaction of chlorine atoms with benzene, using methane as the reference
compound. They found that the results varied with different diluent gases. When air
was used the relative rate plots were curved whereas in nitrogen there was no observable
benzene loss but all the methane was consumed. The authors attributed this difference

to the secondary formation of OH radicals from the reaction of chlorine with methane in
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the presence of O,. The following mechanism can be used to explain the production of

OH [138]:

CH, + cl - CH, +  HCl (2.15)
CH, + 0, - CH,0, (2.16)
CH,0, + CHO, - 2CH,0 + O, 2.17)
CHO + O, - HCHO + HO, (2.18)
CH0, + HO, - CH,00H + O, (2.19)
CH,00H + CI ~ CH,00H + HCI (2.20)

CH,00H — HCHO + OH (2.21)

Hydroxyl radicals react 170 times more rapidly with benzene than with methane [139]
and thus cause an enhancement of the benzene decay. The authors proposed that the
unusuaily high value of k(Cl + C,H,)= 1.5 £ 0.9 x 10" cm’ molecule™ s reported by

Atkinson and Aschmann [88] could be rationalised in terms of the above mechanism.

More recently Berho et al. [99] also investigated the effect of molecular oxygen on the
reaction of chlorine atoms with benzene. Using a flash photolysis - UV absorption
technique the authors observed no reaction between chlorine atoms and benzene in the
absence of oxygen. The relative rate method was used to determine a value for k(Cl +
C,H,)=8.9% 1.6 x 10" cm’ molecule” s in the presence of oxygen at 298K and 1 atm.

total pressure.
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Table 2.5. Rate constants for the reaction of chlorine atoms with aromatic

compounds at 298 K

a
Substrate 10" X kg, Literature
cm’ molecule's” Reference
benzene
1.5+0.9 Atkinson et al. [88]
<0.4 Wallington et al. [95]
< 0.00005 Noziére et al. [98]
0.0089 + 0.0016 Berho et al. [99]
0.00013 % 0.00003 Shi et al. [100]
<0.1 This Work
toluene
5.89+0.36 Atkinson et al. [88]
1h 5.59+0.28 Wallington et al. [95]
581 £1.81 Bartels et al. [135]
565+060 b Markert et al. [101]
6.1+02 Noziere et al. [98]
59+0.5 Shi et al. [100]
598 +0.08 ¢ Notario et al. [136]
6.70 £ 0.41 This Work
toluene-d,
2]
D O D 3.75+024 This Work
D D
D
o-xylene
120+ 0.9 Wallington et al. [95]
s 151 Shi et al. [100]
o 16208 ¢ Notario et al. [136]
16.9+£ 0.8 This Work
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Table 2.5 Continued...

Dy
H
H

D,y

o-xylene-d,,
Dy
z @ Dy 13.7+1.0 This Work
D D
L [
m-xylene
120+ 1.4 Wallington et al. {95]
1h 14 £1 Shi et al. {100]
127407 ¢© Notario et al. {136]
CHy
15.0+ 0.8 This Work
p-xylene
13.3+£0.8 Wallington et al. {95]
H 151 Shi et al. {100]
153+08 C Notario et al. [136]
CHy 19.1+£ 0.6 This Work
|
p-xylene-d,,
"Dy
D 10.1£0.6 This Work
D
Dy
p-xylene-d,
10.4 £ 0.6 This Work
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Table 2.5 Continued...

1,3,5-trimethylbenzene

CHLCH,

i} 17803 ¢ Notario et al. [136]
268+ 1.8 This Work
CH, CH,
1,2,4,5-
tetramethylbenzene
1t ; 288+ 1.5 This Work
CH;
CH]
Clil,
o-ethyltoluene
216+07 € Notario et al. [136]
CH,
CH,CH,
219+ 1.0 This Work
m-ethyltoluene
. 188+04 © Notario et al. [136]
@ 22.1% 1.1 This Work
CH;CH,
p-ethyltoluene
19.0+08 ¢ Notario et al. [136]
“H,
20.7 %08 This Work
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Table 2.5 Continued...

ethylbenzene
134+06 ¢ Notario et al. [136]
CI1.CH,
123+ 0.3 This Work
n-propylbenzene
17.3+06 ¢ Notario et al. [136]
CH,CH,CH,
219+ 06 This Work
n-butylbenzene
209+07 € Notario et al. [136]
CH,C1,CHACH,
280+1.8 This Work
2-fluorotoluene
2.87+0.16 © This Work
Clly .
' 3.38 + 0.36 This Work
3-fluorotoluene
400+0.15 ¢ This Work
M,
3.34+0.26 This Work
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Table 2.5 Continued...

4-fluorotoluene
567+026 € This Work
“Hy
4,96 = 0.45 This Work
2-chlorotoluene
iy 494 +0.79 This Work
Cl

a determined from relative rate measurements.

b determined using the absolute technique of pulse radiolysis combined with time-
resolved ultraviolet spectroscopy.

¢ determined using the absolute technique of pulsed laser photolysis - resonance
fluorescence at 15 Torr and 60 Torr total pressure.

05



Shi and Bemhard [100] studied the reaction of benzene with chlorine atoms using the
relative rate technique with FTIR analysis. Experiments were carried out using either
CHF,CI or CF,CH,F as the reference compound. The authors found that benzene was

regenerated when using N, as the diluent gas via the following reactions:

c o+ CH, - CH, + HC (2.22)

CH, + CHFCl » CH, + CFCl (2.23)

In air the C,H, radical reacts rapidly with O, thus preventing the occurrence of reaction
2.23. A room temperature value of k(Cl + CH,)= 1.3 £ 0.3 x 10°° c¢m’ molecule” s’

was reported in | atm. of air using CHF,Cl as the reference compound.

When CF,CH,F was used as the reference compound the rate constant ratio was
dependent on the initial concentration of CF,CH,F. This was attributed to the formation
of the CF,O radical from the chlorine atom initiated oxidation of CF,CH,F and its

subsequent reaction with both benzene and CF,CH,F:

CF,0 + CH, — Products (2.24)

CF,0 + CF,CH,F - CFOH + CF,CHF (2.25)
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In the course of the present study rate constants for reaction of chlorine atoms with
benzene were measured in both air and nitrogen. The values obtained agreed within the
experimental uncertainties. However, it is very likely that the nitrogen diluent
contained some oxygen due to diffusion through the teflon bag. The room temperature
rate constant obtained in this work provides an upper limit of 1 x 107'? cm® molecule” s
!, in broad agreement with Wallington et al. [95], Noziére et al. [94], Berho et al. [99]

and Shi & Bemhard [100].

There are two possible pathways for reaction of chlorine atoms with benzene:

abstraction of a hydrogen atom or addition of the chlorine atom to the aromatic ring:

CH, + cl - CH, + HC (2.26)

CH, + Cl “> [CHCI)* - Products (2.27)

where [C,H,CI]* is the unstable intermediate that can either decompose back to the

original reactants or further react to form products.

Shi and Bernhard {100] camried cut product studies on the reaction of chlorine atoms
with benzene in air diluent at 298K and 740 Torr total pressure using FTIR
spectroscopy. They proposed that if reaction 2.27 occured to a significant extent C,H,Cl

would be formed in the presence of O,:
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[CHC* + 0, - CHCI +  HO, (2.28)

CH,Cl was not observed suggesting that reaction 2.28 is not a significant reaction
channel. The authors also studied the pressure dependence of this reaction in air
between 10 and 740 Torr total pressure. No statistically significant pressure dependence
was observed again suggesting that the additton channel is unimportant. The
investigators concluded that H-atom abstraction is the dominant pathway for reaction of

chlorine atoms with benzene.

The room temperature rate constant for reaction of chlorine atoms with toluene obtained
in this study is in good agreement with previously reported values using both absolute
[101,136] and relative rate techniques {88,95,98,100,135] while the rate constant data
for reaction of chlorine atoms with ortho-, meta- and para-xylene are in good agreement
with the values obtained by Wallington et al. [95], Shi and Bernhard [100] and Notario

et al. [136].

This study represents the first reported rate data for reaction of chlorine atoms with
toluene-d;, o-xylene-d,,, p-xylene-d,,, p-xylene-d,, 1,3,5-trimethylbenzene, 1,2,4,5-
tetramethylbenzene, o-ethyltoluene, m-ethyltoluene, p-ethyltoluene, ethylbenzene, n-
propylbenzene, n-butylbenzene, 2-fluorotoluene, 3-fluorotoluene, 4-fluorotoluene and 2-

chlorotoluene.
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Results from the present study show that, for the methyl substituted benzenes, there is a
marked and almost linear increase in reactivity towards chlorine atoms with increasing
number of methyl groups attached to the aromatic ring, Figure 2.14. An increase in
reactivity with increasing degree of methyl substitution has also been observed in the
reactions of these compounds with hydroxyi radicals [140] where the dominant reaction
channel is addition to the ring and nitrate radicals [141] where the dominant reaction

channel 1s abstraction from the alkyl substituent(s).

Figure 2.15 shows a linear free energy plot for reaction of chiorine atoms and hydroxyl
radicals with a series of aromatic hydrocarbons. The general form of these correlations
is a linear relationship between the logarithms of the rate constants for the reactions of

Cl and OH with the aromatic substrates:

log ko, =mlog kg, +c

The basis for these empirical correlations comes from the thermodynamic expression of
transistion-state theory, according to which a rate constant can be expressed in terms of

the free energy of activation, AG? :

k = (KT/h) exp (-AGYRT)
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where k is the Boltzmann constant and h is Planck’s constant. From the combination of
these two equations a linear free energy relationship is obtained. This allows
comparisons of reactivities permitting recognition of patterns of chemical behaviour and

observation of deviations from such patterns.

Figure 2.15 shows no degree of linearity suggesting that the reaction mechanism for
chlorine atoms with this series of aromatic compounds is different to that for reaction of
hydroxy! radicals. Figure 2.16 shows a linear free energy plot of the rate constant data
for reactions of chlorine atoms and nitrate radicals with aromatic hydrocarbons. This
plot shows a reasonable degree of linearity, however, it should be noted that the same
plot with the omission of ethylbenzene (Figure 2.17) shows a greater degree of linearity.
It would appear from Figures 2.16 and 2.17 that the reported upper limit of the rate

constant for reaction of nitrate radicals with ethylbenzene k (NO, + C.H;C,H,) =6 x 10

1o 3

cm’ molecule” s [142], is in error and the true value is closer 10 2 x 10"® cm
molecule’ s'. The good linear free energy relationship observed between chlorine
atoms and nitrate radicals strongly supports the abstraction channel for reaction of

chiorine atoms with aromatic compounds.
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Figure 2.14. Rate constants for reaction of methyi-substituted benzenes with chlorine
atoms versus number of methyl groups attached to the benzene ring
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Linear free energy plot of the rate constants for the reactions of chlorine
atoms and hydroxyl radicals with a series of aromatic hydrocarbons
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Wallington et al. [93] measured the rate constants for reaction of chlorine atoms with
benzene, toluene, o-xylene, m-xylene and p-xylene in air at 298K and | atm. total
pressure using a relative rate method. The investigators found toluene to be at least
fourteen times more reactive than benzene. The rate constants for reaction of chlorine
atoms with o-, m- and p-xylene were shown to be virtually indistinguishable and twice
that of toluene. From these resuits the authors concluded that reaction of the methyl
substituted aromatics with chlorine atoms proceeds by a mechanism involving H-atom

abstraction from the methyl group(s).

Market and Pagsberg [101] studied the reaction of chlorine atoms with toluene using the
absolute technique of pulse radiolysis combined with time-resolved ultraviolet
spectroscopy. They found that the absorption spectrum of the transient species in the
reaction corresponded to that of benzy! radicals (C,H;CH,) and that there was no
indication of transient absorption signals which could be assigned to an adduct. The
authors concluded, in agreement with Wallington et al. [95], that the reaction of chlorine
atoms with toluene proceeds exclusively via abstraction of a hydrogen atom from the

methyl group.

Noziere et al. [98] investigated the reaction of chlorine atoms with toluene in 700 Torr
of nitrogen diluent using a relative rate technique combined with Fourier transform
infrared spectroscopy analysis of the reaction products. The major reaction products

observed were benzyl chloride and benzyl dichloride with trace amounts of
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benzaldehyde. The formation of benzy! chloride and benzyl dichloride can be

rationalised in terms of the following mechanism:

CHCH, + CI - CHCH + HC (2.29)
CHCH, + Cl, — CHCHCl + <l (2.30)
CHCHCI + C -5 CHCHCI +  HC (2.31)
CHCHCl + CL, - CHCHC, + «l (2.32)

The authors suggested that the formation of benzaldehyde was due to traces of

molecular oxygen in the nitrogen diluent:

CHCH, + O, — CHCHO, (2.33)
2CHCHO + O, (2.34)
2 C,H,CH,0, <
CHCHOH +  CHCHO (2.35)
CHCHO + O, - CHCHO +  HO, (2.36)

Within the experimental uncertainties, the authors found that benzyl chloride, benzy!
dichloride and benzaldehyde accounted for all of the observed loss of toluene. Hence
the reaction of chlorine atoms with toluene gave 100% yield of benzyl radicals proving

that the reaction proceeds exclusively by H-atom abstraction from the methy! group.
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Kinetic data from this study shows that there is an increase in reactivity towards
chlorine atoms with increasing length of the alkyl side chain. The rate constants
obtained for toluene, ethylbenzene, n-propylbenzene and n-butylbenzene allow
calculation of an average -CH.,- group rate constant for reaction with chlorine atoms of
about 6 x 10" e¢m’ molecule” s'. This value is similar to the group rate constant
estimated by Atkinson and Aschmann [89] for hydrogen atom abstraction by chlorine
atoms from -CH,- groups in alkanes (kK -,. = 5.6 x 10" cm’ molecule” s7). In a similar
manner, the ethyltoluenes are more reactive towards chlorine atoms than the
corresponding xylene isomers (Aky, = 6 x 10" cm’ molecule’ s where Ak, is the
difference between k,,,,.(Cl + CH,(CH,),) and k,(Cl + C;H;CH,CH,)). These

differences in reactivity support the importance of the abstraction channel.

Additional evidence obtained in this study in support of hydrogen atom abstraction from
the alkyl side chain comes from the existence of a significant kinetic isotope effect
between toluene and toluene-d, (k,/k, = 1.79), p-xylene and p-xylene-d, (k,/k, = 1.9)
and p-xylene and p-xylene-d; (k,/ky = 1.9} and a smaller kinetic isotope effect between

o-xylene and o-xylene-d,, (k,/k, = 1.23).

The primary deuterium isotope effect is due to the difference in the zero-point energy of
the C-D and C-H bonds. The lower zero-point energy of the C-D bond leads to a loss of
zero-point stretching vibration energy in the transition state compared to the C-H bond.

The zero-puint energy difference is about 5 kJ mol™ which would give a value for k,/k;,
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of about 7. This magnitude varies and depends on the amount of bond forming and
bond breaking or the symmetry of the transition state. Primary kinetic isotope effects of
2-8 are generally encountered though larger values occur when quantum mechanical
tunnelling is involved. Secondary isotope effects are caused by differences in steric or
hyperconjugative factors between the two isotopes. They are usually smaller in

magnitude with k/ky = 1.5.

The deuterium isotope effects measured in this study of k,/ky, = 1.23 - 1.9 are low for
primary isotope effects suggesting that the degree of bond breaking in the transition
state is small. There is virtually no difference in the rate constants for reaction of
chlorine atoms with p-xylene-d,, and p-xylene-d, indicating that the ring hydrogens are

not involved in the abstraction process.

All the above findings support the conclusions of Wallington et al. [95], Markert and
Pagsberg {101} and Noziére et al. [98] that the dominant, if not exclusive, reaction
pathway for the gas phase chlorination of aromatic compounds is hydrogen atom

abstraction from the alkyl substituent(s).

It is interesting to note that the presence of a halogen atom on the aromatic ring leads to
a decrease in reactivity towards chilorine atoms with 2-fluorotoluene, k(Cl + 2-
CH,CH,F) = 3.38 x 10" cm’ molecule’ s’, being more unreactive than 2-

chlorotoiuene, k(Cl+2-C,H,CH,Cl) =4.94 x 10" cm® molecule” s'. This suggests that
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the rate of hydrogen atom abstraction from an alkyl group by chlorine atoms is
influenced by the presence of other substituents on the bc;nzene nng. Halogen
substituents withdraw electron density from the aromatic ring, with fluorine being more
deactivating than chlortne. This leads to a reduction in reactivity toward the
electrophilic chlorine atom. Conversely, alkyl substituents donate electron density to
the benzene ring and hence an increase in the reactivity towards chlorine atoms is
expected. This may explain why the xylenes, k, ., (C! + C,H,(CH,),) = 17 x 107" cm?’

molecule’ s

, are slightly more than twice and 1,3,5-tnmethylbenzene, k(Cl +
C,H,(CH,),) = 26.8 + 1.8 x 10" ¢’ molecule” s, more than three times as reactive
towards chlorine atoms as toluene, k(Cl + CH,CH,) = 6.70 £ 0.41 x 10" cm’ molecule™
s'. The rate constant obtained for reaction of chlorine atoms with 1,2,4,5-
tetramethylbenzene, k(Cl + C,H,(CH,),) = 28.8 £ 1.5 x 10" c¢cm’ molecule” s, is

somewhat lower than expected based on the above argument and may be due to steric

hindrance.

The room temperature rate constants reported [141] for reaction of nitrate radicals with
o-xylene, k(Cl + 0-C;H(CH;), = 3.77 x 10" cm’ molecule? s, m-xylene, k(Cl + m-
CH,(CH,),=233 x 10" cm’ molecule’ s, and p-xylene, k(Cl + p-C,H,(CH,), = 4.53 x
10"'° cm® molecule™ s, indicate that the order of reactivity is para > ortho > meta. The
results from this study suggest that the order of reactivity towards chlorine atoms for the

xylene isomers is also para > ortho > meta. Differences in reactivity between the
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isomers can be explained via the resonance structures for the radicals obtained after

hydrogen atom abstraction from the methyl group :

o-xylene radical

Hz' H3 HZ CHZ
CHj CH; CH; CH,
—_— - -

m-xylene radical

CHZI CHl H2 H
2
— - @
CH; CH, CH

3 CH;
p-xylene radical
CH1' 4
3 H, H, H,
—_— -
CH; CH, CH; th,

The radical resulting from the hydrogen atom abstraction from o- and p-xylene is

stabilised by hyperconjugation between the lone electron and the methy! group. None
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of the resonance structures for the m-xylene radical place the lone electron on the carbon

attached to the methy! group therefore hyperconjugation cannot take place.

The ethyltoluenes might be expected to show the same the order of reactivity towards
chlorine atoms as the corresponding xylene isomers but this is not observed. This is
probably because the reactivity towards chlorine atoms (~ 2 x 10"’ cm® molecule™ s™') is

close to the collision number and hyperconjugation effects are insignificant.
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Atmospheric Implications

Table 2.6. shows the room temperature rate constants and atrnospheric lifettmes (t) for
the aromatic compounds studied in this work with respect to reaction with chlorine
atoms, hydroxyl and nitrate radicals.

1 = 1/ ky[X]

where [X] is the tropospheric concentration of chlorine atoms, hydroxyl radicals or
nitrate radicals, and
k. is the room temperature rate constant for the reaction of the substrate with

chlorine atoms, hydroxy! radicals or nitrate radicals

Rate constants for reaction of aromatic hydrocarbons with chlorine atoms are between
one and two orders of magnitude greater than with hydroxyl radicals. The concentration
of OH radicals in the troposphere is approximately 1 x 10®* cm™ hence, should the
concentration of chlorine atoms be in the range 10°-10° cm” atmospheric loss by
reaction with chlorine atoms will be significant. The data shown in Table 2.6 clearly
shows that the atmospheric lifetimes with respect to reaction with chlorine atoms for all
the aromatics, with the exception of benzene, are of the same order as the atmospheric
lifetimes with respect to reaction with hydroxyl radicals (1-4 days). The atmospheric
lifetimes due to reaction with mtrate radicals are much longer. These lifetime
calculations clearly demonstrate that, with the exception of benzene, reaction with
chlorine atoms could be a significant loss process for aromatic compounds in the

atmosphere should the chlorine atom concentration be in the middle of the very poorly
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constrained range of 10°-10° cm™. The chlorine atom concentration is highest in coastal
regions therefore loss of aromatic compounds via reaction with chlorine atoms may be

significant in major urban areas located in coastal zones.
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